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Anotace

Mikroplasty a nanoplasty pfedstavuji v soucasnosti velmi zavazny ekologicky problém a to
Z celosvétoveého hlediska. Jedna se o Castice plastl resp. syntetickych polymeri ve formé fragmenti
o0 velikostech od 5 mm do 1 um (mikroplasty) a pod tuto hranici (nanoplasty). Kontaminuji ptidu,
vzduch, arkticky i alpsky snih a veskeré¢ vody celosvétové, tzn. od povrchovych (slané i sladké) pres
podzemni az po upravené (pitné) a o to spiSe vody odpadni. Zdrojem mikroplastd jsou plastové
produkty, které se postupné piisobenim prostiedi rozpadaji (obaly, textil, pneumatiky, stavebnické
produkty adal.), nebo jiz byly produkovany ve formé téchto ¢astic (kosmetika, polymerni suroviny -
peletky apod.). Nejvétsi koncentraci téchto materialti 1ze ocekavat pravé v odpadnich vodach a jednim
Z nejvétsich piispévatelt k témto kontaminantiim je textilni pramysl (cca 35%, viz kap. 1.2).

Mikroplasty a nanoplasty pochazejici z textilniho prumyslu jsou piedstavovany tlomky
vldken a dalSimi geometrickymi fragmenty — z textilni vyroby, z pouzivani vyrobenych materialt, z
jejich udrzby a z jejich deponovani a recyklace. Védecké publikace 0 mikroplastech v poslednich
5 letech rostou geometrickou fadou. Publikace o nanoplastech uz tak bézné nejsou, a¢ z hlediska
mezibunéénymi prostory do organismu a zabudovavani do bunéénych membran u moiskych
zivocichu, ktefi jsou soucasti planktonu a u nich narusuji reprodukci — kap. 1.4). Mikroplasty naproti
tomu projdou travicim traktem Zzivodichti s minimalnim zachytem, ale vnaseji do organismu
kontaminanty sorbované na svém povrchu. V primyslu zapficinuji zanaSeni systémua s velkym
pratokem vody (ventila v elektrarnach), a fouling membran urc¢enych pro jejich odstranéni.

Identifikace konkrétnich castic je velmi komplikovand. V kvalitativni analyze je velmi slozité
odlisit zbytky rostlinnych a ZivocisSnych schranek tj. organickych resp. pfirodnich polymert od
polymerii syntetickych. Skupina z AVCR a VSCHT Praha vyvinula slozitou, ale i¢innou metodu
zachycovani mikroplasti na kovovém filtru, tak aby bylo mozné odstinit i material filtru a 1épe
analyzovat zachycené Castice (kap. 1.3). Za timto G¢elem optimalizovala i autorova skupina specialni
pokoveny nanovlakenny filtr. Technologie vyuZzivajici nanovlakna dosud nebyla patentovana ani
publikovana.

Naproti tomu vSak jiz bylo publikovano mnozstvi ¢lankl o G¢inné separaci a n€kolik firem na
trhu s technologiemi pro tpravu vod jiz ma v portfoliu ,,procesy pro zachyt mikroplastu. ,, V naprosté
vétsin€ piipadl se jednd o mikrofiltraci, ptipadné ultrafiltraci. Nicméné€ Zadny z téchto procest
nemuze garantovat nulovou koncentraci mikroplastli v permeatu a o to spise nulovou koncentraci
nanoplast, jak je ukazano v kapitole 3. Separaci nanoplasti Vv tuto chvili nenabizi zadna z firem.

V rdmci této prace provedené testy membranovych procestt pro zachyt suspendovanych
(>450 nm) a koloidnich latek (<450 nm) prokazaly témét 100% penetraci takovychto Castic skrze
mikrofiltraéni a nanofiltratni moduly. Naproti tomu doslo k 100% zachytu mikroplastti, nanoplasti i
textilnich barviv na modulech reverzni osmoézy.

Problém s reverzni osmozou je ovsem demineralizace vody 0 98% a vice (coZ je U pitné vody
nezéadouci) a pfilis velkém procentu retentatu (tj. odpadu, cca 25%). K tomuto ucelu byly navrzeny 2
zpisoby feseni: 1.) pro zpétné ziskani minerali spojeni reverzni osmoézy a elektrodialyzy v reverznim
modu, 2.) pro lepsi konverzi vody specilni zapojeni reverzni osmozy. Tyto dvé dosud nepublikované
a nepatentované technologie jsou hlavnim piinosem celé prace (kap. 4) a predstavuji nejucinnéjsi
zpusob zachytu mikroplastii a nanoplastti v aplikacich industridlniho méftitka.

Byly otestovany také nové typy ionexovych membran (nanovldkennych) a nové typy
elektromembranovych procest (Sokova elektrodialyza) a jejich potencial pro zachyt kyzenych ¢astic.

Odstranéni mikroplastii a nanoplasti z vod neni kone¢né feSeni pro kontaminaci Zivotniho
prostiedi, nebot’ se 1 nadale budou vyskytovat v piid€ 1 vzduchu. Nicméné¢ je to prvni krok, relativné
jednoduchy, a koncentrace téchto Castic a moznost transportu ve vod¢ je ve srovndni s jinym
prostiedim nejvyssi.
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1. Uvod — soucasny stav

1.1 Rozliseni nanoplastii a mikroplasta a jejich kvantifikace

Jednim z nejvétsich soucasnych ekologickych problémd, ktery se tyka celé planety, je pfitomnost
plastii ve vSech vodach po celém svéte. Plasty se ptisobenim prostiedi rozpadaji na mensi a mensi
Castice az vznikaji mikroplasty a nanoplasty. Termin mikroplasty byl poprvé pouzit moiskym
biologem prof. Thompsonem z University of Plymouth (UK) v roce 2004. Mikroplasty jsou ¢astice
o velikosti 1 um — 5 mm a pro nanoplasty nebyla doposud definovana velikost (<100 nm nebo
<1000 nm nebo 1 — 1000 nm) [1].

V roce 2014 odhadla OSN mnozstvi mikroplastii na 15 — 51.10'2 &astic v oceanech (poéitano na
plochu celosvétového oceanu, tj. 361 132.10° km?), coz &ini 93.000 — 260.000 tun [2]. Podle
poslednich studii z roku 2020 se vSak ukazuje, ze mnozstvi téchto Castic je znacn¢ podhodnocené,
nebot’ uz byly nalezeny i 60 cm pod povrchem motského dna - tedy ve vrstvach, které se tvotily
v dobach, kdy jeste plasty nebyly vyrabény [3]. Dalsi potvrzeni $patného odhadu pfinesla studie, ktera
ukazuje, ze z jednoho plastového ¢ajového sacku se do vody vylouhuje 11,6.10° mikroplastii a 3,1.10°
nanoplastt [4]. Z tohoto zjisténi je evidentni, Ze soucasné odhady mnozstvi mikroplasti v Zivotnim
prostiedi jsou i fadove dosti podhodnocené. Odhady uveiejnéné ECHA (European Chemical Agency)
v roce 2020 vychazeji ze vzorki odebranych ponorkou ze dna oceanu 380 km od australského pobiezi
a odhaduji, ze podhodnoceni je cca 35 nasobné, coz by znamenalo mnozstvi cca 8 — 14.108 tun
mikroplastil na dn& oceant a cca 4 — 8.10° tun mikroplasti vypousténych roéné do ocean [5].

V soucasné dobé& (2021-2) probihaji diskuze Evropské Unie s ECHA, z kterych vyplynou
restrikce a limity pro mnozstvi mikroplastl v pitnych vodach a odpadnich vodach vypousténych do
oceanii. Naklady s tim spojené se v sou¢asnosti odhaduji na 10,8 — 19,1.10° EUR [5].

Obrazek 1: Ilustrativni obrazek realnych mikroplasti [6].

1.2 Pavod nanoplastii a mikroplasti

Nekteré z téchto ¢astic vznikly i jako cileny produkt a nazyvame je jako primarni (tvoii 15 —31%
koncentrace mikroplasti v oceanech) a jedna se napiiklad o produkty v kosmetice (ty tvofi
2% mikroplasti v oceanech, napt. peeling k ¢isténi pleti) nebo abraziva v Cisticich prostiedcich nebo
mikrovlakenné vyplné z textilniho pramyslu [7].

VétSinu téchto Castic vSak v Zivotnim prostredi tvoii sekundarni mikroplasty a nanoplasty, které
vznikly rozpadem jinych produktd. Zdrojem jsou piedevSim textilni materidly, které tvofi
35% veskerych mikroplasti v ocednech a piedstavuji tudiz nejvyssi podil zdroje mikroplasta.
V tomto piipad¢ jsou mikroplasty a nanoplasty zastoupeny tlomky vlaken. Tyto tlomky vznikaji jak
pfi vyrobé textilnich materiald, tak pfi jejich aplikaci a pfedevsim pfi jejich udrzovani (prani, suseni)
a v neposledni fadé jejich opotfebenim, recyklaci a deponovanim. Pro zajimavost 1 kvalitni ¢ajové
sacky (jak bylo uvedeno v kapitole 1.1) ptedstavuji tkané a netkané textilie.
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Druhy nejvétsi podil sekundarnich mikroplasti pfedstavuje abraze pneumatik, kterd ¢ini 28%
celkového ptispévku mikroplastti v oceanech. Tieti nejvetsi podil tvoii méstsky prach, ktery je tvofen
materidly vyuzivanymi ve stavebnictvi (izola¢ni materidly, odpad vznikajici pfi demolicich,
odstrafiovani starych natéra), ale i v domacnostech (Cistici prostiedky, prostiedky s abrazivy) a
otérem podrazek ¢i z umélych travnikii. Nemaly podil maji ve zdrojich mikroplastii dopravni znacky
(7%) a natéry dopravnich prostiedki (s nejvétsim podilem narért lodi).

35% | Textilni pramysl
28% | Pneumatiky
24% | Méstsky prach™
7% | Dopravni znaceni
4% | Natery lodi
2% | Kosmetika
0.3% | Plastové peletky

Tabulka 1: Pomérové zastoupeni zdroji mikroplastd v oceanech. *Méstsky prach zahrnuje materialy
vzniklé otérem podrazek obuvi, domacich kuchynskych a Cisticich prostiedkid, umélych travniku,
vystavby a demolice a natérti budov, Castice z tryskdni abraziv pro odstranéni starych natéri. Ze
vzduchu dopad4d minimaln& 365 ¢astic/m? (méfeno V horach 60 km od mésta). Plastové peletky
ptedstavuji surovinu pro vyrobu plastt pied jejich transportem do mista dal§iho zpracovani [8, 9].

Nutno dodat, Ze velky podil na uniku plastii do Zivotniho prosttedi ma vyvoz plastového odpadu
do jinych zemi. Velka ¢ast odpadu resp. kontaminovanych makroplasti je vyvaZzena mimo zem¢ EU,
kde byl plast vyprodukovén, a je Casto zpracovavana v ilegdlnich tovarnach, odkud se dostava do
zivotniho prostiedi [10].

1.3 Mikroplasty a nanoplasty v ¢eskych vodach a zastoupeni textilnich zdroji

Tyto Castice se vyskytuji jiz po celé planeté v povrchovych i podzemnich vodach, sladkych i
slanych a jejich pfitomnost byla prokazana i v arktickém sn¢hu [11]. Diky tomu se vyskytuji i
Vv ptdach, ve vzduchu a potazmo tedy v potravnim fetézci. Je velmi komplikované provadét analyzy
téchto castic, nebot’ se ve vzorcich vod misi se zbytky ZivociSnych a rostlinnych schranek a tento
organicky materidl resp. pfirodni polymery se téZce rozliSuji od polymernich ¢astic uméle
piipravenych. Velmi efektivni metodiku analyzy mikroplastii ve vodach vyvinula Ceska skupina z
AVCR a VSCHT [12]. Jejich metoda vyuziva filtraci na hlinikovém filtru, aby nedochazelo
k interferenci plastového filtru se zachycenymi mikroplasty. Druhy krok analytické metody
predstavuje vyuziti oxidace organickych ¢astic (tj. zbytkd schranek rostlin a zivo€ichll) pomoci
peroxidu vodiku [13] a dale je to vysuSeni filtru pfi 30°C, aby nedochazelo k ruSeni signalu
infracervené spektroskopie vodou. Diky této metod¢ uz dnes vime, Ze mikroplasty jsou pfitomny ve
vSech vodach véetné upravenych pitnych vod, které jsou rozvadény do meéstského radu a tedy kazdy
Z nas konzumuje ¢astice mikroplastli obsazené ve vodé nebo potravinach.
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Tabulka 2: Kvantifikace mikroplastii [L™] ve 3 ndhodnych &eskych vodnich zdrojich. Prvni z nich je
Zelivka (zasobujici cca 1,2 mil. obyvatel CR pitnou vodou), druhym zdrojem je nejmenovana Gipravna
vody u malého vodniho zdroje (s kratkou dobou zadrze) pobliz oblasti S vétsi primyslovou aktivitou
a tietim zdrojem je feka protékajici primyslovou oblasti [12].

Upravna 1 Upravna 2 Upravna 3
Surovéa voda Po uprave Surovéd voda Po upravé Surové voda Po uprave
Denl 1436 £ 60 434 + 56 1830+ 195 418=+44 3305+ 111 605 + 35
Den2 1478 £ 87 442 + 57 1835+ 110 266+21 4179+470 659 +23
Den3 1504 + 14 453 +43 1772 £ 112 330+ 13 3331+ 171 622 +41
Primér 1473 + 34 443 + 10 1812+ 35 338+ 76 3605 +£497 628 £ 28
Minimum 1383 369 1648 243 3123 562
Maximum 1575 485 2040 466 4464 684
4000
Surova yoda
[ Ulomky
[ Kulové utvary
3000 - B Vidikna
%‘
_g 2000
1000 -
"ssuuAa:tnokxl : : i i 0 -
:’:ni::ma SEMI: 105 i N B Zelivka Mald nadrz Reka v pram.étvrti

Obrazek 2: Vlevo - SEM fotka mikroplastii odebranych ve vodni nadrzi Zelivka,
Vpravo - Statistické zastoupeni riznych tvari mikropasti [12].

1.4 Chemické sloZeni a zdravotni zavadnost nanoplasti a mikroplasti

Ze studie [12] je patrné, ze mikroplasty obsazené v soucasnych Ceskych vodach pochazeji
predevs§im z obalovych materiall a z plastll vyuzivanych napf. ve stavebnictvi o n€kolik desitek let
zpét (z polystyrenu apod.). Vzhledem k tendenci vyuzivani plastl vzristajici od 70.let 20.stoleti
geometrickou tadou, lze ocekévat znaéné zvySovani koncentrace mikroplastii ve vSech vodach.
Protoze neni prokazan dlouhodoby vliv na zdravi ¢lovéka, ale protoze je evidentni, Ze se nejednd o
pfirodni sloZzku vod, je pfinejmensim vhodné zacit s prevenci a odstrafiovanim mikroplasti z vod
smétujicich ke koncovému uzivateli.

Statni Zdravotni Ustav vydal 5.9.2018 prohlaseni o nezavadnosti mikroplastii [14]. Dosud vsak
neni klinicky prokazan dlouhodoby vliv konzumovani mikroplastli na zdravi ¢lovéka. Toto prohlaseni
bylo vydéno 14 dni po publikaci vysSe uvedeného ¢lanku o obsahu mikroplastii v ¢eskych vodéch,
takze neni podlozeno zddnou konkrétni studii.

Stejné tak se o nezavadnosti mikroplastli a nanoplasti vyjadiila Svétova Zdravotnickd Organizace
(WHO) a to 22.8.2019 [6], taktéz bez jakéhokoliv podkladu klinickou studii.

Jeden z moznych dopadd na organismus pii konzumaci mikroplastti, ktery je dnes popisovan
v ¢etnych publikacich (viz dale), je odvozen od jejich schopnosti sorbovat dal$i chemické latky
vyskytujici se ve vodach jako jsou ,,perzistentni organické polutanty* (POPs — tedy pesticidy, zbytky
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barev, lakl, teplonosnych médii, vedlej§i produkty chemickych vyrob), zbytky hormont
(antikoncepce, antihistaminika, antidepresiva) a dalsi zdravi zavadné latky (t€zké kovy, patogeny
adal.). Tyto latky se s konzumaci mikroplasti (v pitnych vodach) dostavaji do lidského téla a je
potvrzena jejich kumulace v lidském organismu. Problém je, Ze i pokud bychom vy¢istili pitné vody
od mikroplastt, stejné se mikroplasty do lidského téla dostanou skrze konzumaci zivociSnych
produktu. To je zptisobeno konzumaci mikroplastt rybami a dal$imi nejen vodnimi ZivocCichy a tedy
pfechdzenim mikroplastti do potravinového fetézce.
(dibenzodioxiny, dibenzofurany), které se v Cechach nepouzivaji ani nevyrabi od roku 1984, a piesto
jsou dodnes (2021) detekovany v matetském mléce ¢eskych rodicek [15].

Co se tyce mikroplastt, tak se ukazuje, ze jsou z vEtsi ¢asti zase vyluCovany travicim traktem [6].

80 -
61,2% |polyamid 6 05 0 Vlékna
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Tabulka 3, Obrazek 3: Slozeni, velikost, pocet a tvar mikroplastii a nanoplasti odebranych z zaludku

10 riznych moiskych savct (véetné velryb) zijicich na v okoli britského pobiezi. Z obr. je evidentni,
ze vlakna tvofi vétsinu slozeni mikroplastl a to jsou pfitomny ¢astecné i ve fragmentech [16].

wewvr

prokdzéana penetrace mezibunénymi prostorami a jejich schopnost zaradit se do stavby bunécné
membrany [17]. Tyto ¢astice (konkrétné polystyrenové nanoplasty) jiz byly prokazany napi. ve
slezing, Zlu¢niku 1 v mozku kaprovitych ryb (Danio pruhované) [18] a jsou schopné ovlivnit
reprodukéni cyklus u malych korySt (perlooCek, pozorovano u Dafnie). Jednd se o jednu z
nejvynamnéjsich skupin planktonnich Zivocicht. Plankton je zacatkem potravniho fetézce vodnich
tvoru a predevsim produkuje 50% veskerého kysliku na Zemi [19].

4000
—3 >100 um
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= 5-10 pm
- 1-5pum
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1000 | |
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Obrazek 4: Pomér velikosti mikroplastli v ¢eskych vodnich zdrojich [12].
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Obrazek 5 Slozeni mikroplastil v surové vodé v ndhodné& vybranych zdrojich v CR. Legenda:

PBA - polybutylakrylat, PE — polyethylen, PET — polyethylentereftalat, PMMA —
polymethylmetakrylat, PP — polypropylen, PS — polystyren, PTT — polytrimethylentereftalat, PVC —
polyvinylchlorid, others — ostatni materialy (<5%, PAM - polyakrylamid) [12].

polyethylen polyester polyamid
oxidovany polyethylen akrylaty/polyuretany/glazura polyvinylchlorid
chlorovany polyethylen polychloropren chem.modifikovana celul6za
polypropylen kyselina polymlé¢na polyimid
polystyren polykaprolakton guma 3 (ethylen-propylen-dien)
polykarbonat ethylvinylacetat guma 1

nitrilova guma

Tabulka 4 Slozeni mikroplastd v arktickém a alpském sné€hu (ve $vycarskych alpach a v okoli
pramyslovych mést jako jsou Brémy). Koncentrace mikroplastli v arktickém snéhu je podstatné
mens$i, nicmén¢ slozeni je podobné. ,,Guma 1 predstavuje gumu uzivanou pro izolaci stiech,
,guma 3 zase tésnici gumu [11].

1.5 Mikroplasty a nanoplasty uvoliiované z textilii

Jak jiz bylo uvedeno vySe (kap. 1.2), textilni materidly tvofi 35% veSkerych mikroplast
V ocednech a piredstavuji tudiz nejvyssi podil zdroje mikroplasti. V tomto ptipad¢ jsou mikroplasty
a nanoplasty zastoupeny ulomky vlaken. Tyto ulomky vznikaji jak pfi vyrob¢ textilnich materiald,
tak pfi jejich aplikaci a predevsim pii jejich udrzovani (prani, suSeni) a v neposledni fadé jejich
opotiebenim, recyklaci a deponovanim. Mikroplasty jsou pii analyzach tvarové rozliSovany na
vlékna, kulovité Castice a fragmenty. Ve skutecnosti jsou textilni zdroje mikroplasti zastoupeny i1 v
téchto fragmentech.

Jak je uvedeno vySe, bohuzel se ukazuje, Ze napft. i recyklace PET lahvi na vyrobu fleeceovych
materialil (svetry, mikiny), produkuje pfi vyrobé jediného kusu desitky tisic mikroplasti — tedy
mikrovlaken a jinych fragmenta [20].

Ve stejné studii [20] bylo ukazano, ze pfi prani textilnich materiali v domacnosti se téchto castic
uvolni pfiblizn¢ 50,6 — 1180 kg/100.000 obyvatel/rok. To znamena, ze pokud pocitame ucinnost
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odstranéni mikroplastdi (resp. mikrovlaken) &istickou odpadnich vod (COV) 95%, pak se do Zivotniho
prostiedi uvolni téchto ¢astic kazdoro¢né 2,53 — 59 kg/100.000 obyvatele/rok. Ve skute¢nosti viak
dle studie provedené na Ceskych upravnach vody se ukazuje, ze G€innost odstranéni mikroplastii na
COV se pohybuje maximalné do 70% [12] — to tedy predstavuje unik mikroplasti do Zivotniho
prostiedi v mnozstvi 3,43 — 80 kg/100.000 obyvatel/rok.

Na zéklad¢ 10 letého screeningu ¢isti¢ek odpadnich vod a ipraven vody bylo statisticky zjisténo,
ze odstranéni mikroplastl u standardnich Gpraven vyuzivajicich sedimentaci a koagulaci se pohybuje
mezi 1,8 a 54,5%. Pti zvySeném mnozstvi flokulantu az 62%. Pokud jsou zapojeny dalsi sekundarni
technologie (membranové bioreaktory), a terciarni (reverzni osmoza), pak je to az 100% [21].

1.6 Prevence kontaminovani vod mikroplasty a nanoplasty

Ideéalni metodu pro zabranéni dalSimu nartstani koncentrace mikroplastli a nanoplastl v zivotnim
prostfedi by predstavovalo maximalné omezit pouzivani plastovych materiald. K tomu bohuzel jesté
ani ve vyspélych statech stale nedochazi. Jak je ale uvedeno v kapitole 1.5, bohuzel i pii recyklaci
plasti dochézi k produkci mikroplastt. Takze i recyklace ma sva tskali.

Druhym velmi u¢innym krokem by bylo zabranit uvolfiovani mikroplast do zivotniho prostiedi.
K tomu patii predevsim zabranit skladkovani plastovych materiald, k ¢emuz jiz vyspélé staty aktivné
pfistoupily tfidénim odpadu, ovSem v rozvojovych zemich k tomu bohuzel jesté nedochazi a stale tak
pokracuje nova kontaminace vod.

K dal$imu idedlnimu kroku patii zachytavani plastovych materiald, které jiz v soucasnosti tvori
V oceanech ostrovy plastli. Nejvetsi z nich, znamy jako ,,Great Pacific Garbage Patch® (GPGP) ma
rozlohu 1,6 milionii km? a je tedy vétsi nez rozloha Francie, Spanélska a Némecka dohromady a
nachdzi se v Tichém oceanu mezi Kalifornii (zdpadnim pobiezim USA) a Havajskymi ostrovy.
K jeho likvidaci jiz ptistoupila dobrovolnicka organizace Ocean CleanUp a S podporou fady
investoru sestavila plavidla a zafizeni pro zachyt plasti (makroplasti a megaplastii) z hladiny oceant
(cca do 3 m hloubky) a cca 1000 fek po celém svéte [22].

Jak jiz bylo zminéno v kapitole 1.2, jednim z dtlezitych krokl je zabranit vyvozu plastového
odpadu z EU do rozvojovych zemi, kde je zpracovavan v ilegalnich tovarnach. VétSinu téchto
doporuceni jiz vydala EASAC (Expertni Rada Evropskyh Akademii) [10].

1.7 Soucasné metody separace mikroplasti a nanoplasti z vod vs. navrhované metody

Dal§im idealnim krokem by bylo zabranit uvoliiovani mikroplastii napt. z domacnosti a to napf.
vestavénym filtrem na vystupu odpadni vody - nejen z pracek. K tomu piispéla a pfispiva autorova
vyzkumna skupina vyvojem nanovldkenného filtru, jednorazoveé pouzitelnym pro dlouhodoby zachyt
na vystupu z pracky a odpadni vody. Stejné tak autorova vyzkumna skupina vyviji nanovlakenny filtr
pro zachyt mikroplastli z pitné vody a to na principu konvice Brita.

V neposledni fad¢ je v soucasné dobé vice nez vhodna metoda zachytu mikroplasti a nanoplast
primyslovymi membranovymi jednotkami vyuzitymi pii Upravé pitnych a odpadnich a
prumyslovych vod. Metoda zachytu mikroplastt, dale jiz ilomki vldken, v membranovych procesech
urcenych pro upravu vod, je obecné zndma. Obecné se za ni povazuje vyuziti mikrofiltranich a
ultrafiltranich jednotek a sorpénich materialt typu aktivniho uhli. To, Ze tyto uvedené metody nemaji
pfi zachytu mikroplastii a nanoplastl 100% wcinnost je ukdzano v pfilozenych ¢lancich dale a na
zaklade téchto zkusenosti byla navrzena jind a to 100% 0G¢inna metoda S Minimalnim odpadem a
maximalnim koncentrovanim odpadnich proudl a to kombinaci tlakovych a elektromembranovych
procestl.
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Nedilnou soucasti textilnich odpadnich vod jsou i textilni barviva. Jak bude vidét v pfilozenych
¢lancich dale, tak i tato barviva, u ktery je molekulova vaha vyssi nez 100 (Daltoni), I1ze 100%
odstranit z odpadnich vod.

1.8 Shrnuti metod pro odstrafiovani plasta z vod

Review [23] z biezna 2022 shrnuje standardni i inovativni techniky pro odstraiiovani mikroplasta a
nanoplasti. VSechny miizeme uspotadat do nize uvedené tabulky 8.

| Technologie v publikacich | Patenty a publikace | Patenty

Adsorpéni Filtrace/separace Termélni degradace |
Mikrozatizeni* Fotokatalyticka degradace

Elektrokoagulace Koagulace, flokulace, sedimentace

Degradace pomoci mikroorganismii | Agregace mikroorganismu

Nanovlakenné membrany Magnetizace

Superhydrofobni materialy**

Umélé mokiady

Tabulka 5 Technologie pro separaci a degradaci mikroplasti a nanoplasti rozdélena podle vyskytu
V publikacich, patentech.

*Mikrozatizeni predstavuje napt. magnetické ¢astice, schopné transportovat mikroplasty na zakladé
vloZzeného magnetického pole, UV zafeni nebo rozpadu hydroxidu vodiku. Efektivita se pohybuje
mezi 10 a 77% zachytu mikroplastu.

** Superhydrofobni materidly pfedstavuji naptiklad oleje (¢i cyklohexan), které jsou piidany do
suspenze s mikroplasty a tim jsou mikroplasty (diky své ptirozené hydrofobicité) ptfitahovany do
tohoto rozpoustédla a néasledné je do smési pfidan Zelezny prasek nebo hlinik funkcionalizovany
kyselinou laurovou, smés je nasledné¢ zamichdna a Céstice odstranény permanentnim magnetem —
zachyt mikroplastii se pohybuje mezi 90-100%.

Nutno jeSté¢ vtomto odstavci zminit, Ze nejdilezitéjsi je prevence kontaminace Zzivotniho
prostiedi mikroplasty. Jednotlivé preventivni kroky se daji lehce odvodit od zdrojii mikroplastt
potazmo nanoplastl, uvedenych v tivodu této prace (kapitola 1.2 resp. 1.6). Dalsi dulezity krok je ale
1 odstraniovani do ptirody jiZ vypusSténych makroplastii. Jejich nejvetsi koncentrace je, jak jiz bylo
taktéz uvedeno v kapitole 1.6, v Tichém oceanu (coby GPGP). Na jeho likvidaci pracuje
dobrovolnicka firma Ocean Cleanup, zaloZzena mladym Holand’'anem Damir Slat Boyanem (16), ktera
odstraniuje cca 50 tun plastd/den a to nejen z oceanu, ale i z fek a dalSich povrchovych vod. Ze
sebranych plasti firma vyrabi recyklované plastové sportovni a jiné vyrobky. V soucasnosti je tato
firma sponzorovana dary od americkych i dalsich firem (Maersk, Coca-Cola, Microsoft, Globus a
dal.) a spolupracuje sakademickou sférou [22]. Princip zachytu makroplasti je jednoduchy.
Vysvétleni funkce viz obr. 16.
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Obrazek 6: Systém ,,Ocean cleanup“ pro zachyt makroplastii z povrchové vody, predev§im
Z oceant, dle patentu NL2018882B1 [24].
a) 600 metrti dlouhy plovak se ,,sukénkou‘ ponotfenou 3 metry hluboko zajistuje, aby neunikly veétsi
plasty z hladiny a sukénka zachytava mensi ¢astice pod hladinou. Diky nepf#ili§ hluboké sukénce a
jemnému tlaku, ktery vytvaii, se tak mohou systému vyhnout vodni zivo¢ichové.
b) Systém vyuziva 3 piirozené moiské sily: vitr, viny a proudy. Plasty jsou unaSeny piedevsim
oceanskymi proudy.
c) OvSem systém je pohanén pouze vétrem a vinami. Pohybuje se tak rychleji nez plasty, protoze
vy¢niva nad hladinu. Motské proudy vytvafi tlak na sukénku a ta pfirozené zaujima tvar pismene U.
Tim se koncentruje plast v centru jako v nalevce. ,,Valnik™ generovany sukénkou tak piedstavuje
stabilizacni systém, ktery umoziuje, aby doslo k pfesmérovani, kdyz se zméni vitr.
d) A protoZe systém, stejné jako plasty, plave volng, tak je hndn smérem do mist s nejvétsi koncentraci
plasta.

1.9 Textilni odpadni vody

Typicky ptiklad slozeni odpadni vody velkého textilniho zavodu je uveden v tab. 5 a 6 nize.
V tabulce 5 je uvedena chemickd analyza vod z textilni barvirny Whitelotus Textile v Nagpuru

Jiznim Guyjaratu, v Indii. Surovy materidl je v tomto piipadé€ tvofen bavlnou, vinou a syntetickymi
vlakny. Voda se ve velkych textilnich provozech vyuZiva k ptipravé pary a k chlazeni, tedy stejnym
procesim jako v energetickych zavodech. Spotieba surové vody v pfipadé uvedeného
reprezentativniho velkého textilniho zavodu ¢ini 61 — 646 L/kg textilii. Spotfeba vody se pohybuje
mezi 86 — 247 L/Kg (s primérem 172 L/kg) zpracovanych textilii, tedy zhruba 17 — 50 L/m
s primérem 35 L/m textlii. Celkova odpadni voda tvoii 58-81% vody surové, a to s primérem
73% surové vody.
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Cervenec | zaH | listopad | leden | bifezen | kvéten |Cervenec

2009 2009 2009 2010 2010 2010 2010 | Prtimér
pH 8,00 7,84 8,21 7,65 8,21 9,24 8,25 8,20
CHSK mg/L 1452,00 | 1478,00 | 1542,00 | 1620,20 | 1620,20 | 1642,80 | 1541,20 | 1556,60
BSK mg/L 784,00| 821,00 854,00| 952,50| 954,80 |1002,40| 1100,20| 924,10
Barva (Hazen) 241,00| 233,00| 251,00| 321,20| 341,20| 350,20| 301,20| 291,30
RL mg/L 6554,00 | 6454,00 | 6888,00 | 6575,00 | 6758,00 | 7414,00 | 7274,00 | 6845,30
Konduktivita | (uS/cm) | 9874,00|9784,00| 10,25 |9998,00 | 1020,00|1124,00 | 9874,00 | 7417,00
Olejeamaz | mg/L 12,50| 14,50 8,25| 1450| 1545| 12,50 1450| 13,20
Fluoridy mg/L 845,00 835,00| 874,00| 884,00 900,00| 895,00| 887,00| 874,30
Sirany mg/L 821,00 811,00| 898,00| 900,00| 941,00| 915,00| 854,00| 877,10
Alkalinita mg/L 658,00 | 644,00 724,00| 828,00| 500,00 671,00| 670,00| 670,70
Chloridy mg/L 445,00| 411,00| 458,00| 487,00| 514,00| 500,00| 512,00| 475,30
Tvrdost mg/L 987,00 | 1000,00 | 1020,00 | 1102,00 | 1151,00 | 1202,00 | 1145,00 | 1086,70
Vépnik mg/L 543,00 | 556,00| 580,00| 712,00| 721,00| 765,00| 743,00| 660,00
Hor¢ik mg/L 444,00 | 444,00| 440,00| 390,00| 430,00| 437,00| 402,00| 426,70
Fenoly mg/L 20,50| 14,60| 2350| 20,60 23,40| 19,90 20,50| 35,80
Fosfore¢nany | mg/L 20,40| 25,40| 3340| 3530| 2550| 27,10 33,30| 50,10
Kiemik mg/L 14,40| 16,50 17,50| 20,50| 17,80| 19,70 20,50| 31,70
Sodik mg/L 543,60 | 657,90| 486,20 | 438,70| 546,90 | 549,80| 456,80| 920,00
Med mg/L 2,30 1,40 3,20 1,90 2,50 2,10 2,30 2,24
Olovo mg/L 0,40 0,50 0,80 0,40 0,80 0,70 0,80 0,63
Mangan mg/L 2,20 1,10 2,20 2,60 3,60 1,30 2,40 2,20
Chrom mg/L 3,40 3,70 1,50 3,70 4,60 4,80 4,80 3,79

Tabulka 6: Chemicka analyza vody Vv piipadé velkého textilniho zavodu Whitelotus Textile v
Nagpuru Vv Jiznim Gujaratu, Indii a to konkrétné analyza vod z barvirny. CHSK — chemicka spotieba
kysliku, BSK — biologicka spotieba kysliku (5 dni), barva — kobalto-platinova hazenova stupnice pro
odpadni vody, RL — rozpusténé latky (adekvatni TDS — total dissolved solids) [25].

Vyse uvedené souhlasi s mnoZstvim vody vyuzité v mokrych procesech. Z téchto mokrych
procest je barveni vhodnym reprezentativnim vzorkem, protoze barveni zaleZi na pouzitych vlaknech
a potazmo chemikaliich. K tomu se vyuZivaji enzymy, kyseliny, alkélie, chloridy, peroxidy a kone¢né
samotna barviva (kypova barviva, sirnd, kovové komplexy apod.) [25].

V nasleduyjici tab.6 je uvedeno sloZeni vody produkované malym textilnim zdvodem (Altaf
Textiles, Nagpur, Indie). Ve srovnani s velkym textilnim zavodem, ktery obsahuje 1 barvirnu a je
uvedeny v tab.5, je zfejmé, Ze napi. koncentrace téZkych kovil je v malém zavodé nékolikanasobné
niz$i. Stejné tak co se ty¢e CHSK, kter¢ je v ptipad¢ barvirny dvakrat niz8§i. Hodnota CHSK zahrnuje
praveé i mikroplasty a nanoplasty. Z téchto analyz, které ukazuji, Ze jak malé, tak velké textilni zavody
produkuji vody s velmi vysokym CHSK a koncentraci téZkych kovil, je tedy evidentni, ze ¢iSténi vod
membranovymi technologiemi je nevyhnutelné a pro dosazeni uspokojivé kvality vody je vysoce
zédouci. V ptipad¢ vyuziti jinych technologii by jejich portfolio muselo byt tak Siroké, ze by se ani
Vv investi¢nich nakladech nevyplatilo, natoz tedy v provoznich nakladech.
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Isména |Il.sména |IIl.sména |24h smés
Teplota (°0) 20£2 25+3 26+4 25+4
Barva Hazen 830£110| 790+130| 840+170| 820+180
Konduktivita (uS/cm) |3.96+0.24 | 4.08+0.34 | 3.99+0.38 | 4.01+0.32
pH 9.5+0.6 9.4+0.7 9.6+0.5 9.5+0.6
Celkova alkalinita (mg/L) 1430450 | 1420+40| 1440+60| 1430+60
RL (mg/L) |5070+268 | 5182+476 | 5098+362 | 5116+358
NL (mg/L) | 460+114| 520+156| 438+178| 472+148
Amonikélni dusik (mg/L) 50402 | 6.1+03| 7.3+04| 6.1+0.2
Celk. dusik (Kjehldahl) |(mg/L) | 13.9+0.3| 18.0+0.6| 18.9+.04| 16.7+0.5
Dusik dusi¢nanovy (mg/L) 48+0.2| 5.0+02| 5.8+03| 5.1+0.2
Chloridy (mg/L) 586192 | 660+134| 838+126| 690+116
Sifigitany (mg/L) 136444 | 158448 | 202422| 166438
Fosfore¢nany (mg/L) 10.4+0.8 | 10.1+0.7| 10.9+0.9| 10.5+0.8
CHSK (mg/L) 714498 | 770+112| 798+104| 760+102
BSKasq (mg/L) 198+42 |  225+45| 220465| 215450
Sodik (mg/L) 718432 | 774424 | 848+22| 778+24
Draslik (mg/L) 6.840.2| 7.6+0.2| 8.1+0.3 7.3
Procenta sodiku (mg/L) 56.6£2.8| 64.2+3.1| 66.142.6| 62.1£2.7

Tézké kovy
Zelezo (mg/L) |3.57+0.07 | 4.74£0.10 | 4.91£0.12 4.3
Olovo (mg/L) |0.04+0.01 | 0.02+0.01 | 0.05+0.01 0.03
Med (mg/L) | 0.34+0.02 | 0.29+0.03 | 0.38+0.02 0.34
Nikl (mg/L) |0.13+0.01 | 0.10+0.01 | 0.15+0.01 0.13
Mangan (mg/L) |0.10£0.01 | 0.09+0.01 | 0.13+0.01 0.11
Chrom (mg/L) |0.07+0.01 | 0.04+0.01 | 0.08+0.01 0.05

Tabulka 7: Chemické slozeni odpadni vody z malého textilniho provozu Altaf Textiles v Nagpuru v
Indii. RL — rozpusténé latky (adekvatni TDS — total dissolved salts), NL — nerozpusténé latky
(adekvatni TSS — total suspended solids), CHSK — chemicka spotieba kysliku, BSK — biologicka
spotieba kysliku (5 dni) [26].

Z klasickych technologii by bylo nutné vyuzit klasické €ifeni, hrubou 1 jemnou filtraci a nékolik
typt ionexovych kolon (pro separaci specifickych téZkych kovill), a dale kalolis pro zpracovani
odpadni vody a pevného odpadu. Naproti tomu membranové technologie by vyZzadovaly jednoduchou
sestavu (ultrafiltrace + reverzni osmoza + elektrodeionizace), ktera je vyhodna jak z ekonomického,
tak ekologického hlediska pfinasi niZsi provozni naklady a v tomto ptipad¢€ i1 investicni naklady, jeji
provoz je automaticky a zabird nékolikabésobné mensi zastavény prostor. Tento piipad bude
podrobnéji rozebran v nasledujici kapitole a prvnim prilozeném ¢lanku.

1.10 Plasty v historickém a globalnim pohledu
Pro kompletnost informaci nutno jest¢ dodat k souasnému stavu, ze produkce plastl se

kazdoro¢né zvysuje. Od roku 1950 do roku 2015 se zvysila z 2 mil.tun(Mt)/rok na 380 Mt/rok. To
predstavuje nartst o 18950%. Celosvétove se do roku 2015 vyprodukovalo 6300 Mt plastt (v 7/2017
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to bylo 8300 Mt), z toho bylo 9 % recyklovano, 12% spaleno a 79% naakumulovano ve skladkach a
V zivotnim prostiedi. Primérny pracovni Zivot jednoho plastového sacku je 15 minut [27].

Co se tyce Spatného nakladani s plastovymi odpady, které bylo zminéno v kap. 1.6 o prevenci, pak
znacné¢ vycéniva (ve Spatném slova smyslu) Vychodni Asie a Tichomoti (60%). Po nich je velky skok
- Vychodni Asie (11%), Subsaharskd Afrika (8,9%), Stfedni Vychod a Severni Afrika (8,3%),
Latinska Amerika a Karibik (7,2%). Evropa a Centralni Asie jsou na tom opét podstatné 1épe ve
srovnani s predchozimi zemémi (3,6%), ale nejlépe si vede Severni Amerika (0,9%) [28].

Co se tyc¢e recyklace plasti v Evropé, pak celkovy odhadnuty pramér (v poslednim statisticky
zpracovaném roce 2019) &ini 41% a nejlépe na tom bylo Litva (70%) a hned za ni Ceska Republika
(61%), Bulharsko (59%), Nizozemi (57%), Svédsko a Slovensko (53%), Spanélsko (52%), Kypr
(51%) a Slovinsko (50%). Nejhtife na tom naopak byla Malta (11%), Francie (27%), Irsko (28%),
Rakousko (31%), Polsko (32%) a Mad’arsko (33%) [29]. Je ale zfejmé, Ze mnozstvi produkovanych
plastii se v uvedenych zemich zna¢né rtizni.

Zaveérem je nutno dodat, ze 1 pres Spatné postaveni Afriky v nakladani s plasty, se najdou staty
jako je Rwanda, kde je jiz od roku 2008 uzakonén zékaz vyroby polyethylenovych obali, které se
vladé podatilo prosadit i pies stavky primyslového sektoru. Rwanda tak patii mezi vice nez 40 zemi
s timto zakazem [30].

Roéni produkce odpadu panenskych plasti Mt/rok

Viechny primyslové sektory 302
Obaly
LD. LDPE E 57
PP L 55
Textil Bl 4
PP&A vlakna | )
HDPE )
Ostatni sektory B 38
Konzumni a zakladni produkty B 37
PET K 32
Doprava D 17
Aditiva 1 17
PS b 17
PUT 1 16
PVC I 15
Elektiina/elektronika D 13
Stavebnictvi D 13
Dalsi polymery I 11
Strojirenstvi | 1

Tabulka 8 Ro¢ni produkce odpadu panenskych plasti celosvétové (pozn.: PP&A = polyester,
polyamid a polyakryl), Z 407 Mt vyrobenych panenskych plasti v r. 2015 bylo 302 Mt odpadu [31].
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2. State-of-the-art upravy vod

2.1. Uprava vody obecné

Pro upravu vody, jeji CiSténi a separace nékterych jejich slozek se vyuzivaji fyzikalné
chemické a biochemické metody. Mizeme je shrnout do metod destilace, sraZeni a extrakce,
elektrochemickych metod, metod tvorby kalti, metod sedimentacnich a filtracnich a metod
iontovyménnych. Vétsina z nich dnes jiz byla nahrazena metodami membranovymi, piipadné
kombinovanymi. Membranové technologie tedy predstavuji state-of-the-art v Gipravé primyslové, ale
1 pitné a odpadni vody. Jen vyjimecné se vyuzivaji jiné metody, a to vétSinou za tcelem specifické
separace (napf. sorpce tézkych kovii pomoci ionexit), ¢i pokud periferie poskytuje moznost vyuziti
odpadniho tepla (destilace) nebo v piipadé, Ze provozujici subjekt (nejéastéji COV) postrada
investi¢ni prostfedky pro membranové technologie. Provozni naklady jsou az na vyjimky u
membranovych technologii nizsi.

Pokud budeme brat Ceskou republiku jako vzorek vychodni Evropy, pak na ni Ize velmi dobte
demonstrovat ptechod od klasickych technologii pro tipravu vod na membranové technologie. O tento
prechod se v Ceské energetice zaslouzil v fadé elektraren a teplaren i autor této prace. Pole Gpravy
vod je velmi Siroké a odborné vetejnost se déli do tii zakladnich skupin — prvni skupinu tvofi Uprava
vod pro pramyslové ucely, druhou skupinu tvoii uprava pitnych vod a tieti skupinu Giprava odpadnich
vod. Do tpravy vody pro prumyslové ucely spadaji i energetické zavody, tedy elektrarny a teplarny.
K energetickym ucelim je voda upravovana i dalSich menSich zavodech, kde je pfipravovana
ptidavna voda pro kotle (,,makeup water*) a chladici voda do chladicich vézi nebo pro technologické
ucely. Do mensich zavodu patii napt. pekarny (vyvoj pary pro ohtati peci), pivovary (vafeni chmele
a chlazeni mladiny) a pravé textilni zavody (ohfivani a chlazeni vody do tepelnych vyméniki coby
soucasti barvicich strojii) a dalSich malé zavody (automotive, vyroba elektroniky, atp.). Nehledé na
to, jaky je zdroj vody, tyto zavody vzdy potiebuji finalni produkt té nejvyssi kvality, aby nedochazelo
ke korozi a usadam v kotlich, kondenzatorech, na turbinach, v chladicich vézich a aby byl chranén
cely energeticky systém véetné uzavienych smycek. Lze jinymi slovy fici, Ze toto pole upravy vod
zahrnuje i dalsi dvé uvedené skupiny (vodu pitnou i vodu odpadni). Proto dale jiz bude pracovano
praveé s vodou pro energetické ti€ely a na ném budou ilustrovany jak technické, tak ekonomické, tak
ekologicke a dalsi aspekty membranovych technologii.

2.2. Charakteristika vod v textilnich zavodech

Jak bylo ukazano vyse (kapitola 1.8) a v pifedchozim odstavci (2.1), textilni zavody vyzaduji
jednak vodu technologickou, a jednak vodu pro energetické ucely. Technologickd voda ¢ini
13% celkové spotteby vody V pletdrnach, 9% celkové spotieby vody v tkalcovnach, 6% spotieby
vody v piadelnach, 16% v barvirnach, 38% v bélirnach a 8% na potisk. Voda pro energetické tucely
¢ini 14% pro provoz parnich kotli a 9% na chlazeni a dalsi operace (suseni apod.). Celkova denni
spotieba vody ve stfedné velkém az velkém textilnim zavodu se pohybuje kolem 50 m®. Voda se
v modernich textilnich provozech recykluje — napt. chladici voda z tryskovych barvicich stroji se da
vyuzit jako procesni horké oplachové voda pro jemné barveni nebo ptipravnych barvicich zatizenich
(jako ptiklad poslouzila tato technologie v textilnim zavodu Komal Texfab) [32].
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Spotfeba | minimum| median| maximum
vody [L/kg] [L/kg] [L/kg]
VlIna 111 285 658
Tkaniny 5 113 508
Pleteniny 20 83 377
Koberce 8 47 163
Nité 3 100 558
Netkanky 3 40 83
Plsti 33 213 933

Obrazek 7: Primérna, minimalni a maximalni spotieba surové vody na zpracovani 1 kg textilniho
materialu [32].

2.3. Divod tpravy vody

Vodou pro energetické ucely je piedevsim tzv. ptidavna voda pro kotle (v angl. ,make-up
water”). Kazda elektrarna (tepelnd, jadernd, plynova ¢i paroplynova) pracuje na principu parniho
stroje a pro produkeci elektiiny potfebujeme produkovat z kapalné vody paru. Préaci idedlniho média
popisuje Carnotiiv cyklus a v ptipadé redlného média a dalSiho tzv. ,,ptihiivani pary* pfed kondnim
prace jesté 1épe aproximuje Clausius-Rankintiv cyklus [33]. Stejné tak kazdy provoz (véetné
textilniho), vyuzivajici ohfev nékteré¢ho z vyrobnich procesl, Vyzaduje produkci péary v parnich
kotlich. Na zaklad¢ ¢eskych standardl je hlavnim pozadavkem pro kvalitu ptidavné vody pro kotle
norma CSN 07-7401 a to pro stfedotlaké a nizkotlaké kotle a CSN 07-7403 pro vysokotlaké kotle
(nad 8 MPa). Stézejni hodnotou v téchto normach je konduktivita piidavné vody pro kotle. Tato
hodnota totiz nepfimo urcuje obsah rozpusSténych latek (soli 1 plynil). Odfiltrovani nerozpusténych
latek je samoziejmosti jesté pred odsolenim a odplynénim. Voda piidavna predstavuje doplnéni vodni
hladiny kotle, coz znamena, ze v elektrarenskych provozech je cca 97% vody a v teplarenskych
provozech cca 50% vody recyklovano (tniky jsou vétsi vzhledem k rozvodu vody ke koncovym
uzivatelim) [34]. A protoze se tedy voda v Kotli odpafuje a po vykonani prace kondenzuje — ovsem
nikoli kvantitativné, pak dochazi k jejimu zahustovani. To zptsobuje narust usad v kotli a vyssi
procento koroze.

K]

Obrazek 8: Carnotitv a Clausius-Rankintiv pracovni cyklus vody v T-s diagramu (,,s* - entropie).
S prihfivanim pary je Carnotv cyk. A - 2" - 3’ - 42 - A (Ctverec) a Rankinv1-A-2-2"-3"-4-1.
Je evidentni, Ze Carnotiiv cyklus vyZaduje kompresor, kdeZto Rankinliv pouhé Cerpadlo napéjeci
vody [33].

Usady a koroze pii vysokych tlacich a teplotach prograduji velice rychle a snizuji vykon kotle a
jsou nebezpecné pro provoz celého soustroji - napi. pii Spatné upravé vody miize dojit k tzv.
,prestfiku‘ kotelni vody na turbinu a jedina kapka vody vynesend na povrch turbiny miize zpusobit
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jeji vychyleni a kolaps celého soustroji (pozn. turbina je usazovana s piesnosti na tisicinu milimetru).
Cena turbiny o vykonu 12 MWe se pohybuje kolem 1 milionu Euro. Je tedy nutné, aby ptidavna voda
byla téméf ,,teoretickou vodou,* tedy absolutné ¢istou H20, ktera ma konduktivitu 0,056 uS/cm resp.
rezistivitu 18 MQ/cm (pii 25°C) [35].

Z predchozich odstavci je jasné, Ze voda upravovand v energetice predstavuje nejvyssi
dosazitelnou kvalitu ¢isténi, a proto bude nadéle pracovano uz pouze s upravou vody pro energetické
ucely. Jiz zminéné Ceské normy stanovuji konduktivitu pfidavné vody pro kotle nad 8 MPa v hodnoté
0,2 uS/cm (bézna hodnota destilované vody je 4 uS/cm a napt. kvalita permeatu z reverzni osmozy
je 2 uS/cm) [36] a evropska norma VGB — R- 450 Le stanovuje dokonce 0,1 uS/cm (coz uz je kricek
od absolutné ¢isté vody). Naproti tomu konduktivita pitné vody se pohybuje okolo cca 300 uS/cm a
co se tyce Cisténi odpadnich vod, zde se jedna spiSe o procesy biochemické a procesy s tvorbou
aktivovaného kalu.

V energetice se pracuje i s jinymi okruhy vod — je to naptiklad chladici okruh, ktery zvySuje
ucinnost celého systému (viz obr. 7 — Carnottv cyklus). Co se tyce chladici vody, pak se jedna o vodu
odebiranou z vodotece (feky, studny, nadrze), ktera se vSak viceméné neupravuje (pouze v piipade
recyklace v oblastech s nedostatkem vody), a co do objemu ptedstavuje cca 60 nasobek objemu
kondenzované pary z turbiny (na zaklad¢ entalpické bilance, ktera je popsana v prilozeném ¢lanku).
Timto typem vody se také nadale zabyvat nebudeme.

Dalsi typy vod predstavuji tzv. ,,odluhy* z kotl (v angli¢ting resp. piilozeném c¢lanku oznacen
jako ,,continuous blowdown,* tj. kontinualni odpousténi koncentrovanych disociovanych latek
ventilem z hladiny kotle v objemu 4-8% ptidavné vody; tj. jednotky t/h) a tzv. ,,odkaly“ z kotlt
(,,bottom blowdown,* tj. pravidelné odpousténi rzi, pevnych necistot ptinesenych z potrubi v systému
a dalsich kalt a to ventilem ze dna kotle, na cca 4 vtefiny 1x za sménu, pro 10 bar a 40 mm krk
s rychlosti cca 6,2 kg/s; tzn. max. jednotky t/tyden) [33,34]. Dale to jsou smé&sné odpadni vody
z riznych vypirek nebo ¢ifeni, ale toto jsou vSe velmi specifické vody, jejichz mnozstvi je ve srovnani
s technologickou vodou a vodou pro ohiev ¢i chlazeni zanedbatelné a vétSinou jsou tyto vody
smiseny, neutralizovany a odvadény do kanalizace, pfipadn€ jsou zpracovany reverzni osmozou.
Studie zpracovani téchto vod elektrodialyzou ptedstavuje vystup mé prace a je podrobné rozebrana a
popsana na pilotnich testech provedenych v &eskych elektrarnach (Elektrarna Hodonin, CEZ a.s.).

2.4. Klasické technologie upravy vod

Jako klasické technologie jsou odbornou vefejnosti chapany ionexové kolony, které navazuji na
jemnou filtraci pomoci piskovych filtra a aktivniho uhli, ta na ¢ifeni pomoci flokulantti a koagulant
ve spiraktoru, a ta na hrubou filtraci pomoci sit a ¢esli. Filtraci a ¢ifeni nelze nahradit ani technicky,
ani ekonomicky [34], ale ionexové technologie, které slouzi k hluboké demineralizaci vody, lze
kompletné nahradit membranovymi technologiemi.

2.5. Membranové technologie ipravy vod

Membranové technologie — tlakové (mikrofiltrace, ultrafiltrace, nanofiltrace a reverzni osmdza ¢i
piima osmoéza) a elektromembranové (elektrodialyza, elektrodeionizace, kapacitni deionizace) lze
s velkou vyhodou tzv. stavebnicové sestavovat tak jak je pro dany zavod potfeba. Podrobna schémata
nékolika zakladnich variant jsou popsana v pfiloZzeném ¢lanku (kap. 2.7).

2.6. Technické a ekonomické benefity membranovych technologii
Srovnani membranovych procest s klasickymi technologiemi je hrubé€ nastinéno v niZe ptiloZzené

publikaci z recenzovaného ¢eského zurnalu All for power (kap. 2.7). Detailné a se vSemi parametry
a kalkulacemi, o kterych se dosud pouze mluvilo, ale neexistovala konkrétni literatura, zabyva prave
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ptilozena publikace autora (viz kap. 2.6), kde jsou provedeny investi¢ni a provozni kalkulace a jsou
prezentovana data naméfend na membranovych technologiich vs. klasickych technologiich v redlném
provozu, tedy pii dlouhodobych testech proveditelnosti na pilotnich membranovych jednotkach.

2.7. PriloZeny ¢lanek
[1]Marek, J., State-of-the-Art Water Treatment in Czech Power Sector: Industry-Proven Case Studies

Showing Economic and Technical Benefits of Membrane and Other Novel Technologies for Each
Particular Water Cycle. J. Membr. 2021, vol. 11, p.98. https://doi.org/10.3390/membranes11020098

Ptinosem tohoto ¢lanku jsou vSechny uvedené metody, navrzené pilotni jednotky, ziskané
provozni hodnoty, ekonomické porovnani se stavajicimi technologiemi - pfedstavujici jasné dané
hodnoty a technologie a ¢lanek shrnuje nékolik let prace, nebot” kazdy pilotni test predstavoval
nékolik mésict az let piiprav, spoluprace s personalem v elektrarnach, piesvédceni technickych,
manazerskych i ekonomickych pracovniki elektraren, ze technologie je bezpecna, a ze pilotni test je
ukéazkou ekonomického, ekologického, automatického fungovani v primyslovém méfitku. Zadné
Z hodnot provoznich a investi¢nich nakladii a porovnani ndkladt riznych dodavateld, které bylo
dodate¢né na vyzadani revize ¢lanku, nebylo dosud nikde takto otevien¢ publikovano a pouze se
soudilo na zakladé¢ pracovnich tlaki a spotieby elektiiny, Ze membranové technologie jsou vyhodné,
ale nevédelo se presné o kolik a zde jsou konkrétni hodnoty do nejmensich detaild (véetné retencnich
nadob, konkrétniho MaR — tj . méfeni a regulace, SW, HW, se vzdalenym piistupem, predfazenych
filtrt, konkrétnich membranovych moduli, housingd, protrubkovani, CIP (,,cleaning in place — t].
pravidelné odstavky), ¢lovékohodin obsluhy a administrativy S provozem jednotek, administraci
odpadt atd. atd.) s redlnymi jednotkami, nikoli pouze odhadnuté na zaklad¢ pracovniho tlaku a ceny
elektfiny, ale skutecné kompletni, s nékolikamé&sicnim provoznim ovéfenim v daném zavodu a
uspornymi opatfenimi, které nejsou ani v praxi bézné (napt. moznost uplného uzavieni odluhu kotlt
pti vyuziti EDI na Gpravu ptidavné vody pro kotle).

A jednim ze stézejnich vysledkt je pravé odstranéni nanoplastii pomoci reverzni osmoézy To
bylo ovéfené pii pilotnim testu v Temelin€, kde nanoplasty pfinaSely problém zanaSeni ventil
v sekundarnim okruhu na druhém bloku. Pomoci jejich vlastnich ionexovych technologii k této
separaci nedochazelo. Zaroven je zde uk4zano, Ze ultrafiltracni jednotky odstraiuji spolehlivé pouze
mikroplasty a na zachyt nanopastl nemaji vpodstat¢ zadny efekt, i kdyZz byly pouzity moduly
S garantovanym pramérem port 50 nm.

Role autora byla vyzkumny inZenyr a projektovy manazer — ¢asteéné pro firmu MemBrain
s.r.0. a Caste¢né na vlastni ICO pro firmu CEZ a.s. Piilozeny ¢lanek detailné mapuje real ceské
energetiky z hlediska stavajicich technologii a jeho hlavnim pfinosem je shrnuti autorem
provedenych pilotnich testi membranovych technologii s konkrétnimi hodnotami financnimi i
technickymi a benefitl téchto technologii v ekologické sféte. Takovéto hodnoty doposud v jiném
¢lanku nebyly publikovany a nejsou dohledatelné ani na webovych strankach firem zabyvajicich se
upravou vody. Autor je jedinym autorem, podékovani na konci ¢lanku vSak patii mnoha kolegim
z technického useku, kteti zajiStovali spojeni pilotni jednotky s provozovanym systémem dané
elektrarny ¢i teplarny, elektroinstalaci vSech jednotek, pravidelny odbér vzorki ¢i protrubkovani nebo
instalaci systému.

2.8. Popularné-védecky ¢lanek
Jednd se o publikaci vySe uvedenych vysledki ve védecko-popularni formé v recenzovaném
energetickém periodiku All for Power.

[2]Marek, J. Ve Svété bezné pouzivané membranové procesy upravy vod v Ceské energetice misto
zatim nenaSly; All for Power: Karlin, Czech Republic, 2012; Vol. 1, pp. 122-124.
http://old.allforpower.cz/UserFiles/files/2011/membrain.pdf
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3. Vyuziti tlakovych membranovych procest pro
zachyt nanoplastii a mikroplastii

3.8 Teorie tlakovych membranovych procesii vs. reilny provoz

Nazev mikroplasty a nanoplasty c¢asto myln¢ vyvolava dojem, Ze je mozné tyto Castice filtrovat
tlakovymi membranovymi jednotkami s adekvatnim nazvem — tedy mikroplasty mikrofiltraci, a
nanoplasty nanofiltraci resp. ultrafiltraci. Ve skute¢nosti tomu tak neni, a¢ na webovych strankach
dnes jiz nescetného mnozstvi firem po celém svété, miizeme nalézt, Ze maji néstroje pro separaci
mikroplastl — a mini tim mikrofiltraci [37], v lepSim ptipad¢ ultrafiltraci. Ani ultrafiltrace vSak neni
schopna odstranit mikroplasty kompletné [38].

Jak vyplynulo z testu ultrafiltra¢nich jednotek a reverzni osmoézy v Jaderné Elektrarné Temelin
Vv prvnim pifloZzeném ¢lanku (kap. 2.7 resp. [1]), realita separace konkrétnich ¢astic je vSak jina a tedy
tato reklama vétSiny firem zabyvajicich se upravou vody, je klamava.

Stejné tak co se tyce o nanoplastil, nelze se spolehnout na ultrafiltraci, a¢ mé deklarovany pramér
port od 2 nanometrt. To bylo prokdzano pii uvedeném pilotnim testu v JETE s ultrafiltracni
jednotkou o kapacité 2 m*/hod na redlné provozni vodé (napéjeci voda pro sekundarni okruh druhého
bloku).

Je tieba si uvédomit, ze distribuce primérii port vSak nikdy nema ostry profil. To znamena, Ze
pro membrany, které maji garantovany primér pord x nm, plati, ze ¢islo x pfedstavuje ze statistického
hlediska modus. V membrang Ize tedy o¢ekavat rozptyl priméru pord o jednotky nanometri co se
ty¢e medianu a o desitky nanometri co se tyce dalSich kvantil, které v§ak v malém procentu mohou
sahat az do stovek nanometrii. To uz samoziejm¢é umoziuje filtrovanym ¢asticim proniknout do
permeatu. Takze v pfipadé moduld s deklarovanym primérem port napt. 50 nm muize permedat
obsahovat 1 ¢astice podstatné vétsi. Procento téchto Castic je sice mizivé, nicméné jsou aplikace,
vcetné vySe zminéného pilotniho testu v JETE, kde je i maly prinik téchto castic nezadouci.
V piipadé¢ JETE dochazelo k dlouhodobému malému priniku téchto ¢astic, které se nasledné
zachytavaly ve ventilech sekundarniho okruhu a béhem nékolika let je zcela vyfadili z provozu.
Stejné tak v piipad€ zachytu mikroplastli a nanoplastil je kyZené zachytit pokud moZno 100%, nebot’
takové technologie jsou na trhu jiz k dispozici a tuto efektivitu poskytuji. Kontaminace nasi planety
se déje prave témito malymi frakcemi.

Resenim jsou tedy neporézni membrany, které poskytuji permeat skrze hydrofilni membranu,
V jejimz piipad€ vSak jiZ nelze mluvit o porézni struktufe.

VySe zminéna nanofiltrace je kromé nerozpusténych castic sice schopné zachytavat 1 vicevalentni
ionty, ale proto, Ze vyuzivd nabit¢é membrany (vétSinou se zdpornym nabojem, tj. napf. se
sulfoskupinami). Jinak se ale stale jedna o porézni membranu.
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Obrazek 9: Vpravo graficka ilustrace pouzitého modelu pro predikci velikosti ¢astic v permeatu [39].
Vlevo piiklad ultrafiltratniho membranového modulu s deklarovanym primérem port 15 nm [40].
Modus (s pratokovym podilem 0,16) je v tomto piipadé 15 nm, zatimco median (s prutokovym
podilem) se pohybuje od 10 do 20 nm a maly kvantil dosahuje az 25 nm.

Mezi tlakové procesy patii ale i reverzni osmoza, kde jiz nemlzeme hovofit o poréznich
membranach, nebot’ primér jejich poért je cca 0,5 nm, coz vSak predstavuje velikost nékterych vétsich
molekul (skrze reverzné-osmotické membrany projdou molekuly s molekulovou vahou do cca
100 Daltond, veétsi uz nikoli) [36]. A pravé reverzné-osmotickd membrana byla s ispéchem
otestovana na kvantitativni zachyt veskerych nerozpusténych ¢asti v JETE. Jeji kapacita byla 2 m®h
a instalovana byla celkem po dobu 6 mésicti, ¢imz se prokazala jeji provozuschopnost a dlouhodoba
spolehlivost.

3.9 Provozni problémy zpiisobované mikroplasty a nanoplasty

Jak jiz bylo zminéno vySe (v prvnim pfilozeném c¢lanku [1] a v desetiletém screeningu
odstrafiovani mikroplastd zvod klasickymi technologiemi [21]), tak technické problémy
zpusobované mikroplasty a nanoplasty se vyskytovaly jiz o mnoho let diive, nez zacal byt problém
mikroplastl ve vodé feSen WHO a védeckou vetejnosti.

Na zakladé p¥ipadu prof. Mat&jky z VSCHT Praha, ktery jako prvni otestoval elektrodeionizace
pro prumyslovou pfipravu ultracisté vody, a to v roce 1971 [41], bylo po cca 30 letech vysvétleno, ze
hlavnim problém této technologie je preduprava vody. Pti jeho prikopnickych pokusech doslo totiz
k zaneSeni elektrodeioniza¢nich modulii a podle toho také dopadla charakterizace celé technologie.
AC tedy v aplikaci elektrodeionizace ptedbéhl svou dobu, bohuZel v tu dobu nebylo pocitano
s koloidnimi latkami a nebyla jesté k dispozici reverzni osmoza ¢i jiné tlakové membranové procesy,
které by ochranily ionexové komory elektrodeionizace pied jejich zanesenim a kompletnim ucpanim.
Dnes se jiz bézn¢ pouzivd ochrany elektrodeionizac¢ni jednotky dokonce pomoci dvoustupiiové
reverzni osmozy. Tak je zajistén nékolikalety bezpecny provoz jednotky, nebot’ se zamezi priniku
mikroplasti a nanoplasti do ionexl v elektrodeionizace a stejné¢ tak se zabrani vapenatym,
hotecnatym a Zelezitym tsadam, které spousti proces shlukovani (tzv. ,,clumping®) ionex1i, ktery ma
za nasledek kolaps elektrodeionizacni technologie.

Dale budou uvedeny 4 ptipady z priimyslového provozu membran, kde fouling mikroc¢asticemi a
nanocasticemi odstavil z provozu celou technologii resp. cely zadvod.

Prvni zminény ptipad se tykd JSC Minudobrenija Rossosh, zdvodu pro vyrobu hnojiv ve
Voronézské oblasti, v Ruské Federaci. Zavod produkuje dusi¢nan amonny, dusikata hnojiva (NPK),
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kyselinu dusi¢nou a amoniak. Zde méla byt instalovana elektrodeionizace pro ptipravu ultracisté vody
firmou Mega a.s. OvSem jedina pieduprava této technologie byly piskové filtry s hrubym a jemnym
piskem. Technologie elektrodeionizace byla navrzena a instalovdna v kapacité 96 m*/h. Instalace
probihala vroce 2010 a autor coby vyzkumnik MemBrain varoval pfed zanesenim
elektrodeioniza¢nich modul. Po spusténi technologie doslo béhem 37 hodin provozu ke kompletnimu
zaneseni elektrodeioniza¢nich modull a k okamzitému odstaveni technologie, resp. k jejimu kolapsu.
Doslo totiz k zaneseni elektrodeioniza¢nich modulii mikrocasticemi a nanocasticemi, které piskové
filtry nebyly schopné zachytit a technologie v hodnoté¢ 100 mil. CZK byla béhem 37 hodin
znehodnocena. Autor této prace byl po tomto incidentu v pribéhu nékolika hodin zvolen
principialnim inzenyrem pro napravu technologie a odeslan do JSC Minudobrenija Rossosh.

InZenyfti nejvétsiho svétového producenta membranovych technologii, spolecnost GE Water,
konkrétné Dr. Robert Gerard a Dr. David Florian Tessier (manazer ve firmé NX Filtration), piinesli
do firmy Mega a.s. nasledujici zkusenost s provozem EDI: Jako hlavni limit této technologie uvedli
zamezeni vstupu castic o velikosti nad 30 nm, které po priichodem elektrodeionizacnimi komorami
plnénymi ionexem nastartuji efekt shlukovani ionext (,,clumping). Tato hodnota pak jiz byla pfi
navrhu technologie vzdy zohlediiovana, ale jak autor pozdé&ji prokdzal v dal§im ptiloZzeném ¢lanku,
je to hodnota zavadéjici a neni nikterak podloZena védeckymi experimenty. Ve skutecnosti se totiz
jednalo o zkuSenost z provozu elektrodeionizace, kde byla nastiikem destilovana voda, ktera vSak
byla kontaminovana vapenatymi koloidy (z vyroby vapenatych hnojiv) a Césticemi Zeleza,
pochazejicimi z potrubi. To mélo za nasledek tvorbu vapenatych a zelezitych usad, nevratnou vazbu
na ionexy a nasledné jejich shlukovani. V pfilozeném ¢lanku [3] je prokéazano, ze ani 120 nm koloidni
castice oxidu kfemicitého, tj. inertni koloidni Castice, nezpuisobuji ani pii dlouhodobém provozu
zaneseni elektrodeionizac¢nich komor.

Pokud se tedy vratime k pifedchozimu pfipadu — JSC Minudobrenija Rossosh - pak se ukazalo, ze
hlavnim problémem byly taktéZz vépenaté, hofecnaté a zelezité ionty a nésledna tvorba usad,
umocnénd vysokym CHSK a SDIis >> 5, coz by byly fatalni hodnoty i pro reverzni osmoézu.

Dalsi technicky piipad, ktery autor feil v ramci vedeni smluvniho vyzkumu (mezi CEZ a.s. a
MemBrain s.r.0.), se tyka sekundarniho okruhu v druhém bloku Jaderné Elektrarny Temelin a 0 5 let
pozdgji, tj. v roce 2016 v Jaderné Elektrarné Dukovany (smluvni vyzkum mezi CEZ a.s. a autorem
na vlastni ICO). V obou piipadech dochazelo k zanaseni ventilti v sekundarnim okruhu, kde byly
vyfazeny z provozu a nebylo mozné je ovladat. Po provedeni mnozstvi analyz technickym tsekem
JETE se ukazalo, ze se jednalo o zaneseni ventili organickymi ¢asticemi, které prosly jak piskovymi
filtry, tak aktivnim uhlim, tak ionexovymi kolonami a byly identifikovany podle zvySenych hodnot
TOC (> 0,2 mg/l a ¢asto > 1 mg/l). Cely problém je podrobné uveden v prvnim ptiloZzeném ¢lanku.
A z ného vyplyva, ze po instalaci pilotnich jednotek reverzni osmézy a ultrafiltrace (v kapacité 2 m3/h
a dobou pilotniho testu cca 2 mésice a to s kontinualnim provozem), doSlo k téméf uplnému
odstranéni téchto mikro¢astic a nanocastic (<<0.1 mg/l) a to az do velikost ¢astic s molekulovou
vahou do 100 (Daltonll). Z tohoto testu zaroven vyplynul velice velice dulezity fakt, a to ze
ultrafiltrace prakticky nebyla schopna tyto ¢astice zachytit (moduly z dutych triacetatovych vlaken
Microdyn-Nadir Aquadyn FT-50-AC s garantovanym primérem poru <15 nm). Naproti tomu
veskery zachyt mikro¢astic a nanocastic prob&hl na modulech reverzni osmézy (Hydranautics ESPA-
2-L.D-4040 od firmy Nitto Denko — membrany vysoce odolné proti foulingu organickymi latkami) —
to v8e viz obr.9 v prvnim pfilozeném ¢lanku.

3.10 Fouling membran mikroplasty a spravné nastaveni crossflow
Z této prace vyplyva, ze je mozné fesit problém mikroplasti membranovymi procesy. Ukazuje se

vsak, Ze 1 membrany je mozné zanést mikroplasty a nanoplasty a tak je znehodnotit, jak jiz bylo
prokazano v mnoha pracich, které shrnuje review [42].
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Z praktickych zkuSenosti s membranovymi procesy v praimyslovém provozu vsak je jasné, ze
fouling membran souvisi s navrhem celé technologie a pokud je spravné navrzeno crossflow — resp.
zohlednéna koncentra¢ni polarizace, pak ke kontaminaci membran nedochazi. Jednoznaény prakticky
piiklad, ktery potvrzuje teorii koncentracni polarizace, uvedené nize, je instalace reverzni osmozy
Vv Plzenském Prazdroji. Zakazku a servis fesila firma Mega a.s., autor prace byl zodpovédny za servis
technologie, ktera byla navrzena a instalovana Ing. Pavlem Cudou v letech 1999 - 2004. Jeji kapacita
je 120 m®/h a vétsina membran byla instalovana nejpozd&ji v roce 2004 a dodnes neni vyménéna resp.
neni tfeba membrany ménit, i piesto, ze garantovana zivotnost membrany pfi spravné nastavenych
provoznich podminkéch udévanych vyrobcem je maximalné 4 roky. VétSina reverzné-osmotickych
modulll je dodnes v provozu pii stejnych podminkéch, pti kterych byla instalovana, nebot stav a
provozni kondice téchto membranovych modultl je stale nezménéna. 1 o této technologii je zminka
v dal$im piilozeném ¢lanku [3]. V nasledujicim odstavci jsou uvedeny zakladni postulaty teorie
koncentracni polarizace, nebot je dllezitd nejen pro spravné pochopeni zaniSeni membran
mikroplasty a nanoplasty, a pro spravné nastaveni membranovych jednotek, ale je na ni zalozena 1
Sokova elektrodialyza, popsana v dalsich pfilozenych ¢lancich [5, 6, 7].

Vroce 1995 byla postulovdna teorie pro koncentra¢ni polarizaci neinteragujicich castic v
systémech s kiizovym tokem [43]. Tato teorie ukazuje, ze rozsah koncentra¢ni polarizace, stejné jako
chovani toku permedtu, jsou charakterizovany dulezitym bezrozmérnym filtracnim ¢islem Nr.

Nr= 4ma3pAP/3kT (1),

kde a je polomér castice, p je tlak, AP je skute¢ny tlakovy spad (vlozeny hydraulicky tlak minus
celkovy osmoticky tlak), k je Boltzmanova konstanta (1,3803.10% J.K?), T je termodynamicka
teplota.

filtraéni systém | pracovni tlak [Pa] | velikost ¢astic [m] | filtracni Cislo
reverzni osméza |10° - 4x10°8 3,60x1010 0,049 - 0,20
ultrafiltrace 10° - 106 10° - 107 0,1-10°
mikrofiltrace < 3x10* 5x1078 - 10 5x10° - 5x101°

Tabulka 9 Kritické hodnoty filtra¢niho ¢isla pro tlakové membranové procesy

Pro danou suspenzi a provozni podminky existuje kritickd hodnota filtra¢niho ¢isla. KdyZ je ¢islo
filtrace mensi nez kritickd hodnota, existuje polariza¢ni vrstva piimo nad povrchem membrany a
koncentrace ¢astic ve sténé je urcena tlakem a teplotou. Pfi vysSich hodnotéach filtra¢niho ¢isla se
mezi polarizacni vrstvou a povrchem membrany vytvoii kola€ova vrstva zadrZzenych castic. Pro oba
pfipady jsou konstruovany matematické modely a jsou odvozena analyticka feSeni pro tok permeatu
a jsou zobrazena na Obrazek 10. Zvyseni toku permeatu se zvySujicim se tlakem lze piedpovidat pro
vSechny provozni podminky.
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Obrazek 10: Graf znazoriujici regiony, Vv kterych podle teorie crossflow pievazuje koncentraéni
polarizace a filtracni kolac coby funkce priiméru ¢astic a aplikovaného pracovniho tlaku membranové
technologie [43].

3.4. Posouzeni vhodnosti mikrofiltrace pro separaci mikroplasti

Po vyse uvedenych tlakovych membranovych procesech nelze pominout jednu z nejdéle
uzivanych technologii v oboru filtrace — poskytuje téméf 100% zisk vody (tj. konverzi) a jedna se o
nejlevnéj$i membranovou technologii znamou uz od dynastie Shang (17.st. pt.n.l.), a v Anglii
uvedenou do primyslového provozu roku 1853. A pfesné tak tuto mikrofiltraéni technologii zname
dnes, s komorami pro lepsi odvod vlhkosti, v primyslu provozovanou od roku 1959 [44]. Jedna se o
kalolis. A¢ jde o technologii, ktera vznikla davno pfed membranovymi procesy, nelze ji pominout,
protoZe cilem této prace neni pouze védecké feSeni problému separace mikroplasti, ale jeji realné
vyuziti.

Mohlo by se zdat, ze tato technologie je jiz piekonana, faktem ale je, Zze spojeni tohoto prvku
napf. s technologii elektrodialyzy, ktera poskytuje konverzi vody az 98%, vede jejich kombinace
k bezodpadové a tzv. ZLD technologii (,,Zero Liquid Discharge®) — technologii s nulovym kapalnym
odpadem, kterou nelze z jinych membranovych jednotek ni¢im nahradit. To je popsano v prvnim
ptiloZzeném ¢lanku — test reverzni elektrodialyzy ve spojeni s kalolisem na koncentrovani smésnych
vod z tepelné elektrarny Hodonin (CEZ, a.s.), kde bylo dosazeno konverze odpadu na 2.5 —
4,6% ptavodniho objemu [1].

Kalolis vyuziva textilni tkané plachetky, které jsou povétsinou z 100% polypropylenu a v gramazi
450 az 500 g/m?. Primér péri v uvedenych plachetkich se pohybuje od 25 do 500 pm, takze by mé&ly
byt schopny zadrzet hrubsi frakce mikroplasti.

Pojmem mikrofiltrace je v oboru Gpravy vody minéna mikrofiltra¢ni jednotka, ktera kontinualné
pracuje v rezimu crossflow a jeji kapacita se pohybuje od stovek litrti za hodinu po desitky kubikt za
hodinu. Jedna se pfevazné€ o keramické membrany. Rozdil mezi ultrafiltraci a mikrofiltraci se stira,
nebot’ vySe uvedené rozmezi port udava kazdy vyrobce trosku jinak a u obou technologii se piekryva.

Z hlediska definice tak jak je uvedena vyse, vSak vyplyva, ze se do mikrofiltracnich prvki fadi i
ochranné tj. pojistné predfiltry — nékdy oznacované jako tzv. cartridge filtry, které vzdy najdeme u
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vétSich membranovych jednotek a slouZzi jako jejich ochrana pied prinikem nebezpecnych ¢astic,
které by mohly porusit membrany. Daji se velice jednoduse vyménit a pracuji v rezimu dead-end, tj.
kolmo k nasttiku. Vyrobci u nich ¢asto rozlisuji tlakovy spad, ale ten je samoziejmé zavisly na kvalité
nastiiku.

Rozlisujeme zakladni dva cartridge filtry — svickové a rukavové. Svickové jsou tvofeny navinem
niti z 100% polypropylenu, S jemnosti cca 3,3 dtex, Sitkou 40 mm a poskytuji jemnost filtrace od cca
0,5 um do 500 um (vyjime&n& i 5 mm). Jejich hlavnim dodavatelem v CR je opét firma Mitop
Z Mimoné (pod obchodni znadkou FTV) ¢&i Sintex z Ceské Tiebové (pod obchodni znatkou EKofil).

Druhym typem pojistnych filtri jsou filtry rukavoveé, nékdy nazyvané jako ,,filtracni hadice, ¢i
,»technicka sita“. Jak napovida jejich nazev, jsou ve forme sacku ¢i rukavu a nejéastéji jsou vyrabény
z polyamidu (méné ¢Castéji z polypropylenu a polyesteru) s priméry pért 25 um az 500 um (mohou
byt od 1 do 1250 um, firma Vlies ze Suchého Lozu). Jedna se o tkané materidly, opét s gramazi cca
150 — 200 g/m? a jejich nejbéznéjsim vyrobcem v CR je opét firma Mitop.

Na zéklad¢ predchozi kapitoly, kde bylo ukazano, ze ani samotné mikrofiltra¢ni a ultrafiltratni
membranové jednotky nejsou schopné kvantitativné zachytit mikroplasty, natoz nanoplasty, I1ze tedy
fici, Ze tyto cartridge filtry budou schopné zachytit pouze nejhrubsi frakce mikroplastu.

Vyjimkou by byly svickové filtry z nanovlakenné piize, vyvijené na TUL [45, 46]. Jemnost téchto
filtrd je sice vyssi (20 — 1600 dtex), ¢imz by umoznila efektivnéjsi zachyceni mikroplasti a a mozna
¢astecné 1 nanoplast, nicméné pro vyuziti coby nadhradu svickového filtru postradaji smysl, nebot’
svickové filtry jsou urceny jako bezpecnostni pojistka a nikoli pro jemnéjsi filtraci. Svickové a
rukavové filtry maji zachytit nebezpecné ¢astice ohrozujici membranovou technologii, a tudiz i cena
tomu odpovida (cca 100 K¢/filtr). Svickovy filtr s nanovldkennou piizi se mnohem rychleji zanese
(tadoveé béhem nékolika hodin) a jeho cena je vyssi o n¢kolik fadd.

3.5. Realny provoz mikrofiltra¢nich a ultrafiltra¢nich jednotek

Donedéavna (do konce 20.let 21. stoleti) duta vlakna neméla na trhu s ultrafiltraci konkurenci.
Posledni vyvoj ale ukazal, ze Ize piipravit deskové moduly s velmi tizkou distribuci velikosti poru a
napf. firma Synder filtration (viz obr. 11) zacala vyrabét plosné moduly s vétsi permeabilitou nez
maji duta vlakna, s niz§im pracovnim tlakem (ktery je uz tak dost nizky — cca 1,5 bar pro povrchovou
vodu) a s velmi tzkou distribuci pora, ktera je v nékterych odvétvich zadana (napt. pro upravu
potravinatskych roztoku jako je syrovatka, vino nebo nealkoholické napoje ¢i sider).

Samotnou kapitolou jsou ultrafiltraéni elementy pfipravované na TUL z nanovldkennych textilii
[47] — jediny divod vyuzZiti deskovych modult by byl uzsi profil priméru pord, to vSak nanovlakna
nemohou nabidnout — distribuce priméri jejich pori je velmi Siroka [48]. Jedinym divodem by byla
lepsi permeabilita a pfipadné jednordzové pouziti napt. v domacnostech ¢i v malych vinafstvich.
Tomuto tématu se bude vénovat vice kapitola 5 — Inovativni procesy.

Co se tyc¢e vztahu téchto technologii k textilnimu pramyslu, duta vlakna jsou filamenty nebo
synteticka staplova vlakna vyrabéna mokrym zplsobem, a dale suchym nebo tavnym zvldknovanim,
po kterém nésleduje dlouZeni a ptipadné stfithani nebo sekani (chopping). A deskové moduly, které
nyni vyrabi firma Syntron, vyZaduji silnou armujici textilii.

Co se tyce filtrace mikroplastli a nanoplastli, nelze piredpokladat, ze by jejich koncentrace ve
vodach, vcetné téch odpadnich, byla vysokd, a tedy lze oCekavat, Ze nastiik bude mozné vést
z vn&jsku vlaken a odebirat permeat zevnitf.

Zachyt koloidnich latek na ultrafiltracni jednotce byl minimalni (viz pfilozeny ¢lanek 1), ovSem
1ze ocekavat, Ze zachyt suspendovanych latek bude 100%, nebot’ 1 to bylo prokédzano v uvedeném
¢lanku (na Liberecké Teplarné, kde ultrafiltrace simulovala nedokonalé ¢itenti)-

Lze tedy shrnout, ze pro zachyt hrubSich frakci mikroplasti budou vhodné mikrofiltra¢ni
(keramické jednotky), pro zachyt jemnéjsich frakci mikroplasti ultrafiltraéni jednotky a pro zachyt
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nanoplastl ani jedna z uvedenych technologii. Vyuziti v soucasnosti (2022) popularnich plochych
ultrafiltracnich modulti s izkym profilem priméra filtrovanych ¢astic vSak pro zachyt mikroplasti
postrada smysl (cilem je odstranit z vod kompletni $kalu mikroplastii a nanoplasti).

Supratec PVDE
membrana
1 30 nm nominalni velikost pori

Typicka membrana
oznatovand =
% nominalni velikosti
% pom 30 am
\
v absolutri velikost
* . pom-30nm

30 nm 30 nm 100 nnm

Obrazek 11 Zazeni distribuce priméru pord v deskovém ultrafiltracnim modulu Supratec (plna ¢ara)
oproti modulu z dutych vlaken (Eerchovana cara). Obrazek pievzat z webovych stranek firmy
Synder filtration.

3.6. Zachyt mikroplastii a nanoplastii na reverzni osmoze

Z celého uvedeného odstavce (3.6) tedy vyplyva, ze reverzné-osmotické membrany jsou
membrany hydrofilni a nikoli porézni. Membrana tedy propusti pouze ty slozky, které jsou rozpustné
ve vodé. K nim mikroplasty, ale ani nanoplasty nepatii. Rejekce mikroplastli a nanoplastli by tedy
m¢éla byt 100% a to se potvrdilo v pfipadé pilotniho testu v JETE, uvedeného v prvnim pfilozeném
¢lanku [1], popsaném podrobnéji i V poslednim odstavci kapitoly 3.2.

3.7. Nanofiltrace

Nanofiltracni jednotky jsou stavény stejné jako reverzné-osmotické jednotky a stejné tak i1
membrany maji analogickou stavbu, véetné vySe zminéné nosné textilie (kap. 4.5) pouze s vyjimkou,
ze aktivni vrstva membréany je tvofena funkcionalizovanym poréznim materidlem se zapornym
nabojem (sulfonovych skupin).

Na rozdil od reverzné-osmotické membrany se v tomto piipadé tedy opét jedna o porézni
membranu a to s pory kolem 3 nm a Ize tedy ocekavat, Ze rejekce mikroplasti bude 100%, ovsem
Vv piipadé nanoplastti bude 95% a viceprocentni rejekce pouze pro castice 0 velikosti nad cca 10 nm
(viz teorie na zacatku kapitoly 3.1, obr.8, popisujici distribuci pora v tlakovych membranovych
procesech).

3.8. PriloZeny ¢lanek
[3]Marek, J., Simtinkova, M., Parschova, H. (2015) Clogging of the electrodeionization chamber,

Desalination and Water Treatment, (56) 12, p. 3259-3263.
http://dx.doi.org/10.1080/19443994.2014.980973
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Tato publikace poprvé po 44 letech od vydani velmi vyznamného a hojné citovaného ¢lanku [41]
dokumentuje, co bylo pii¢inou netspé$né aplikace a zaneseni elektrodeioniza¢nich komor
v uvedeném ¢lanku prof. Matgjky z VSCHT. Jedna se o priikopnika membranovych procest v upravé
vody. Byla to absence tlakovych membranovych procest pied vstupem nastiiku na elektrodeioniza¢ni
jednotku urc¢enou k hlubokému odsoleni vody. Tyto tlakové membranové procesy jsou schopné
odstranit jak suspendované latky (ultrafiltrace a mikrofiltrace), tak koloidni latky (tj. ¢astice pod 450
nm) — reverzni osmoéza a nanofiltrace.

Experimenty uvedené v ¢lanku nepotvrdily zanaSeni elektrodeionizace koloidnimi inertnimi
Casticemi (oxidu kfemicitého). Pro modelové suspenze byly pouzity ¢astice oxidu kiemicitého o
velikostech 20 nm a 120 nm a test tak vyvratil teorii o shlukovani ionexu diky koloidnim latkam.
Neptimo tak potvrzuje postulovanou skutecnost z kapitoly 3,2, ze hlavnim problémem kolapsu
elektrodeioniza¢nich jednotek (v JSC Minudobrenija Rossosh a dalSich provozech) jsou neinertni
koloidni ¢astice vapenaté a zelezité, které se pevné vazi na ionexy Vv elektrodeioniza¢nich komorach.
Nepiimo je tak potvrzen celosvétoveé uznavany predpoklad o ochrané elektrodeionizacnich jednotek
reverzni osmozou. Ta totiz kromé koloidnich latek nepropusti ani zadné ionty. Zaroven je jedinym
tlakovy membranovym procesem, ktery kvantitativné separuje 1 koloidni latky. A tim je potvrzena
vhodnost reverzni osmézy pro 100% rejekci nanoplastti i mikroplasti.

Piinos a postaveni autora v tomto ¢lanku: Markéta Simtinkova byla staZistka pod supervizi autora,
a Dr. Helena Parschovd byla jeji vedouci diplomové prace. Experimenty byly navrZzeny a
vyhodnoceny autorem, stazistka byla zaufena v zakladnim pracovnim postupu a provadéla
opakované laboratorni prace, které slouzily k ovéfeni reprodukovatelnosti experimentu.
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4. Optimalizace procesu separace
mikroplastii a nanoplastu

4.1. Zvyseni konverze vody pri separaci nanoplastii a mikroplastu

technologie separace mikro a nanoplastii. V pfedchozich kapitolach bylo potvrzeno efektivni vyuziti
tlakovych membranovych procest a pro zachyt mikroplastti i nanoplastti. Struéné shrnuto jako hlavni
tlakovy membranovy procest pro 100% zachyt mikroplasti a nanoplast je reverzni osmoza (Viz
odstavec 3.8). Jak ale bylo uvedeno v kapitole o reverzni osméze (odstavec 3.6), tak jeji hydrofilni
membrany sice zachyti 100% koloidnich latek (tzn. jak mikroplasty tak nanoplasty), ale zaroven
zachyti i disociované ionty. Cilem kompletni technologie tpravy vod je vZdy co nejvyssi zisk vody.
V piipadé€ vyuziti reverzni osmozy se v§ak konverze pohybuje kolem 75%, max. 80% vody. Znamena
to, Ze retentat obsahujici mikroplasty a nanoplasty bude ¢init 20 — 25% objemu vstupni vody (resp.
odpadni textilni vody, ktera vstupuje do technologie).

Pokud tedy chci zvysit zisk vody z vySe uvedené technologie, idedlni feSeni by predstavovalo
zapojeni druhého stupné reverzni osmoézy. Za predpokladu, ze by koncentrace ostatnich koloida
(krom¢ nanoplasttl) a suspendovanych latek (kromé mikroplastti) byla stale pod trovni SDI15<5, a
zaroven za piedpokladu, Zze by koncentrace soli v prvnim retentatu byla v rozumné vzdalenosti od
rovnovazné konstanty nejmin rozpustnych slozek roztoku, pak by kapacita druhé reverzni osmozy
mohla byt cca V4 kapacity prvniho stupné a zisk vody by byl v idealnim piipad€ o 15% vyssi. Finalni
konverze vody by tedy byla 90 — 95% nastiiku do prvniho stupng, resp. 90 — 95% vstupni odpadni
vody z textilni technologie.

Retentat 1
Y
» 2 Y 0,
Nistiik il »  Retentat celkovy (5%)
y
1 »  Permeat celkovy (95%)
A
Permeat 2

Obrazek 12: PFD schéma (,,process flow diagram®) dvoustupniové RO pro vétsi zisk vody pii separaci
nanoplast a mikroplastt z textilnich odpadnich vod (tzn. néstfik = textilni odpadni vody). Navrzeno
autorem.

4.2. Zpétné ziskavani minerala pii separaci mikroplasti a nanoplasti

Vzhledem k nedostatku vody, ktery se v poslednich letech jiz projevuje i v Ceské Republice, je
Vv mnoha zemich (pfedevsim asijskych — na Blizkém vychodg, ale i v Africe) zajem zpracovat vodu
S co mozna nejmensim kapalnym odpadem. Proto pokud bychom chtéli zpracovanou vodu z textilni
technologie pouzit jako uzitkovou (napft. pro zalévani) a nebo jako vodu pitnou (napt. odpadni voda
z Plzenské Teplarny je zpracovavana pomoci RO v Plzeniském pivovaru a nasledné tvoii 95% vody
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plzenského piva — viz kap. 3.3), pak je nas zajem jisté jak v konverzi vody (uvedeném v predchozim
odstavci 4.1), ale dulezitou roli hraje i obsah mineralt. Jak bylo uvedeno v kapitole o RO (3.6), nelze
permeat z RO pouzit jako vodu pitnou, ani jako vodu pro zalévani, nebot’ obsahuje pfili§ malé
procento soli, které by na zakladé¢ osmoézy vytahovalo z rostrlinnych i zivociSnych organismi
potfebné mineraly. Pokud bychom tedy méli zdjem o zpétné ziskdvani minerali z retentatu
obsahujiciho koncentrované mikroplasty a nanoplasty, pak 1ze s vyhodou vyuzit elektromembranové
procesy — konkrétné elektrodialyzu a elektrodeionizaci. Pro lepsi pochopeni je nutné znat zdkladni
principy téchto procest.

Elektromembranové procesy jsou membranové procesy, které k urychleni a usmérnéni transportu
iontl skrze membranu vyuzivaji gradient elektrického pole. Jedné se predevsim o elektrodialyzu a
elektrodeionizaci. Mezi elektromembranové procesy se fadi i rizné modifikovana elektrolyza — napf.
tzv. kapacitni deionizace, nebo modifikovana elektrodialyza — tzv. Sokova elektrodilyza a pulzni
elektrodialyza — tém bude vénovana pozornost v kapitole ,,inovativni metody* (kap. 6).

Elektrodialyza (ED — Electrodialysis) je v principu zalozena na elektrolyze, tedy vloZeni
elektrického pole do roztoku, ¢imz dojde k usmérnéni toku iontl — kationty ke katod¢ a anionty
k anodé. Tontiim ale postavime do cesty selektivni membrany — katexové, kterymi prochazi pouze
kationty a anexové, kterymi prochazi pouze anionty. Tyto membran vlozime stfidavé mezi elektrody
do roztoku v mnozstvi 1 a vice pari a tim vzniknou mezi nimi kanaly, z kterych se bude napieskacku
odvadét koncentrovany (tzv. koncentrat) a ziedény roztok (tzv.diluét). Tyto membrany jsou neporézni
a tedy nepropustné jak pro suspendované tak pro koloidni latky potazmo tedy nepropustné pro
mikroplasty a nanoplasty. A pravé této skutecnosti lze s vyhodou vyuzit pii zpétném ziskdvani
mineralu z retentatu obsahujiciho krom¢ minerald i mikroplasty a nanoplasty.

Jak bylo uvedeno vyse v textu (kap. 3.6), elektrodialyza ma své omezeni — dolni limit je dan
odporem vody, a neefektivni plochou membran — tedy pokud dosahneme odsoleni cca 100 —
200 uS/cm, pak se odpor vody zvedne tak, ze zvySovani napéti uz vede pouze k zvySovani teploty
roztoku a dalsi rejekce soli z roztoku se blizi limitn€¢ nule. Pro tpravy vody na pitnou a piipadné
uzitkovou toto vSak je naprosto dostate¢na hodnota. Dlivodem tohoto dolniho limitu odsolenti je pfilis
velka Sitka elektrodialyzni komory, ktera ¢ini az nékolik jednotek milimetrii (podle tloustky
rozdélovace resp. spaceru vloZeného mezi membrany pro zvySeni efektivity kontaktu roztoku s
membranou). Design elektrodialyzni komory tak nedokaze elektrické pole efektivné rozsifit do
roztoku. Nicmén¢ tento design ov§em poskytuje jinou vyhodu — elektrodialyza je na rozdil od vyse
uvedenych tlakovych membranovych procesi méné nachylna na kvalitu nastfiku, snese az
nékolikanasobné vyssi hodnotu CHSK a SDI. Pracovni tlak resp. tlak vstupniho roztoku obsahujiciho
kontaminanty (zpuasobujici vysoké CHSK a SDI) nehraje v procesu roli a je tedy z technickych i
ekonomickych diivodl podstatné niZsi ve srovnani s tlakovymi membranovymi procesy a tak je nizsi
fouling membran resp. koncentra¢ni polarizace (viz obr. 9).

Shrnuto to tedy znamena, Ze zpracovat koncentrovany roztok soli z RO obsahujiciho mikroplasty
a nanoplasty neni problém. Retentat z RO by tedy byl nasttikem do diluatu ED, pficemz by z n€¢ho
byly do koncentratu odtaZeny soli, které by bylo moZno vratit do permeatu z RO a tim ziskat produkt
s nulovym obsahem nanoplastti a mikroplastl a pfitom vhodny coby pitna ¢i uzitkova voda.

Lze ocekavat, Ze pii takovémto zapojeni, kdy je na elektrodialyzu veden retentat z RO, ktery
obsahuje nékolikanasobné vyssi koncentraci rozpusténych soli nez napf. voda povrchova, bude
finalni produkt obsahovat piedevsim jednomocné a dvoumocné ionty, nebot ty prochazeji
ionexovymi membranami nejrychleji. Naproti tomu vicemocné ionty a ionty tézkych kovl maji
tendenci se navazat v membrané trvale (tzv. ,,membranové jedy*) [49], a proto bude nutné u tohoto
procesu castéji provadét reverzaci elektrod a tim membrany zase regenerovat. Pfi reverzaci elektrod
bude nutné proplachovat komoru a dostate¢n¢ efektivné se tak zbavovat vicemocnych iontd a iontl
tézkych kovi, které vSak budou z ekologického hlediska tvofit dostate¢né koncentrovany odpad.
Pokud bychom tento odpad chtéli zpracovat, je mozné jej vyuZit napf. jako rozpoustédlo pro stavebni
materialy analogicky jako naptiklad pti vyrobé energosadrovce.
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Recyklace diluatu

1 —» Cca5%diludtu = odpad
of LLI1
Retentat | ED |
' — || || Koncentrat . it &
RO > uzitkova
Permeat voda

Obrazek 13: PFD schéma zpétného ziskavani mineralti pomoci elektrodialyzni jednotky pfi separaci
mikroplastl a nanoplastii reverzni osmézou. Produktem je smés permeétu z RO a koncentratu z ED,
tedy voda zbavena mikroplastli a nanopastii, ov§em s dostate¢nym obsahem minerali nezbytnych pro
vyuzivéani vody coby uzitkové nebo pitné. Navrzeno autorem.

Jednou z moznosti jak zvysit efektivitu elektrodialyzni jednotky, je vyuZiti bipolarnich membran.
Ty se bézn¢ vyuzivaji pro tvorbu slabych kyselin a zésad ze solného roztoku, ale také znacné zvysuji
efektivitu a ekonomicnost procesu, nebot’ zajist'uji St€peni vody. Pokud bychom je tedy vyuzili, je
mozné se dostat na hodnoty konduktivity diluatu nizsi nez u bézné elektrodialyzy se standardnimi
katexovymi a anexovymi membranami, nicméné museli bychom vystupni proudy slabych kyselin a
slabych louhti michat.

MNazS0s Na:504

Na* Na* 50,

" —

Obrazek 14: Princip ziskavani roztokt slabych kyselin a zdsad pomoci elektrodialyzy s bipolarnimi
membranami [50].

K ziskani diluatu, ktery se blizi ,,teoretické vodé* (tj. vod¢ s témét nulovym obsahem jakychkoli
jinych latek vcetné plynit), je vSak vyhodnéjsi vyuzit elektrodeionizaci. Zvyseni efektivniho rozsireni
vlozZeného elektrického pole totiz Ize dosdhnout vyplnénim komory vodivym hydrofilnim materidlem
— tedy napt. ionexem. To je technologie elektrodeionizace (EDI — electrodeionization), ktera je jiz
schopna dosahnout absolutniho odsoleni vody az na tzv. ,teoretickou vodu* (s resistivitou
18 MQ/cm). V nékresu elektrodeionizace oproti elektrodialyze je tedy jediny rozdil — vypInéni komor
ionexem. Ten mize byt usporadan bud’ jako mixedbed (smés katex a anex), nebo jako packed-bed (v
kazdé komote anex nebo katex) nebo jako layered bed (na sob¢ sypané vrstvy katexu a anexu). Pokud
ale chceme zpracovéavat roztok resp. suspenzi obsahujici velmi koncentrované soli a k tomu koloidni
a suspendované latky (tj. mikroplasty a nanoplasty), pak nehled¢ na uspotadani ionexu
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Vv elektrodeioniza¢nich komorach 1ze po mnohych zkuSenostech s touto technologii S jistotou fici, Ze
by doslo k jejimu kolapsu (viz kap. 3.2 a 3.8).

4.3. PriloZené ¢lanky

[4]Nedéla, D., Kiiveik, J., Valek, R., Stranska, E., Marek, J. (2015) Influence of water content on
properties of a heterogeneous bipolar membrane, Desalination and Water Treatment, VVol.56: 1s.12,
3269-3272.

https://doi.org/10.1080/19443994.2014.981412

Myslenka ptipravy bipolarnich membran vznikla prave na zéklad¢ autorovy myslenky o spojeni
funkcionalizovanych nanovldken s klasickymi heterogennimi membranami (v rédmci projektu
,Jontovyménné materialy na bazi nanovlaken 2A-3TP1/140, jehoz byl autor hlavnim fesitelem za
firmu Elmarco a od roku 2009 za firmu MemBrain, a z n¢hoz vzesly i dalsi vystupy, viz kap. 6.1
,lontovyménna nanovldkna®). Tento experiment spojeni funkcionalizovanych nanovldken a
heterogennich membran ukézal 1 moznost jednoduché primyslové piipravy heterogennich
bipolarnich membran, prostym spojenim katexové a anexové membrany, pfipravenych vyrobnim
inzenyrem D.Ned¢lou a jeho trainee kolegy.

Tento clanek popisuje prvni pramyslovou ptipravu bipolarnich heterogennich membran
armovanych textilii. Do té doby byly bipolarni membrany pfipravovany pouze v laboratornim
meéfitku a od vydani této Sarze membran a tohoto ¢lanku se bipolarni membrany postupné objevily
v portfoliu dalsich svétovych firem zabyvajicich se vyrobou membran (napt. Fujifilm, Fumatech).
Bipolarni membrana je spojeni katexové a anexové membrany a jeji vyznam tkvi v tom, ze na
rozhrani téchto membran dochéazi k jevu tzv. §tépeni vody, ktery vyznamné piispiva k efektivité
odsoleni a produkci ultragisté vody. Stépeni vody probihé i na rozhrani perli¢ek klasickych ionexi,
kde se stykaji katexy s anexy, je tedy Zadouci napi. v technologii elektrodeionizace. Pievedeni tohoto
jevu do membranovych technologii otevielo dalsi Siroké portfolio aplikace membranovych procest.
V elektrodialyze tato technologie poskytuje moznost recyklace kyselin a louhil — bipolarni membrany
umoziiuji protonizaci resp. deprotonizaci rozpoustédel. Stépeni vody neni totéz co disociace vody.
Koncentrace H" a OH" iontl vznikajicich pfi §tépeni vody je fadoveé vyssi nez u prosté disociace vody
[51].

Vyuziti této technologie piedstavuje nejefektivnéjsi zpisob zpétného ziskdvani minerali
z retentdtu RO obsahujiciho mikroplasty a nanoplasty z textilnich odpadnich vod, nebot’ z vySe
uvedenych divodid (kap. 3.2 a 3.8) nelze ktomuto ucelu vyuZit (mnohem efektivng)si)
elektrodeionizaci. Klasickd elektrodialyza s katexovymi a ionexovymi membranami nedovoluje
Stépeni vody pfi béZn€ uZivaném napéti (1-2 V/membranovy par).
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5.Inovativni procesy pro upravy vod pri odstranovani
mikroplasti a nanoplastu

5.1 Inovativni procesy upravy vod

Mezi nejcastéji publikované inovativni procesy upravy vod V soucasnosti patii membranova
destilace, pfimd osmdza, kapacitni deionizace a rizné modifikace elektrodialyzy vcetné pulzni a
Sokové elektrodialyzy. Vhodnost téchto metod pro odstraiiovani mikroplastti a nanoplasti z vod bude
posouzena jednotlive.

Odlou¢eni mikroplastli a nanoplastii z nastiiku by mélo byt u membranové destilace 100%.
Problémem ovSem zistava vysoka teplota vody v nastiiku, ktera mtize u nékterych polymert vést ke
spojovani nanoplastli a mikroplasti v makroplasty, nebot’ bude piekrocena teplota méknuti polymeru
(napf. pro polystyren je to 80°C, pro vysokohustotni polyethylen 75°C, pro nemékéené PVC je to
60°C a pro polyvinylacetat 35°C), a pokud by bylo vyuzito spirdln€ vinutych modult nebo moduli
s dutymi vlakny, Ize opét ocekavat provozni problémy a zanaSeni téchto membranovych materialti a
to nevratn¢, bez moznosti odstranit kontaminanty modulu pomoci rezimu zpétného proplachu ¢i CIP
(viz kap. 2.6 o reverzni osmoze).

Realné vyuziti ptimé osmozy je stale daleko na rozdil od mnozstvi ¢lankti publikovanych na FO
(od roku 2000 do roku 2020 narostlo z 50 ¢lankt/rok na cca 950 ¢lanki ro¢n€) [52]. Ekonomicka
naroc¢nost FO byla taktéz detailné simulovana skupinou Mazlana et al. z Imperial College of London
(2016) [53] a ukazala, ze v ni neni zadna energeticka vyhoda a spotieba je stejna jako v piipadé
klasické RO. Jedina vyhoda podle nich spociva ve vétsi odolnosti membran FO proti foulingu a
K tomu by ale bylo tfeba dotahnout optimalizaci v soucasnosti pfipravovanych membran, ktera vSak
jesté stale dokonéena neni (t.¢.).

Z vySe uvedeného je evidentni, Ze nema smysl rozebirat realné pouziti FO pro separaci nanoplasti
a mikroplastl, protoZe jeji vyuZiti s nejvetsi pravdépodobnosti nikdy nebude realizovano, a prave na
realném pouziti je tato prace zaloZena.

Z teoretického hlediska Ize vSak fici, Ze by FO méla byt schopna uvedené Castice separovat, a jeji
instalace na mofském dné by k tomu byla vhodna — a to pro kontinualni ¢isténi oceanskych vod od
mikroplastli a nanoplasti. Redln¢ by vSak musel byt feSen problém s likvidaci a vyzdviZzenim
retentatu obsahujiciho mikroplasty a nanoplasty. Retentat by vSak byl odvadén 1 se solemi, které
separoval ze vstupniho roztoku. Jak je vidét, feSeni by bylo vice nez komplikované, nepraktické,
ekonomicky 1 technicky velmi naro¢ne.

Zdokonalovanim prochazi i metoda kapacitni deionizace (CDI — capacitive deionization).
Efektivni optimalizace tohoto procesu spociva ve vyuziti technologie ACC (,activated carbon
cloth®). Jedna se o tkané nebo pletené textilie dopované aktivnim uhlim (s dal§imi pfimésemi jako je
praskovy titan, grafen nebo nanovlakna apod.). Tento prvek je urcen pro urychleni kinetiky procesu
resp. urychleni adsorpce. Elektrody kapacitni deionizace s ACC tak maji podstatné vyssi vykon diky
zvy$enému specifickému povrchu (100 — 2000 m?/g) a vyssi sorpéni kapacité [54].

I pfes uvedené zdokonalovani CDI, s vyuZitim vodivych plenenin, realné vyuzZiti pro
odstranovani mikroplastl a nanoplastl z vod by v tomto ptipad¢ znamenalo ziskavani deionizované
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vody, kterd bude stdle obsahovat uvedené cCastice. Tato voda by tedy musela byt stejné dale
zpracovana tlakovymi membranovymi procesy S hydrofilni membranou. Kvalita a kapacita produktu
z CDI, popsana v tomto odstavci vyse, ji vSak nepfedurcuje za ndhradu ED tak jak bylo navrzeno
Vv kapitole 4.2 pii spojeni ED a RO. Jednim z hlavnich provoznich duvodu je fakt, ze ED pracuje
kontinudln¢ a bez rizika zandSeni modulu, nebot’ neobsahuje porézni membrany (na rozdil od
poréznich a pletenych elektrod CDI) a jeji komory jsou dostate¢né Siroké (viz kap. 4.2).

5.2 Sokova elektrodialyza

V soucasnosti se metodou Sokové elektrodialyzy zabyva celosvétové pouze nékolik — skupina
prof. Nikonénka na Kubanské univerzité v Krasnodaru (Ruska Federace), skupina prof. Bazanta na
M.L.T. v Cambridge, Massachussetts (USA), autorova skupina na TUL a firma Fujifilm. Skupina
prof. Nikonénka se zabyva piedev§im teoretickymi zaklady procesu, skupina prof. Bazanta tyto
teoretické zaklady dokazuje experimentalné a autorova skupina testuje membrany a porézni materialy
se zamérem docilit praimyslové vyuzitelny scale-up (transfer) celé technologie do ¢tvrtprovozniho az
poloprovozniho méftitka. V soucasnosti disponuje autorova skupina nejveétsim modulem SED na svéte
— jeho kapacita se pohybuje v desitkach ml/min. Zaroven se vyhnula pouziti velmi nakladné sklenéné
frity, ktera tvofi jadro celé technologie a pomaha k tvorbé razové viny. Cena sklenéné frity se
pohybovala v fadech tisici $/cm?. Nase skupina optimalizovala i jina porézni média, a to na bazi
keramiky (porotherm, Weinerberger) v fidech haliiti/cm?® coz je prvni krok k technicky i ekonomicky
uspéSnému transferu do priumyslového méftitka.

Mikroplasty a nanoplasty by se pii separaci pomoci SED zachytily na poréznim médiu a zaroven
bychom v jednom kroku ziskali diluat i koncentrat. Musel by se vSak pouZzivat pravidelny zpétny
proplach pro vyplach porézniho média, ale ani ten by pravdépodobné nebyl dostatecny pro 100%
odstranéni zachycenych mikroplastli a nanoplasti a navic jeho objem by byl znacné vétsi nez pii
zakoncentrovani retentatu pomoci navrhované kombinace RO+ED (kap. 4.2). Také neni uvazovana
tato technologie s provozem v rezimu zpétného proplachu, protoze ustaleni stabilni razové viny je
otazkou hodin az dni. Zaroven vzhledem k provozu jednotky SED, ktera nepracuje V rezimu
crossflow, ale v rezimu klasického kolmého natoku zpracovavaného roztoku na filtr (porézni
médium), tedy v reZimu tzv. dead-end filtru, by dochdzelo velice rychle k tvorb¢ filtraéniho kolace a
nutnost proplachu by byla podstatné cast¢jsi nez v piipadé tlakovych membranovych procesii (MF ¢i
UF), zéaroven se by se vykon jednotky rapidné rychle sniZzoval diky poklesu pracovniho tlaku a
zaroven lze ocekavat, Ze by tento pokles tlaku mél neptiznivy vliv na formovani rdzové viny.
Technologie SED je tedy pro separaci mikroplasti a nanoplasti nanejvyse nevhodna.

5.3. PriloZené ¢lanky

[5]Marek, J., Cizek, J., Cvejn, P. a Tvrznik, D. Desalination performance assessment of scalable,
multi-stack ready shock electrodialysis unit utilizing anion-exchange membranes Membranes, 2020,
ro¢. 10, ¢. 11. S. 1 —15. ISSN: 20770375.

https://doi.org/10.3390/membranes10110347

[6]Marek, J., Cizek, J. a Tvrznik, D. Optimizing porous material in shock electrodialysis unit
Desalination and Water Treatment, 2019, ro¢. 170, ¢. 12. S. 38 — 45. ISSN: 1944-3994.
http://dx.doi.org/10.5004/dwt.2019.24504

Hlavnim piinosem obou ¢lanku je, jak jiz bylo uvedeno vyse, transfer technologie SED do
ctvrtprovozniho resp. poloprovozniho méfitka. V praci byly pouzity moduly SED, které jsou doposud
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nejvetsimi moduly tohoto typu na svété, jejich kapacita je v desitkdch ml/min (pro srovnani kapacita
nejveétsiho modulu na M.LT. je n¢kolik jednotek ml/hod). Tento scale-up tedy vyzadoval plné
pochopeni procesu a funkce jednotlivych komponent. Spoluprace s firmou MemBrain s.r.o. a
Mega a.s. piinesla mnoho stézejnich zkusenosti s provozem a navrhem modulu SED na zaklad¢ jejich
provoznich zkuSenosti z primyslovych aplikaci. Zaroven Dr. Tvrznik vytvofil a nafitoval
matematické modely, které piredpovédély limity celé technologie SED. Tyto limity vSak paradoxné
byly pfekroceny experimentalné, jak je uvedeno v druhém ¢lanku.

Nejveétsim piinosem je, jak jiz bylo uvedeno vyse, nahrazeni sklenéné frity, bez které modul
nemuze fungovat, velmi levnym materidlem, jehoz cena je az o 7 fadi nizsi (oproti sklenéné frite).
Préavé toto byl nutny krok pro realizaci transferu do primyslového méfitka. A ten se podafil. O tom
pojednava ¢lanek prvni.

O kvalit¢ odvedené prace vypovida jak hodnoceni celého dotacniho projektu FV10062
(,,Elektromembranové moduly nové generace®, MPO) jako vyjimec¢né, tak citace nasich ¢lankt od
nejvetsich osobnosti daného oboru. Jimi jsou prof. V.I.Nikonénko (Kolumbijska Univerzita
v Krasnodaru, Ruska Federace), ktery je v podstaté tviircem celé myslenky SED, a ktery byl zaujat
naSimi vysledky na mezinarodni membranové konferenci Melpro 2018. Druhym jmenovanym
profesorem, ktery citoval nas ¢lanek je prof. M. Wesling (Univerzita Cachy, Némecko, Chem.Ing.),
jedna z nejvétsich svétovych osobnosti membranovych procesi. Stejné tak nas ¢lanek dale citovala
skupina prof. Bazanta na M.I.T.

Pozice autora v obou uvedenych publikacich je jednak ,hlavni fesitel” grantového projektu ve
spolupraci s firmou MemBrain s.r.o. (v zastoupeni Dr. Tvrznika) a J.Cizek a P.Cvejn byli jeho
bakalafi resp. diplomanti. Firma MemBrain pfispéla pfedev§im matematickym modelovani procesu
po dodéni experimentalnich dat ze strany TUL a dale ndvrhem modulu SED na zadklad¢ pozadavk
TUL, laboratornich zkuSenosti ve spojeni se zkuSenostmi firmy Mega a.s. z prumyslového provozu
klasické elektrodialyzy a elektrodeionizace.

35

TECHNICKA UNIVERZITA V LIBERCI Studentska 1402/2 | 46117 Liberec 1 tel.: +420 732 277 183 | jaromir.marek@tul.cz | www.tul.cz | IC: 467 47 885




TECHNICKA UNIVERZITAV LIBERCI
Fakulta textilni [ |

6 Nové vyzkumné sméry autora v oboru upravy vod a
jejich vztah K separaci mikroplasti a nanoplasti

6.1. Iontovyménna vlikna

lonexy a iontovyménné materialy byly jiz popsany v mnoha ptedchozich kapitolach. Jedna se o
materidly se schopnosti sorbovat ionty. Jsou odvozeny z ptirodnich materialt, které jsou znamy jako
zeolity. Zeolity jsou hlinitokfemicité materidly s mikroporézni strukturou, v které se zachyti ionty na
zéklad¢ svého naboje a poloméru. Pfirodni zeolity maji schopnost zachytit pfedevSim vapenné,
hotecnaté a zakladni jednomocné ionty (sodik, draslik) a jsou tedy Casto i ptimési resp. vyplni pracich
praskl, nebot’ zachytavaji vodni kamen (tj. vapenaté a hotecnaté ionty, resp. hydrogenuhliCitany).
Organicky syntetizované ionexy naproti tomu mohou byt velice variabilné¢ modifikovany, a mohou
zachytavat ionty, které jsou pro danou aplikaci zddané. Jedna se o ionexy se schopnosti zachytavat
anionty, tedy anexy a kationty, tedy katexy. Jejich selektivita vici iontim je dana funkéni skupinou
(sulfonovou, aminovou apod.) a délkou fetézce, na kterém je funkéni skupina vazana (a tedy
sterickym efektem dané molekuly). Polymerni matrici, na které jsou funk¢ni skupiny vazany jsou
nejcasteji polystyren a akrylaty.

Forma iontovyménnych materiala je nejcastéji tzv. perlicka (ion exchange bead), coz je kulovity
mikroporézni utvar s velikosti 0,7 — 1 mm. Protoze jsou ionexy siln€ hydrofilni, dochdzi pfti jejich
kontaktu s roztokem k botnani a pravé na zakladé tohoto chovani rozliSujeme ionexy gelové (které
botnaji vice) a makroporézni (jejichz polymerni matrice je vice sitovana a nevykazuji tak velké
procento botnani). Botndni ionext je samoziejme provozni problém, je nutno pii projektovani kolon
pocitat s timto botnanim, ale zaroven je to kyzena vlasnost, protoze ma vliv na kinetiku celého
procesu, na specifickou plochu ionexu a tedy kontakt iontd s materialem ionexu a efektivité jejich
sorpce (migraci, difuzi a konvekci iontil). A pravé pro dosazeni co nejlepsi kinetiky celého procesu
(ktery je fizen déjem nejpomalej$im), byla vynalozend nemald snaha na optimalizaci a tedy i pfipravu
ionextl v jiné formé nez jsou perlicky.

Poslednich cca 10 let ziskaly na popularité vlakenné ionexy — napf. ve formé mikrovlaken (britska
firma Johnson Matthey). Tyto materialy maji kinetiku sorpce az fadové rychlejsi oproti klasickym
perlickovym ionexiim. A pravé tato myslenka mé privedla k syntéze nanovlakennych ionexti, na
kterém autor vV ramci svého ptisobeni ve firmé Elmarco spolupracoval s Ustavem Makromolekularni
Chemie AVCR a Ustavem Energetiky VSCHT Praha. Vysledky jsou v piilozenych ¢lancich.

6.2. PriloZené ¢lanky
[7]Marek J., Zpisob vyroby nanovldken elektrostatickym zvlakiovanim polymernich matric

obsahujicich polystyren, [patent udélen 7.12.2011], reg.¢. 2010-430].
https://isdv.upv.cz/doc/FullFiles/Applications/2010/PPVCZ2010 _0430A3.pdf

Pozice autora pfi vytvofeni vySe uvedeného patentu byla vyzkumnik ve firmé Elmarco s.r.0. a
zpusob vyroby polystyrenovych nanovldken byl jim parametrizovany roztok a presné nastaveni stroje
Nanospider pro ziskani maximalni vytéZnosti a zaroven jemnosti resp. minimalniho primeéru vlaken
polystyrenu.
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Pfi tvorbé niZe uvedené publikace byl autor tatkéz vyzkumnik ve firmé Elmarco s.r.o. a
spolupracoval s Dr. Benesem z UMCH AVCR a Doc. Jelinkem z VSCHT Praha, ktefi figurovali
v daném vyzkumu jako konzultanti. Clanek p#inasi zcela vyjimeén& modifikovana nanovlakna a to
ve formé katexu (inspirované prof. G.Chasem z Newyorské Univerzity v Akronu) a zcela novy
zpusob pfipravy anexl a to navic velmi elegantni cestou funkcionalizaci sulfochloridu polystyrenu
riznymi aminy.

[8]Marek, J., Benes, M.J., Jelinek, L., Cation and anion exchangers from nanofibrous polystyrene for
fast water treatment, Proceedings of Nanocon 2012, Roznov pod Radhostem, ISSN: 2694-930X,
ISBN:978-80-87294-32-1.
http://nanocon2012.tanger.cz/files/proceedings/nanocon_09/L.ists/Papers/001.pdf

Baktericidni a fungicidni vlastnosti katexovych a anexovych membran byly autorem zkouméany
dalsim uvedeném clanku. Anexové membrany jsou charakteristické silné bazickymi (kvarterné
amoniovymi) skupinami, které maji obecné baktericidni resp. desinfekéni vlastnosti. V tomto ¢lanku
vSak bylo potvrzeno, zZe praveé tyto membrany resp. jejich polymerni matrice ,,chutna“ bakteriim vice
nez u katexovych membran a tim se prokdzal zcela necekany fakt, Ze narGst bakterii byl zastaven a
potlacen prave u katexovych membran, jejichz skelet je bud’ polystyrenovy nebo akrylatovy a funkéni
skupina sulfonova. Biofouling membran v elektrodialyze se vyskytuje pomérné ¢asto pii zpracovani
obzvlasteé potravinaiskych roztokli. Mélo se ale za to, ze pravé anexové membrany mu brani. Tento
fakt samoziejmé hraje velkou roli i pfi Gprave pitné vody resp. pfi ptipadné zpétné recyklaci minerald
pfi separaci mikroplasti a nanoplasti pomoci tlakovych membranovych procesi s hydrofilni
membranou (viz kap. 4.2). Zaroven se tim prokazalo, Ze pokud by k odsolovani byla pouzita SED,
ktera by byla posklddana pouze z katexovych membran, pak neni tfeba se obavat biofoulingu.

[9]Marek, J. lon exchange materials with antimicrobial properties, 10" Textile Bioengineering and
Informatics Symposium Proceedings, 5/2017, Wuhan, China, Textile bioengineering & informatics
society Ltd, p. 66-69, 4 pages, ISSN: 1942-3438, 2017.
https://www.scopus.com/record/display.uri?eid=2-s2.0-
85034449762&origin=inward&txGid=227b5b9d4782f79806ch6f3cdled57aa

Nasledujici ¢lanek ukazuje vyzkum vyuziti autorem vyvinutych ionexovych nanovlakennych
membran v modulu SED. Vyzkum probihal v laboratofich M.I.T. na Katedte Chemicého inzenyrstvi
ve skupiné prof. Bazanta. Jak laboratorni prace, tak sepsani publikace jsou dilem autora. VyzkouSeny
byly jak katexové, tak anexové membrany a tyto vysledky srovany pomoci EIS (elektroimpedanéni
spektroskopie) s experimenty, kdy byly v modulu SED pouzity membrany Nafion. U¢innost modulu
s katexovymi i anexovymi nanovlakennymi membranami byla niz§i nez v pfipadé nafionu. Divod
neni Spatnd mechanicka stabilita nanovldkennych membran a horS$i manipulovatelnost, protoze
tésnost modulu s t€émito membranami byla ovéfena béZnym testem se slepym roztokem a byla
dostatecna. Pravdépodobnou pficinou je horsi rovnomérnost rozmisténi funkénich skupin.

[10]Marek, J. Shock electrodialysis using nanofibrous membranes Nanofibers, Applications and
Related Technologies - NART 2017 Conference Proceedings, TU Liberec, 2017. ISBN: 978-80-
7494-393-5. https://nart.tul.cz/old17/home

Nasleduje n€kolik uzitnych vzord, kde byl autor vedoucim vyzkumné prace v rdmci spole€né¢ho
projektu MemBrain s.r.0. a EImarco s.r.o. a Jakub Malis byl stazista v MemBrain a pod vedenim
autora vykonaval laboratorni prace, které jsou soucasti vSech uzitnych vzort. Jedna se o dalsi aplikaci
katexovych a anexovych nanovlakennych membran, tentokrat v modulu elektrodeionizace, model
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EDI-Z od firmy Mega a.s. Snahou bylo nahradit perlicky ionexti v elektrodeionizacnich komorach
nanovldkennou funkcionalizovanou membranou (katexovou a anexovou). Ukazalo se, Ze
nanovlakenné materialy vykazuji rychlejsi kinetiku iontovyménné reakce. A to je nejvétsi pfinos
uvedenych uzitnych vzoriu. Jak je znamo (a uvedeno v kapitole o elektrodeionizaci — na konci
kap. 4.2), usporadani perlickovych ionext v elektrodeionizaénim modulu mtze mit nékolik variant
(layered bed, packed bed, mixed bed) a pravé toto je diivod rozdéleni uzitnych vzora do nékolika
dokumenti. Zaroven bylo vyzkouSeno i vyuziti komercné dostupnych funkcionalizovanych
mikrovlaken (Fiban, Mion, Johnsson Metthey), opét ve formé katexti 1 anexti a 1 zde se potvrdila
rychlejsi kinetika iontovymeénné reakce oproti klasickym perlickovym ionextim. Stejné tak i zde se
jedna o nékolik raznych uspotradani funkcionalizované vrstvy. Dal§i dokument popisuje technologii
co vyuziva miizku ke zlepSeni mechanickych vlastnosti vlakennych materialti. Zaroven byla vyuzita
1 smés nanovldkennych a mikrovldkennych materiali.

[11]Marek, J., Malis, J. PUV 2012-25815 (€.dok. 24357) Iontovyménné loze tvoiené boxy z
funkcionalizovaného mikrovlakna se smésnou ionexovou vyplni.
https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUMO0024/uv024357.pdf

[12]Marek, J., Malis J. PUV 2012-25816 (¢.dok. 24358) lontovyménné loze tvoiené boxy z
funkcionalizovaného mikrovlakna se smésnou ionexovou vyplni a pfediazenym funkcionalizovanym
nanovlaknem fixovanym na nosné miizce.
https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUMO0024/uv024358.pdf

[13]Marek, J., Mali§, J. PUV 2012-25817 (¢.dok. 24359) Iontovyménné loze tvofené boxy z
funkcionalizovaného mikrovlakna s ionexovou vyplni s opacnym nabojem.
https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUMO0024/uv024359.pdf

[14]Marek, J., Mali§, J. PUV 2012-25818 (¢.dok. 24360) Iontovyménné loze tvoiené boxy z
funkcionalizovaného mikrovlakna s ionexovou vyplni se shodnym nabojem.
https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUMO0024/uv024360.pdf

[15]Marek, J., Malis, J., PUV 2012-25819 (¢.dok. 24361) Fazové iontovyménné loze tvoiené
funkcionalizovanym mikrovlaknem.
https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUM0024/uv024362.pdf

[16]Marek, J., Malis, J. PUV 2012-25820 (¢.dok. 24362) Iontovyménné loZze tvoiené
funkcionalizovanym nanovldknem fixovanym na nosné mfiZce.
https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUMO0024/uv024362.pdf

[17]Marek, J., Malis, J. PUV 2012-25821 (¢.dok. 24363) Iontovyménné loZze tvoiené
funkcionalizovanym nanovldknem fixovanym na funkcionalizovaném mikrovlaknu.
https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUMO0024/uv024363.pdf

6.3. Vyvoj filtru pro separaci mikroplastii v domacnosti

Pro pochopeni dalSiho odstavce a vztahu pfiloZzenych publikaci k separaci nanoplasti a
mikroplasti je nutné nejprve vysvétlit dalsi vyzkumny smér autora. Jedna se o vyvoj technologie pro
ekologickou a predevsim finalni separaci mikroplastti z vod. Jednim z hlavnich zdroji mikroplasti a
nanoplastl jsou textilie. Co se tyCe textilii, pak velka ¢ast je uvoliiovana z odéva pii jejich prani.
Elegentnim fesenim by byla instalace adekvatniho filtru za domaci pracku. K tomu jsou s vyhodou
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vyuzity nanovldkenné membrany, které ovSiem mohou uvoliiovat dal$i mikro a nanocastice. A pravé
Z tohoto ditvodu a dale z davodu nesnadného opakovaného pouziti nanovlaken a z ditvodu nesnadné
analytické metodologie pro identifikaci mikroplasti na filtru, nyni mtj tym vyuziva technologii
patentovanou Ing. Vecernikem a aplikovanou firmou Bochemie a to pokovovani mikrovlaken
(Milife). Autortiv tym vyuziva pokovovani nanovlaken (pfipravenych metodou Nanospider). Autor
vedl diplomovou praci tykajici se pokoveni nanovldkennych filtri chromem a médi. Jednim z divodi
je, ze tyto dva kovy nejsou viditelné v infracerveném spektru a zjednodusuji tak identifikaci
mikroplastii od ostatnich necistot a od filtru samého. Druhym divodem je zpevnéni nanovldkenného
filtru a zabranéni uvoliovani nanovldkennych a mikrovldkennych fragmentii. To se podafilo a DP
V.Hybla byla Gspé$né dokonéena a obhdjena [55]. Tim by tedy byla vyfeSena jedna z moznych
prevenci uvoliiovani mikroplastt z textilii do zivotniho prostiedi.

Druh4 aplikace pokoveného nanovlakenného filtru by byla az na konci celého fetézce uvoliovani
a separace mikroplastll a nanoplastti — a to jako konvice s nanovlakennym filtrem mikroplastt. Tento
prototyp je vyvijen v ramci diserta¢ni prace Ing.Jakuba Kosiny, jejimz je autor vedoucim (v.z. prof.
Sedlbauera, s ndzvem “Applications for disposal of microplastics”) a inspiraci pro n&j byla Britta,
konvice s obsahem aktivniho uhli, béZné uzivana v domacnostech, a s vymeénitelnym filtrem. Nami
vyvijena konvice s nanovldkennym filtrem je schopna odstranit hrubé frakce mikroplastt, s velikosti
¢astic >500 nm s ucinnosti 95% [48], tak jak bylo naméfeno v ramci diplomové prace vedené taktéz
autorem.

6.4. Textilni materialy se specidlni izola¢ni primési

Dalsi vyzkumy smér predstavuji 2 typy materiala: Jsou to materidly s fazovou pfeménou (PCM
— phase change materials) a extrémné nizkohustotni materidly (jako je aerogel) kombinované
S nanovlakny.

Fenomén PCM jiz zacal pred cca 10 lety. Jedna se o materidly, které s vyhodou pouzivame na
rozhrani jejich kapalné a pevné faze, nebot’ prave tento fazovy prechod je energeticky velmi narocny.
Kazda latka ptijme velké mnozstvi tepla k tomu, aby doslo k jejimu fazovému piechodu. Neni to
stejné mnozstvi tepla, které je vynaloZeno k jejimu ohfati o stupent bez fazového piechodu. Toto je
velmi dobfe zndmo napt. o vode, jejiz vyparné teplo je jednim z nejvétSich tepel mezi ostatnimi
latkami (2257 kJ/kg) a stejné tak i jeji mérné skupenské teplo tani (334 kJ/kg), diky kterymzto
hodnotam si nezada ani s kovy. Protoze ale vyuziti PCM materiall se tyka predevSim odévnich
aplikaci, potfebujeme tedy latky s teplotou tani blizko teploté lidského téla — tzn. idealné mezi 35°C
a 40°C. V uvahu tedy ptichazeji organické materidly, které jsou zaroven inertni resp. netoxicke.
Idedln¢ se tedy daji pouzit napt. alkany s del§im fetézcem tedy vosky. Je také dilezité mit tyto
materialy v néem sorbované, aby se Snimi po zkapalnéni dalo dale manipulovat. K tomu se
s vyhodou vyuZivaji textilni materidly. Divod, pro¢ tyto materidly dosud nebyly transferovany ze
zékladniho vyzkumu do aplikacni oblasti je skutecnost, Ze fazovy prechod je pfili§ rychly (v ramci
jednotek vtefin, samoziejm¢ v zavislosti na hodnoté absorbovaného tepla). Daji se tak vyuZit pouze
pro zachyceni tepelné razové viny. To je ale ¢ini vhodnymi napf. pro aplikace v elektronice, kterou
mohou ochrénit proti tepelnému razu. Timto smérem se tedy dale odvijel vyzkum PCM materiala.
V ramci naSeho projektu se nam podaftilo ziskat funkéni vzorky s nejvyssim plnénim pomoci PCM,
které doposud byly V celosvétovém meéfitku laboratorné pfipraveny. Vice v piilozeném patentu i
¢lanku.

Druhym typem materialii s vyjimecnymi tepelné izolaénimi vlastnostmi je aerogel. Jeho hustota
je témeét stejna jako hustota vzduchu. Aerogel se dnes vyrabi ve formé granulatu a cilem naSeho
vyzkumu opét bylo jej inkorporovat do textilniho materialu. Ktomu jsme s vyhodou vyuzili
technologii Nanospider a pfimichani aerogelu do zvldknovaciho roztoku, aby doslo k pfirozené
inkorporaci ¢astic do této netkané struktury. Vice taktéz v pfiloZzenych ¢lancich.
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Spojeni nanovldken s PCM a nizkohustotnimi materidly se separaci mikroplasti a nanoplast
navazuje na predchozi odstavec (6.3) — pokud bychom vyuzili nanovlakenné filtry pro dead-end
filtraci hrubych frakci mikroplasti v domécnostech (coby primarnich zdrojich mikroplasti a
nanoplasttl), pak by se nanovlakenny filtr po vytvoieni filtraniho kolace dal vyuzit stejné jako
material s inkorporovanym aerogelem nebo PCM, piipadné by se dal vyuzit pro pfipravu téchto
materialli, protoze bude vétsi i1 jeho specificka plocha, ptipadné by zvysil mechanickou soudrznost a
sorbci PCM a jinych ¢astic. Tim by byl dokonale uzavien kruh prevence uvoliiovani mikroplastd,
jejich zachytu a recyklace plasti a pouzitého filtru pro dalSi pouziti (viz nasledujici 2 patenty
Vv ptilozenych ¢lancich — kap. 6.5).

6.5. PriloZené ¢lanky

[18]Militky, J., Marek, J., Guan, Y., Abdalkarim, S., Wang, C., Tang, F., Chen, W., Yao, J., Yu, H.
Green one-step synthesis of ZnO/cellulose nanocrystal hybrids with modulated morphologies and
superfast absorption of cationic dyes, International Journal of Biological Macromolecules, 1, p. 51-
62, 12 pages, ISSN: 1879-0003,2019.
https://www.sciencedirect.com/science/article/pii/S0141813018372878

[19]Venkataraman, M., Mishra, R., Militky, J., Xiong, X., Marek, J., Yao, J., Zhu, G. Electrospun
nanofibrous membranes embedded with aerogel for advanced thermal and transport properties,
Polymers for Advanced Technologies, New Jersey, Wiley-Blackwell, 1, p. 2583-2592, 10 pages,
ISSN: 1042-7147, n. 10. 2018

https://onlinelibrary.wiley.com/doi/full/10.1002/pat.4369

[20]Wiener, J., Marek, J., Militky J.: Absorbér tepla pro textilni, zejména odévni aplikace [patent
udélen 29.10. 2020], reg.¢. 308570
https://isdv.upv.cz/doc/FullFiles/Patents/FullDocuments/308/308570.pdf

[21]Wiener, J., Marek, J., Militky, J.: Kompozit pro teplotni ochranu, zejména pro chlazeni
elektronickych soucastek [patent udélen 29.10. 2020], reg. ¢. 308571
https://isdv.upv.cz/doc/FullFiles/Patents/FullDocuments/308/308571.pdf

Autor byl ve vyse uvedenych ¢lancich hlavnim feSitelem projektu vyvoje PCM ve spolupraci
s ¢inskou stranou (Projekt MSMT, LTACH-17014). Hlavni pfinos je uveden v kapitole 6.4.

6.6. Membrany vytvoiené electrosprayingem a polymeraci z tenké vrstvy

Vzhledem k autorové nekolikaleté zkuSenosti s pfipravou nanovlakennych vrstev v EImarcu, kde
bylo snahou dosahnout co nejdokonalejsi vldkenné vrstvy s minimem defektt (perlicek a cepicek),
které i ptes pripadnou dokonalost nemaji uzky profil a rovnomérnou distribuci pord, a vzhledem
k autorové dlouholeté zkusenosti s membranami pro upravu vod, které maji k optické dokonalosti
velmi daleko, ovSem poskytuji na rozdil od nanovldkennych membran perfektni vysledky i ohledné
distribuce pora a tedy potazmo propustnosti Castic specifické velikosti, zacal autor vést prace na
Nanospideru v ramci TUL, kde byly membrany pfipravované i nedokonalym zvlakinovanim, tzv.
electrosprayingem, (tj. elektrickym rozprasovanim). Timto zpisobem byly pfipraveny membrany
S vybornymi filtracnimi a dal§imi vlastnostmi. Dikazem toho je opét dalsi pfilozeny ¢lanek.
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Zaroven je dnes bézné, Ze se nanovlakenné materialy laminuji k podkladu a naopak tento proces
mize zna¢né eliminovat funk¢nost opticky dokonalého nanovlakenného materialu, nebot’ pii zatéru
napt. ve funkc¢nich sportovnich materidlech dochazi k zaneseni vétSiny portt v nanovldkenné
struktufe.

Toto jsou tedy dva dilezité ptistupy, které¢ jsou bohuzel v dne$ni dobé opomijené a jejich
neznalost vede k vyvoji produktd, které neplni zamér, s kterym byly vyvijeny a to hlavné diky
neznalosti daného oboru.

Vztah Kk separaci mikroplastii a nanoplastii z vod je opét evidentni — jedna se o mikrofiltra¢ni
membrany, charakteristicky blizké nanovldkennym membranam, jejichz Uc€innost zachytu
mikroplasti je >95% [48].

Druhym typem materialu, ktery je vyrabén trosku odlisn€ od rutinni firemni vyroby (tentokrat
extruze a koextruze pouzivané pro vyvoj heterogennich membran Ralex firmy Mega a.s.) jsou
iontovyménné membrany vyrabéné polymeraci z tenké vrstvy, tedy litim (ze stejnych materialt jako
extrudované heterogenni membrany Ralex), a jejich vyuziti je taktéz evidentni (neprostupnost pro
nanoplasty a mikroplasty, tzn. vyuziti pii zpétném ziskavani mineralii z retentatu se separovanymi
mikroplasty a nanoplasty, viz kap.4.2).

6.7. PriloZeny ¢lanek

[22]Venkataraman, M., Mishra, R., Militky, J., Wiener, J., Kucerova, K., Marek, J., Veerakumar, A.
Optimization of microporous hydrophobic membranes by electrospraying, Nanocon 2017 -
Conference Proceedings, 9th International Conference on Nanomaterials - Research and Application,
Brno, Czech Republic, Tanger, 1, ISBN: 978-808729481-9, p. 877-885, 2018.
https://www.nanocon.eu/files/uploads/01/NANOCONZ2017_Proceedings_content.pdf

Autor byl ve vyse uvedeném ¢lanku vedoucim diserta¢ni prace M. Venkataraman, V jejimz ramci
¢lanek vznikl. Hlavni ptinos je podrobné rozepsan v kapitole 6.6.

[23]Marek, J., Slama, J., Cizek, J. a Kosina, J. Iontovyménna membréana [narodni patent, udélen
7.10.2019] pod ¢islem 307917.
https://isdv.upv.cz/webapp/resdb.print_detail.det?pspis=PT/2017-768&plang=CS

Autor byl ve vySe pfilozeném patentu hlavnim fesitelem projektu (TH02030889) s nazvem
,»Vyvoj novych materiali a nové metodiky Upravy vod zaloZené na ionexovych membranach® a
vedoucim bakalétské prace J.Slamy, J.Cizka a J. Kosiny.
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{ Shrnuti

Hlavnim pfinosem této prace je unikatni zplisob koncentrovani separovanych mikroplasti
pochazejicich nejen z textilniho prumyslu. Tato metoda dosud nebyla publikovana, ani patentovana,
ani se nevyuziva v pramyslu. Jednd se o spojeni tlakovych membranovych procesi s kontinualni
recyklaci retentatu pomoci elektrodialyzy zapojené v reverznim modu. Tento zplsob zajisti
maximalni koncentrovani mikroplasti z retentatu vV koncentratu elektrodialyzéru a zaroven zajisti
vraceni dllezitych mineral zpét do permeétu tlakového procesu. Bez tohoto kroku by nebylo mozné
minimalizovat kapalné odpady a zarovein provozovat tlakové procesy pro Upravu pitné vody.

Druhym pfinosem je maximalni konverze vody pfi separaci nanoplasti a mikroplasti z vod
pomoci autorem navrzeného specidlniho zapojeni dvoustupiiové reverzni osmozy.

Tretim pfinosem je primyslové ovéfeny zpusob zachytu nanoplasti pochazejicich nejen
Z textilniho primyslu, taktéz s maximalnim koncentrovanim kapalného odpadu. Jedna se o vyuziti
reverzni osmozy se specifickymi membranami, a nasledné koncentrovani nanoplasti pomoci
elektrodialyzy v reverznim mddu s vracenim minerald z diluatu zpét do permeétu tlakového procesu.

Ctvrtym piinosem je vyvoj unikatniho filtru mikroplastd, zaloZeném na nanovlikennych
materidlech modifikovanych povrchovou kovovou upravou. Tento filtr je mozné s vyhodou vyuzit
pro analytické stanoveni zachycenych mikroplasti. Zaroven tento filtr zarucuje zamezeni dalsi
kontaminace upravované vody rozpadem vlakenného filtru, takze je vhodny pro opakované pouZiti v
rezimu dead-end filtrace v domacnostech pii piipravé pitné vody a pii zachytu mikroplasti
unikajicich do odpadnich vod, nejen z pracky.

Patym piinosem je objasnéni vztahu mezi estetickou kvalitou nanovldkenného a nanoporézniho
filtru. Tento bod prace ukazuje, Ze metoda Nanospider, kterd je pivodné urcena k piipraveé
nanovlaken, mtize byt vyuzita k vytvoieni nanoporézniho materialu, ktery neobsahuje nanovlakna,
ovSem je Uéinny pro mikrofiltraci a tudiz i pro separaci mikroplasti z vod a to s tou vyhodou, ze
neuvoliluje dalsi nanovldkna a fragmenty béhem filtrace, nebot’ je kompaktni.

Sestym piinosem prace je metodika recyklace nanovldkennych a dalsich filtri se zachycenymi
nanoplasty a mikroplasty skrze jejich vyuziti pro ptipravu material s fazovou pieménou, zabudovani
dalsich specifickych latek do nanovlakenné membrany, uréené pro tepelné-izola¢ni aplikace ¢i sorpci
dalSich kontaminantt textilnich odpadnich vod.

Vsechny tyto pfinosy spojuje jeden dilezity prvek a to, Ze je mozné je okamzité transferovat do
primyslového méfitka a tedy meéfitka, které muze znacné pfispet k feSeni tohoto globalniho
problému. Jak bylo ukazano, nanoplasty maji vliv na reprodukci planktonnich Zivocichil a tito
zivoc€ichové produkuji 50% veskerého kysliku na Zemi. Pokud tedy k tomu pti¢teme kéceni deStnych
pralesti, globélni oteplovani, vymirani v¢elstev (nezbytnych pro produkci zemédélskych plodin),
tézbu ryb svétlem v Atlantském a Tichém oceanu, zne€isténi oceanti lodni dopravou, vymirani korald,
parazitni svétlo, znecisténi vzduchu energetikou a leteckou dopravou, kontaminaci vod pesticidy,
hormony a dal§im odpadem z chemickych vyrob, nedostatek vody a ochuzené ptidy o mineraly, pak
je na ase, abychom zacali zachranovat to nejdilezitéjsi a tim je tedy €ast ZivocisSné fise produkujici
kyslik, bez kterého se skute¢né neobejdeme.

Aby zavér nebyl ale pouze negativni a pro kompletnost informaci je nutno dodat, ze ve
zminovaném GPGP jiz byl potvrzeno, Ze dochazi k vytvaieni novych ekosystémi vyuzivajicich praveé
dotcené plasty.
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10. PriloZené ¢lanky v plném znéni
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Abstract: The article first summarizes case studies on the three basic types of treated water used
in power plants and heating stations. Its main focus is Czechia as the representative of Eastern
European countries. Water as the working medium in the power industry presents the three most
common cycles—the first is make-up water for boilers, the second is cooling water and the third
is represented by a specific type of water (e.g., liquid waste mixtures, primary and secondary
circuits in nuclear power plants, turbine condensate, etc.). The water treatment technologies can
be summarized into four main groups—(1) filtration (coagulation) and dosing chemicals, (2) ion
exchange technology, (3) membrane processes and (4) a combination of the last two. The article
shows the ideal industry-proven technology for each water cycle. Case studies revealed the economic,
technical and environmental advantages/disadvantages of each technology. The percentage of
technologies operated in energetics in Eastern Europe is briefly described. Although the work is
conceived as an overview of water treatment in real operation, its novelty lies in a technological model
of the treatment of turbine condensate, recycling of the cooling tower blowdown plus other liquid
waste mixtures, and the rejection of colloidal substances from the secondary circuit in nuclear power
plants. This is followed by an evaluation of the potential novel technologies and novel materials.

Keywords: water treatment; power generation; heating station; energy; boilers; ion exchange;
membrane processes; reverse osmosis; ultrafiltration; electrodialysis; electrodeionization; shock
electrodialysis; membrane distillation; capacitive deionization; forward osmosis; OpEx; CapEx;
payback period; turbine condensate; SDI; colloidal particles

1. Introduction
1.1. The Current State of Power Industry Water Treatment in Eastern Europe

According to the European Environment Agency (2020), power generation represents
the second largest overall share of raw water consumption in Europe (Figure 1) in all
sectors (including public consumption, agriculture and industry). The greater overall share
of agriculture is due to the more agricultural nature of Southern Europe, but in Eastern
Europe power generation plays the major part. Therefore, it is desirable to start in the
wide field of the power and heat generation (i.e., energetic) sector in order to maximize
the effectiveness of water recycling, minimize the amount of waste-water, and make its
treatment ecological and economical.

The main reason for water treatment in power generation is to avoid the corrosion
and scaling of the whole system (including boiler, piping and turbine). The total volume of
water cycles (including boiler circuit and cooling circuit) in one power or heating station
usually ranges from thousands to tens of thousands of cubic meters per hour. A very
rough approximation of the total volume of water in power stations (presented in this
study) can be assumed as follows: 1 kg of condensated steam requires approximately
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50-60 kg of cooling water (m.w)—depending on the change in steam enthalpy (h) behind

the turbine [1]:
Ah

= oot M

Mew
At is generally 10 °C, the specific heat capacity of water (cp) is 4.19 k] kg1, and the rough
value of the enthalpy of steam in front of the turbine is 2900 k] kg ~! and behind the turbine
750 k] kg1, so the change in enthalpy Ah is roughly 2150 kJ kg .

Public water
24%

Figure 1. Water consumption in the whole of Europe, based on Eurostat data (2020). Turkey is
included [2].

The water needs of power and heating stations in Czechia range from 0.372 m3 MWh~!
(Heating Station Pisek) to 2.622 m® MWh~! in T¥inec Heating Station [2,3].

The following diagram (Figure 1) shows the statistical data of water consumption per
sector in the whole of Europe, and Table 1 shows the detailed data for each part of Europe.
The data have been provided by the European Environment Agency [2].

Table 1. Millions of cubic meters of water consumption in Europe * per year [2].

Millions of m3 y—1 Energy Industry Agriculture Public Water Supply
Eastern
Early 1990s 21,901 12,573 13,945 11,058
Latest year 18,538 4882 3545 5990
Percent. 56% 15% 11% 18%
Western
Early 1990s 67,088 22,548 7570 33,682
Latest year 54,787 17,787 5797 29,439
Percent. 51% 16% 5% 27%
Southern
Early 1990s 6635 2010 35,542 13,828
Latest year 7018 666 33,175 16,738
Percent. 12% 1% 58% 29%
Turkey
Early 1990s 67 734 17,842 3235
Latest year 98 810 40,643 5792
Percent. 0% 2% 86% 12%
Europe 80,441 24,145 83,160 57,959
33% 10% 34% 24%

*: Water abstractions data are not available for all sectors and periods. Eastern Europe: Bulgaria, Czechia, Estonia,
Latvia, Lithuania*, Hungary, Poland, Romania, Slovenia, Slovakia. Western: Belgium, Denmark, Germany,
Ireland*, France, Luxembourg, Netherlands, Austria, Finland, Sweden, England and Wales, Iceland, Norway,
Switzerland*. Southern: Greece, Spain, Italy*, Cyprus*, Malta, Portugal*. Turkey is plotted on an individual
column in this graph to depict the large increase in water use.
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Ion exchange technology still takes the major share in water treatment in the cur-
rently operating power stations and heating plants in Eastern Europe. However, the first
exceptions have appeared, namely in the newly built power plants (in Hungary, Poland, Ro-
mania or the newly built Turkish Yunus Emre), and in Czech central heating plants, where
the economy and environmental protection were of the greatest interest, and therefore
membrane technologies have been employed in water treatment. Membrane technologies
are even more common in small plants (with low-pressure boilers or small cooling circuits)
where technological steam is produced (e.g., bakeries, breweries). However, these small
plants use the dosing of antiscaling and anticorrosion chemicals in the majority of cases.
Furthermore, mid- and high-pressure boilers in power and heating stations use alkalization
of boiler water (because demineralized water is so-called “hungry water”), to shift the
value from the corrosion area of Langelier Saturation Index (LSI) to passivated region.
Cooling circuits in power plants with cooling towers employ dosing of antiscaling and
anticorrosion chemicals. However, this is not I the focus of this study.

The work is primarily divided into the three main areas of water treatment in power
industry—the treatment of make-up water for boilers, the recycling of cooling tower
blowdown, and the treatment of specific types of water (the recycling of turbine condensate,
the recycling of liquid waste mixtures, the recycling of boric acid in the primary circuit in
nuclear power plants, etc.).

The conception of membrane processes, which compete with the whole ion exchange
technology for water treatment in power and heating stations, was first described and
economically compared by Beardsley (Dow company) in 1995 [4], and later by Dardel
(2005) [5], as seen in Figure 2.

Comparison of OpEx of IX vs. RO+IX

According to their capacity and salinity

1X40 /
X80 /
+1X40
| = BRO+IX 40
RO+ [X40 AIX20

RO+ X80 | X RO+IX 80

| —& £ IX 160

50 100 150 200 250 300 350 400 450 500 550

TDS [ppm]

Figure 2. Comparison of OpEx of IX (ion exchange) technology and IX + RO (reverse osmosis) by Beardsley, DOW company
(1994), according to TDS and capacity (40, 80 and 160 m3 h=1) [4].

In the last 10-15 years there has been a huge drop in the investment costs of membrane
processes due to their widespread use. Unfortunately, this does not mean that the key in-
dustries using water treatment technologies have switched to membrane technology [6-8].

The combination of reverse osmosis (RO) followed by ion exchange columns as seen
in Figure 2 is not optimal anymore, simple explanation is in Section 2.3 (contamination of
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RO permeate by ppb of colloidal particles from ion exchange resin). However it is still in
the operation (e.g., in Supercritical unit of Power Station Ledvice, Czechia, from 2012) and
still being designed for new systems [6].

1.2. The Choice of Membrane Technologies for Water Treatment in the Power Industry

The current membrane technology market provides a wide portfolio of products. The
power industry demands highly reliable technologies—e.g., pressure membrane processes
(ultrafiltration, reverse osmosis, nanofiltration, microfiltration) and electromembrane pro-
cesses (electrodialysis and electrodeionization), which are known and have been proven by
tens of years of operation [7-9]. The technologies newly developed in recent years (e.g.,
membrane distillation, capacitive deionization, forward osmosis, etc.) are still not reli-
able enough to ensure problem-free, economically effective, and environmentally friendly
long-term operation (according to the statements of power stations managers) [7,10].

When choosing whether to use ion exchange technologies, membrane processes or
their combination, the major aspect is economics. The capital expenditure of membrane
technology has already become comparable to the ion exchange technology. Membrane
technology can save from hundreds of thousands to millions of Czech crowns (tens to
hundreds of thousands EUR) in operating expenses in a standard heating plant (up to
100 m3 h™1) annually. This option is convenient for all the following cases: newly built
power plants, existing plants (where the resin is at the end of its operating lifetime), and
plants which can reduce the cost of additional water treatment by integrating membrane
separation technology [8].

The main argument for the selection of ion exchange technology by technological
engineers in power and heating plants is its reliability, and the time for which the technology
has been in use (nearly 100 years), so the aim of this study was to demonstrate the uptime
and reliability of membrane technology in pilot tests in power plants and heating plants,
and make an economic comparison with ion exchange technologies.

1.3. The Nowvelty of the Contribution

Despite the fact that the article is conceived as an overview of water treatment technolo-
gies in real operation, its novelty lies in the few following technological models optimized
within this work: (1) the treatment of turbine condensate, (2) the recycling of cooling tower
blowdown, (3) the recycling of other liquid waste mixtures, and (4) the rejection of colloidal
substances from secondary circuit in nuclear plants.

Last is included a brief evaluation of potential novel methods and materials.

However, the most important target of this work is complex summarization of com-
mon and novel methods of water treatment in power sector.

2. Water Cycles and Their Type of Water Treatment
2.1. Make-Up Water for Boilers

In the majority of cases, surface water—mainly from rivers or lakes—serves as the
source of make-up water for boilers. This is why the ion exchange technology or membrane
technology, both used for desalination, also require pretreatment. The pretreatment consists
of rough filtration (racks and seeves), soft filtration (sand and activated carbon filters) and
coagulation with flocculation. As the experiment has shown, these steps are unavoidable
for both the ion exchange and membrane processes [1,6,11].

2.1.1. The Standard Ion Exchange Technology

The make-up water for boilers, when prepared by the ion exchange technologies,
mostly uses demineralization lines. These are four, three or two-stage column lines (de-
pending on inlet water quality). Four-stage lines are composed of a strong acid cation
exchanger followed by a weak acid cation exchanger, followed by a weak base anion
exchanger and a strong base anion exchanger. In case of three-stage demineralization
(Figure 3), the strong acid cation exchanger is followed only by a weak and a strong base
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anion exchanger, and in two-stage demineralization the strong acidic cation exchanger is
followed just by the strong base anion exchanger.

Figure 3 describes ion exchange technological scheme in Heating station Liberec,
Czechia (see case study in Section 2.1.3.2). Consumption of chemicals for this station (based
on river Nisa) is summarized in Table 2a,b. Half year is ideal predicative time period,
including winter months (when the surface water in Czechia is contaminated by NaCl and
CaCl,, technical grade, used for melting snow on the roads) and summer months (when
the rivers and other surface sources are dried, i.e., concentrated by summer heat) [6,8,11].

Table 2. (a,b) Consumption of chemicals by IX (ion exhchange) technology in the Liberec Heating
Station (first half of 2010). RW-raw water, DEMI-outlet of IX.

()

Season Raw Water HCl NaOH Consum}_)tlon

of Chemicals
660 gm—3 418 gm™3

_ 31,—1 -3 -3 g g
Jan—Jun 41m°h 366 gm 293 gm per RW per DEMI
(b)
Price 31% HCI + 50% NaOH
0.08 EUR m~3 per RW 0.05 EUR m~3 per DEMI

In the preparation of make-up water in deionization lines, two-stage lines are made of
strong acid cation exchanger followed by weak alkali anion exchanger. The conductivity
of water and the content of SiO, are the most important monitored parameters to which
attention must be paid, according to the guidelines for make-up water for boilers (VGB-R
450 Le—The European Technical Committee, 2011 [12]).

NN o

Strong acid cation Weak hase anion IStrong hase anion
resin resin resin

Treated
watey

Raw wateq——

\

T

T
]
]
1
-
T
|

FESSEE R

Samstliaomameil

CO, remaoval
unit (as
required)

————

Figure 3. Demineralization technology—Ion exchange units by Lenntech company [9,13].

2.1.2. The Membrane Technology

The substitution of demineralization or deionization (ion exchange) technology for
the preparation of make-up water for middle- and high-pressure boilers (>8 MPa) always
requires the combination of reverse osmosis and electrodeionization. Reverse osmosis (RO)
can be applied in the desalination of water only in low-pressure boilers (<8 MPa, operating
temperature up to 115 °C, with output over 60 kW, due to Czech Standard—CSN 07 7401)
where the conductivity of make-up water is not limited. However, for middle- and high-
pressure boilers, the conductivity is limited to 0.2 uS cm~! by Czech Standard CSN 07 7403,
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3x151.3m’/h
max. 3x 167.0 m’*/h

Ultrafiltration Y s
3x 139.0 m*/h 1* and 2™ pass

and is recommended to be 0.1 uS/cm by European Standard VGB-R 450-Le [12] and by
EPRI (Electric Power Research Institute)-Guidelines for Preservation, Layup, and Startup
of Water Treatment Equipmen (ID 3002007941) and Guidelines for makeup water treatment
(ID 1019635) [14,15]. That means it is essential to use at least single pass RO together with
electrodeionization (EDI). In the ideal case, double-pass RO (where the permeate from first
pass becomes feed to second pass, to ensure the maximum elimination of hardness and
colloidal particles) followed by EDI is used. When installing reverse osmosis, it is essential
to make sure the inlet stream SDIj5 < 5 (silt density index measured using a cellulose
filter with 450 nm pores, 1 bar pressure and 15 min period). If the inlet water SDI;5 > 5,
pre-installation of an ultrafiltration unit is required.

In the majority of cases, these are ultrafiltration units (UF) with hollow fibers, with
backflush set to 30—45 min. The basic technology scheme and water capacity and water
conversion are illustrated in Figure 4.

Flow chart - OAO Azot
250 m*/h of demiwater

Reverse Osmosis 50 m*/h of ultrapure water

3
3x110.0 m°/h MEGA a.s.

3 15.6.2016 Pospisil
3x13.0m°/h

3x 139.0 m’/h 3x153.0 m*/h[ RO 1%42™ |3x 110.0 m*/h <+ ] 3x89.0m¥h
pass demiwater "

3x21.0 m’/h
3x12.3m’/h 3x30.0m’/h
Electrodeionization
3x20.0 m*/h
/\
3x20.0 m*/h <+ | 3x200m’h
EDI ultrapure water i
3x 1.0 m’/h

Total recovery: 72,0 %
min. Total recovery: 65,0 %

Figure 4. Example of industrial design of preparation of ultrapure make-up water for boilers using membrane technology,

Mega Group (Czechia) [6,15-17]. The scheme shows water needs of membrane processes which is reflected to higher water

cost compared to Ion Exchange technology. That is also the reason to recycle waste streams as much as possible as seen in

this picture.

In the beginning of replacing the standard technologies (filtration, coagulation and
ion exchange), there were efforts to replace coagulation and flocculation by ultrafiltration
or microfiltration units. However, very soon after the first installations, the experience
showed that neither microfiltration nor ultrafiltration can replace standard coagulation
and flocculation. The ultrafiltration units got clogged very easily, and their performance
decreased rapidly after installation when the coagulation and flocculation (i.e., clarifi-
cation) were avoided. Finally, it was proven that coagulation and flocculation are very
effective and low-cost operations compared to ultrafiltration/microfiltration, with very
high crossflow and frequent backflushes. Regardless, ultrafiltration (more frequently than
microfiltration) is a very desirable process for the protection of the downstream reverse
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osmosis membranes in order to increase reverse osmotic effectivity and prolong the lifetime
of the membranes [6,9,10].

2.1.3. A Comparative Pilot Test of Membranes and Ion Exchangers on Make-Up
Boiler Water

The most important case study was carried out on the make-up water for boilers.
This water represents the highest standards of quality and strict limits of conductivity,
concentration of ions, suspended and colloidal solids and dissolved gasses, as determined
by national or European standards (in the European Union) [12]. The conductivity of
make-up water for high-pressure boilers should be as close as possible to theoretical water
(i-e., clear water containing just HO) exhibiting a resistivity of more than 17 MQ cm L.
The arrangement of membrane units in the pilot test was inspired by the combination of
membrane processes commonly used in western European countries. These consist of ultra-
filtration, reverse osmosis and electrodeionization. The main purpose of an ultrafiltration
unit is to decrease the silt density index (SDI;5 < 5) before feeding the reverse osmosis. The
reverse osmosis substitutes classical ion exchange demineralization units. The downstream
electrodeionization unit then completes the desalination process and polishes the water.

The technology of electrodeionization substitutes mixed beds, because it avoids the
additional problems with the chemicals used in the regeneration of mixed beds (e.g., liquid
wastes, neutralization of wastes), administration, the transportation of chemicals and
wastes, large built-up area, semi-automatic operation, etc. Electrodeionization (EDI) is
intended for polishing the reverse osmosis (RO) permeate. It is an essential process which
cannot be simply substituted by two-pass (or more) reverse osmosis. The two-pass reverse
osmosis usually serves for sequential decarbonization and desilication. The conductivity
of the osmosis permeate from the second pass is approximately 1 uS cm~!. The energy
consumption of two-pass reverse osmosis is higher in comparison with electrodeionization,
and the recovery rate is also lower. Two-pass reverse osmosis is used when the hardness of
raw water is too high, or when we want to achieve a water quality after electrodeionization
that is better than 16 MQ cm~! (<0.0625 uS cm™1). Therefore, the electrodeionization
process is unavoidable in the preparation of the make-up water for middle- and high-
pressure boilers.

2.1.3.1. Small-Capacity Heating Station Michle (35.5 MW, 6 MWe)

The first case study was only a theoretical study, represented by small-capacity heating
station Michle, Prazska teplarenska company, calculated by the company Memsep [10]. The
data in the tables below (Tables 3 and 4 and Figure 5) were presented in an opened tender.
The winner of this selection procedure was the SES Bohemia Engineering company with
Septron RO + EDI technology. The data of the winner are not published for obvious reasons.
The other competitors were Mega and Culligan. The prices of the technology submitted
by the Mega company included complete equipment (tanks, pumps for transportation of
water from the source, piping, dosing of chemicals, cartridge filters, etc.), so the price was
1.6x higher compared to Culligan. However if we subtract this periphery, the CapEx of
the membrane technology is quite similar for both companies.

Table 3. CapEx of IX vs. RO + EDI (2010) (EDI of company Mega constitutes former EDI-X modules, which have been
recently substitute by MPure™ technology).

IX (Parallel Flow IX (Counterflow RO + EDI
EUR Regeneration) Regeneration) Culligan RO + EDI Mega
Mechanic supply 116,259 89,333 37,815 + 55,185 70,296 + 74,444
M&R 24,407 8926 9296 13,852
Mechanic and M&R assembly 20,741 14,741 9296 15,630
Mechanic and M&R project 8185 5222 4667 17,407
Startup 7037 4630 4667 3963

Total 176,593 122,889 120,889 195,630
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Table 4. OpEx of IX vs. RO + EDI (2010).
Production of Demiwater (m? y~1) 3000 4500 6000 7500 9000 10,500
1. IX counterflow regeneration, higher controlling system
chemicals (EUR) 1420 2130 2840 3550 4259 4969
water expensis (EUR) 6290 9434 12,579 15,724 18,869 22,013
total (EUR) 7709 11,564 15,419 19,273 23,128 26,983
2. IX parallel flow regeneration, autonomic cooperating systems
chemicals (EUR) 3060 4590 6120 7650 9180 10,710
water expensis (EUR) 6290 9434 12,579 15,724 18,869 22,013
total (EUR) 9349 14,024 18,699 23,374 28,048 32,723
3. RO + EDI
chemicals (EUR) 33 50 67 83 100 117
water expensis (EUR) 6889 10,333 13,777 17,221 20,666 24,110
total (EUR) 400 600 800 1000 1200 1400
IX (OpEx) vs. RO+EDI (OpEx) for Heating station Michle, 35.5 MW
35,000
32,723
30,000
28,048
> 26,983
25,000 -
23,374 23,128
Total LAY 18,699 /""’”"'1'5;2’773
OpEx - d 1l high
- 1. IX counterflow regeneration, higher
[EUR] 15,000 _ /u»r“"’"ty 15419 controllingesystemege - g
14,024, ’ ) .
p > 2. IX parallel flow regeneration, autonomic
i - /1:1;'564 cooperating systems
10,000 o - 3.RO +EDI
7709
5000
100 €00 800 1000 1200 1400
0
3000 4500 6000 7500 9000 10,500
Production of demiwater [m3.y']

Figure 5. OpEx of IX vs. RO+EDI for small heating station Michle, Prazska teplarenska Ltd.

This case study presents A rough approximation of A comparative study of membrane
technology and ion exchange technology. The data in the study were projected by an
authorized appraiser [10]. Real data measured and collected in industrial operation are in

the following paragraph.

2.1.3.2. Heating Station Liberec (182 MW, 7 MWe)

This study was carried out on the make-up water for boilers by the MemBrain com-
pany in Liberec Heating Station. The pilot membrane units’ capacities were 2 and 8 m3
h~!. The capacity of ion exchange technology (IX) was 90 m® h~!.The results for the OpEx
comparative study of IX vs. membrane technology are depicted in the following Figure 6
and Table 5. The water source is river Nisa. Both cases requires sufficient pretreatment
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to avoid utilization of UF (firstly racks and seeves, followed by high quality spiractor or
flotation for efficient coagulation and clarification, and finally two stage sand filters—first
with rough sand i.e., rapid sand filters and second with soft sand i.e., slow sand filters).

o OpEx of water treatment by RO+EDI vs. IX for b OpEx of water treatment by RO vs. IX for
power generation systems power generation systems
with High Pressure Boilers and Turbines with High Pressure Boilers and Turbines
0.400 0.400
OpEx 0350 m  Depreciation OpEx 0350
[EURm] [EURm?]
Labor, CIP,
0.300 o . ’ 0300 jati
Maintenance N Bepeciation
| Resin&Membr Lab
~ - 3 _ | or, CIP,
0.250 - Replacement 0250 - Maintenance
Resin&Membr.
- Water cost .
0.200 0200 Replacement
—_— =
B Chemicals Water cost
0.150 0.150
m  Chemicals
Power - voltage
0.100 d 0.100 4
B Power - pumps
B Power - pumps
0.050 4 — 0.050
0.000 4— e L' 0.000 | | |
IX RO+EDI IX RO

Figure 6. The total cost of 1 m? of water treated by membrane technology compared to ion exchange technology for
90 m3 h~! in a system with (a) and without (b) a turbine. Heating station Liberec. The water source is river Nisa. Both cases
requires sufficient pretreatment to avoid utilization of UF (racks and seeves, followed by high quality spiractor or flotation

for efficient clarification, and finally two stage sand filters—first with rough and second with soft sand).

Although the difference between the column representing the RO + EDI and the
one standing for ion exchange in Figure 6a is not significant, it constitutes accumulated
operating expense savings worth tens to hundreds of thousands of Euros annually. The
accumulated savings are represented by the blue column in Figure 7.

The ultrafilatration unit was originally meant to substitute the process of coagulation
and flocculation (i.e., clarification). Despite its purpose, the actual industrial experience
revealed the indispensability of the mentioned processes [18]. As such, nowadays, ul-
trafiltation is used to protect reverse osmosis membranes and to prolong the lifetime of
osmosis membrane modules. However, the pilot test evaluation showed the economical
pointlessness of the inserted ultrafiltration process. If the ultrafiltration was cut out and
the lifetime of osmosis modules was as much as halved (2 years), then both the capital
expenditure and the operating expenses still would be lower (Figure 1) in comparison to
membrane technology including ultrafiltration. However, there exist cases wherein the use
of ultrafiltration is inevitable, even after optimal coagulation (SDI5 > 5).
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Table 5. Exact entries of membrane and IX technologies from Figure 6.

EUR m-3 X Membrane Technology
UF RO EDI *
Energy pumps 0.0122 0.0107 0.0326 0.0093
voltage 0 0 0 0.0137
Chemicals HCI, NaOH 0.0837 0 0 0
Antiscalant * 0 0 0 0
NaClO 0 0.0019 0 0
Safety filters bougie (5 um) 0 0 0.0002 0
Water expenses 0.1344 0.1344 0.1344 0.1344
Subtotal ** 0.2304 0.1470 0.1673 0.1574
RO + EDI 0.1903
Exchange of membrane modul 0 0.0011 0.0041 0.0341
Exchange of resin 0.0326 0 0 0.0011
Work ***, maintanance, CIP 0.0156 0.0085
OpEx total IX 0.2785 0.1481 0.1800 0.1926
RO + EDI 0.2369
UF + RO + EDI 0.2507
Depreciation 0.0985 0.0470 0.0704 0.0333
Total expenses for IX 0.3770 0.1952 0.2504 0.2259
water production RO + EDI 0.3396
UF + RO + EDI 0.4011

** The subtotal value is always lowered by water expenses (because of one water stream), *** work is calculated from average salary of
heating station employees (550 EUR m™!), * antiscalant was not needed (because of LSI of RW river Nisa) and * EDI technology composed
of EDI-X modules (former technology of Mega company, which has been recently upgraded to MPure™ technology).

Payback period of IX and Membrane processes
for 90 m3.h'! water treatment power generation system (with turbine)
3,000,000 180,000
-— Savings
—— IX
e Ea 160,000
2,500,000 ——  UF+RO+EDI
140,000
//
.—/
//
2,000,000 — 120,000
+
CapEx + OpEx — :
[EURI T Ea&\]gs
//
1,500,000 — e
/
_— §0,000
1,000,000 /, 60,000
40,000
500,000 i
20000
0 - ! 0
0 1 2 3 Time [y] 4 5 6

Figure 7. The payback period of water treatment in a power plant with 90 m3 h~! of make-up water.
Comparison of ion exchange and membrane processes.
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Figure 7 shows the well-known fact that even if the capital expenditure of membrane
technology is higher in comparison to ion exchange technology, the investment returns
through the lower operating expenses in 2 or 3 years. The savings in the operating expenses
for the 90 m3 h~! system are well over EUR 50,000 annually. Membrane technology
provides many advantages compared to ion exchange columns.

According to Figure 2, there are some limits for the utilization of membrane technolo-
gies. The area of application is determined by the salinity of raw water (i.e., the lower limit).
The value of salinity in the presented case study was around 150 ppm of dissolved salts
(i.e., very low concentration). The concentration of salts in common surface water is higher
in the majority of cases. Considering that surface water is used in power generation, it can
be assumed that the membrane processes are always more suitable than ion exchangers
(when they was suitable in the presented case with such a low concentration).

The electromembrane processes are irreplaceable in water treatment in power genera-
tion. We need to apply electrodeionization for the make-up water for boilers (to meet the
water quality requirements recommended by Ref. [12]).

2.2. Turbine Condensate Treatment—Heating station Chomutov (84 MW, 20 MWe)

Turbine condensate is condensed boiler steam, so theoretically it should be the same
quality. However, in real-life operation, the water erodes the surface layer of piping, so
it contains iron (in many forms, even suspended particles), as well as traces of ions from
the alcalization of boiler water and air gases—that is why the conductivity of conden-
sate is slightly higher (approximately 1.5 uS cm~!) compared to boiler make-up water
(<0.2 uS em ™! for heating station). The condensate is usually recycled through sand fil-
ters and a strong acid cation exchanger, which captures solid particles and cations of
iron. For this purpose, we tested EDI (replacement of a cation exchanger column) with a
pretreatment with replaceable standard cartridge filters.

The result of this pilot test was quite outstanding. In the Chomutov heating station
(Actherm Chomutov), such a good quality of recycled condensate was achieved that it
enabled closing the continuous blowdown completely (Figure 8), and even after the closing
of the continuous blowdown, the quality of boiler water (and treated condensate and other
streams) still kept improving (in the range of days).

The calculation of operational expenses shows additional savings due to the heat
loss of continuous blowdown in standard operation (without EDI). It amounts to EUR
3668 annually in heat, and EUR 6058 annually in water savings. Obviously, it is not
an astronomical amount, but in fact it is only one of many other additional benefits of
membrane treatment in the power industry.

2.3. Decreasing TOC in Piping System—Temelin Nuclear Power Plant (3000 MW, 2168 MWe)

Another pilot test of membrane technology took place in the Czech Temelin Nuclear
Power Plant (CEZ group). The aim was to avoid the clogging of the valves in the secondary
circuit. It was presumed that the clogging was caused by the high content of TOC (total
organic carbon), which the current ion exchange technology failed to capture. The online
water analysis of TOC confirmed the higher concentration of TOC than is recommended by
the Czech CSN EN 60964 Standard (derived from European IEC 60964 Standard), namely
0.1 mg L~!. The outlet from demineralization ion exchange lines (“demilines,” see Figure 3)
was measured first, followed by the outlet from mixed bed lines. Obviously (as seen in
Figure 9), both lines cross the limit of the Czech Standard—the concentration ranged from
0.120 to 0.260 mg L~! TOC. The proposed solution was to have the demiline product
treated by the ultrafiltration unit. The pilot UF unit had a module of hollow triacetate fibers
(Microdyn-Nadir Aquadyn FT-50-AC) with the pore size of less than 15 nm. The results of
this case study are visible in the following picture (Figure 9). Obviously, the UF effectivity
was negligible, and the limits were not met again.
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Figure 9. Decreasing TOC in demineralized water outlet from mixed bed columns in Temelin Nuclear Powerplant (CEZ

group), secondary circuit. TOC online analyzer Mettler Toledo 6000TOCi.

For the next pilot test, RO with Hydranautics ESPA-2-LD-4040 modules from the Nitto
Denko company (modules highly resistant to fouling by organic colloidal substances) was
used. As seen in Figure 9, the achieved average concentration of TOC was well below the
limit of the Czech Standard, and it was 0.022 mg L~! for the treated demiline product.
The RO was also tested as a method for the clarified water (i.e., after coagulation and
flocculation) in combination with UF pretreatment (to keep SDI;5 < 5), and the results were
also outstanding—0.033 mg L~ 1.
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It was also observed that when the RO permeate was sent to mixed beds columns, the
TOC behind the mixed bed exceeded the limit again. This means that the ion exchange lines
leak low molecular organic compounds and pollute the permeate. This is a very important
outcome of the study, revealing that the combination of RO + EDI is more appropriate for
the future production of high-quality ultrapure water, contrary to the combination of RO +
mixedbed.

2.4. Recycling Cooling Tower Blowdown

There are many countries all around the world (especially in the Near East) suffering
from the lack of water resources, who are thus being pushed to save as much water as
possible. They have to recycle cooling tower blowdown and waste-water. The second case
of waste-water and cooling water blowdown treatment occurs in small plants, which use
water from the municipal water distribution network. In this case, the reason is the price
of the water, as recycling can save a significant amount of money. The third example is
the expansion of a power plant or a heat station, rendering the current source of water
insufficient and resulting in the lack of make-up water.

Electrodialysis is the most suitable process for the treatment of this type of water.
First, the requirements concerning feed water pretreatment are less strict for electrodialysis
in comparison with reverse osmosis (a sand filter is usually sufficient). The salinity of
the product (diluate) from electrodialysis is commonly comparable with the salinity of
drinking water (between 0.1 and 1 mS cm ™). The LSI thus does not reach the corrosion
values, which is the requirement for cooling circuits. This case of cooling water blowdown
treatment was validated on the technology with the capacity of 210 m® h™!, realized by
Mega company in Arak, Iran (Gemwater) and capacity of 425 m® h™! realized again by
Mega in Rio De Janeiro (for complex by Veolia Water System) [19].

2.5. Treatment of Power Plant Waste Water, Hodonin Power Plant (250 MW, 105 MWe)

An ideal plant does not produce any waste. This is only a theory, which is obviously
impossible to reach because it would involve perpetual motion. However, in the case of
liquid waste, it is possible to get close to such a state by utilizing zero liquid discharge
technology. This is the reason why ion exchange cannot be principally used for cooling
tower blowdown recycling and waste-water volume reduction (as its regeneration produces
further waste). The most suitable membrane process is electrodialysis again.

The case of the waste-water treatment experiment (Figure 10; Figure 11 and Table 6)
was carried out in the Hodoni Power Plant (CEZ group) where the blowdown was mixed
with all power plant waste-waters (from demineralization, flocculation, boilers blowdown,
etc.). The inlet stream was treated only by decantation in waste water tank and then
concentrated by electrodialysis to 2.5-4.6% of the original volume.

The diluate represents at least 90% (usually 95 to 97%) of inlet liquid waste volume,
and it can be used as the make-up water for the demineralization plant (both ion exchangers
and membrane processes). The quality of diluate is comparable with the salinity of the raw
water (surface water), that is, 0.2 mS cm~!. The concentrate is usually around 3-5% of the
inlet liquid water volume, and it can be used as an additional solution for the solidification
(preparation of solid bricks in building construction industry).

This case of liquid waste treatment was validated via a pilot test realized by MemBrain
company in the Hodonin Power Plant, CEZ Group. The pretreatment for the electrodialysis
unit EDR-Y (by Mega co.) included decantation only. More than 300 liters of waste-water
were treated in each experiment. In real operation, the decantation would be replaced by a
chamber (or sludge) filter press (to reach zero liquid discharge, as described in Figure 12).
In this pilot test, the operating costs for waste-water dropped from the original EUR 5.6
per1l m3 (filtration, neutralization and other chemical processes, administration, fees for
discharging waste-water, etc.) to EUR 0.2 per 1 m® (approximated by electric power used
for the electrodialysis stack—while the electric power is a marginal expense in the power
plant). The waste-water reservoir volume was 100 m®.
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Table 6. Consumption of electric power for each experiment. The inlet waste-water started at

55mS cm ! (2nd to 6th experiment, carried out in a lab) and reached its maximum at 16 mS cm™

1

(for 8th experiment).
Experiment t E Inlet
(No.) (min) (Wh/kg RAW Salt) (mS/cm)

01 60 291 84
07 150 6.07 16.0
08 165 5.44 16.0
09 165 5.75 15.9
10 150 4.22 13.1
11 60 5.16 13.6
12 135 3.56 14.2
13 180 4.86 13.6
14 105 4.85 13.2
15 120 3.57 10.2
16 120 3.88 10.2
17 120 3.92 10.0
18 135 6.24 10.5

f

MAKE-UP FOR BOILERS

BLOWDOWN

Surface water

r/ﬂ>oEM|NERAL|ZAT|0N

K V-
LiQuID
WASTE

Waste from
clarification,
regeneration of
ion exchangers,

blowdowns,
calcium
precipitation etc,

ELECTRODIALYSIS

Diluate (quality equa
to clarified and
partially desalinated

C rate \ I SOLIDIFICATION >

material
for building
industry

Figure 12. Treatment of mixture of liquid waste from power plant or heating station using combination of sludge filter press

and electrodialysis: zero liquid discharge [1,6,8].
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2.6. Basic Overview of Eastern European Power and Heating Stations Using
Membrane Technologies
The actual percentage of membrane technology utilized for water treatment in the
power industry is shown below—for Czechia, Poland, Ukraine and Hungary.
Approximately 10 years ago, membrane processes started being used and tested for
additional water treatment in Power plants in Czechia [6], as follows:

waste-water treatment using RO in the Prunéfov Thermal Power Plant;
colloidal removal using RO against the clogging of valves in the Temelin Nuclear
Power Plant;

e utilization of RO to decrease the consumption of chemicals for ion exchange deminer-
alization in the Ledvice supercritical unit;
ED recycling of boric acid in the primary circuit of the Temelin Nuclear Power Plant;
condensate demineralization using EDI in the Chomutov Heating Station;

e  utilization of RO in three heating stations—Liberec, Chomutov and Zd'as.

Furthermore, the situation in Poland is as follows:

Lublin Wrotkéw Heating Station (with power production) using RO + EDI;
Rzeszow Heating Station using RO + EDI;
Chorzow using hybrid technology of ion exchange combined with RO.

In Czechia, there are 27 thermal power plants (>100 MW), two nuclear power plants
and 73 heating stations, as follows:

e  Two heating stations using RO (represents 3% of all Czech heating stations);
o  Two power plants using hybrid systems (represents 7% of all Czech power plants).

As for Poland, there are 48 power plants and heating stations (coal, gas; >55 MW),
as follows:

e  Two heating stations using RO + EDI (representing 2% of all Polish heating stations);
e  Two power plants using hybrid systems (represents 2% of all Polish power plants).

In Ukraine, there are 18 thermal power plants and four nuclear power plants. Five
of them utilize membrane processes for the treatment of surface water from the Dnieper
river. This constitutes 22%. There are also 32 heating stations, and membrane technology is
utilized in water treatment in 15% of them [20].

In Hungary, there are 15 power plants and four nuclear power plants. Since 1992,
membrane processes and hybrid membrane processes have been used (i.e., “RO + mixed
bed” in the Sajoszoged gas turbine plant and in the Litér gas turbine power plant). The
combination of RO + EDI is more often used for make-up boiler water, while RO is
employed in the treatment of cooling water for cooling towers. It also has a longer history
(first installation in the 1990s). In summary, membrane processes are used in 48% of
plants [21].

When the above numbers are summarized, they still constitute a negligible percentage
(less than 20% for the whole of Eastern Europe) of the power and heating stations using
and switching to membrane technologies.

3. Fouling of Membranes—Weakness of Membrane Processes

Higher water needs of inlet streams for membrane processes are not the only weak
side of this technology (compared to IX). Another issue is fouling of membranes and ion
concentration polarization (ICP). Fouling of membranes for pressure processes (such as
RO, NF, UE, MF membranes) is not discussed in detail because their fouling and ICP can
be strongly affected by controlling the crossflow (i.e., velocity of the solution flowing along
the membrane). If the crossflow is high enough, the lifetime of membranes far exceeds
the guaranteed operating life (4 years). There are cases of reverse osmosis membranes
exhibiting more than 15 years of smooth operation [17]. Several laboratories work on
developing special antifouling materials, e.g., polyethersulfone hollow-fiber ultrafiltration
membranes doped with nanosilver [22]. However, in real-life water treatment with quality
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engineering and the adjustment of the right crossflow, this research direction does not
make sense and shows a misunderstanding of the whole process of ultrafiltration.

In the case of electromembrane processes, the fouling is a little bit different—ion
exchange material showed to be a good substrate (cultivating medium) for bacteria and
fungi (especially when treating beverages or whey) [23]. There are a few works regarding
research into the antimicrobial properties of quaternary ammonium groups (i.e., anion
exchange membranes) [24], and membranes doped with silver [23,25]. The comparison
of bacterial growth on the surface of anion vs. cation exchange membranes is shown in
Ref. [26], with a surprising result that cation exchange membranes have better antifouling
properties compared to anion exchange membranes. A detailed study on the fouling of
anion exchange membranes was made by the Wetsus company [27].

4. Optional Novel Methods

Four main representative processes were selected as optional future methods of
desalination. The first of them, capacitive deionization (CDI), could potentially replace
EDI. The RO + CDI combination thus constitutes an optional system for ultrapure make-up
water for boilers. The specific energy consumption of EDI commonly ranges from 0.39 to
2.11 kW m~3, while for CD], it is 0.02-0.22 kW m 3. However, for each particular case the
EDI consumption is lower due to the utilization of membranes and resin in between the
electrodes, which together decrease the resistance of deeply deionized water [28]. Moreover,
the so-far maximum desalination reached by the CDI electrochemical method, which
operates below the potential of water electrolysis to avoid byproducts (theoretically 1.2 V;
approx. 2.4 V for surface water or 1.4 V for permeate from pressure membrane processes),
was 78-92% desalination efficiency, while EDI can provide 99.9999% desalination efficiency.
This makes it a suitable process for the softening of water or heavy metal removal [13,29].
The recent trends bring about the development of electrodes in flow form [30].

The second process is forward osmosis (FO). Compared to RO, FO is successfully
applied for waters with 70.000 ppm and higher salinity, and for such waters the energy
consumption is 29.45-29.91 kW m~3 [13,31]. This process might therefore be used for
the pretreatment of salty water (sea water) before reverse osmosis, but it still utilizes
the same membranes as RO, so FO needs a pretreatment by means of UF or MF. The
energy consumption can be reduced by installing the technology under the water level,
thus utilizing the hydrostatic pressure as a power input, but the piping, maintenance and
pretreatment are very complicated. It is a suitable process for wastewater treatment in the
oil and gas industry, the separation of boric acid from the primary circuit in nuclear power
plants [32] or wastewater treatment in the mining (heavy metals) industry, but is irrelevant
for wastewater treatment in the power industry, as it results in high water discharge [30,31].

The third representative of an optional process for water treatment in the power
industry is membrane distillation (MD). The number of articles concerning this process is
growing exponentially. In fact, membrane distillation is still just a distillation process (even
in the form of MSF (multistage flash distillation) or MEE (multiple-effect evaporation) vapor
compression (VC) [9,30]), which is the most power-demanding water treatment process
(ranging from 2.03 to 47.41 kWh m~3 of electricity consumption, plus 45.38 kWh m 3 of
thermal consumption; see Figure 13). Power plants, however, abound in surplus power.
This can be used with advantages for high-salinity solutions. The rejection of non-volatile
compounds is 100%. However, as of today (2020), the cost of modules is pretty high and
the flux is very low. Moreover, the technology also requires a larger built-up area. The
process is not affected by fouling. It is thus suitable for beverage production or the removal
of volatile components, paradoxically (e.g., ammonia) [33].
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Figure 13. Distillation energy requirements (MD—membrane distillation, MED—multiple-effect
distillation, MSF—multistage flash distillation) [34].

Despite being able to theoretically reject all non-volatile solutes (i.e., salts), the main
drawback of the MD process is the large amount of energy that is consumed during the
liquid-vapor phase change process, which, coupled with the incomplete recovery of the
latent heat, renders the MD process energy-inefficient as a standalone system. Nevertheless,
MD’s ability to leverage low-grade waste heat as an energy source while operating at a low
pressure, and its negligible sensitivity to varying feed salinity, merit consideration over
conventional pressure-driven membrane processes for its application in water recovery
from high-salinity feed streams, such as brines from produced water. The membranes
have already passed through a long process of improving special surface wettability,
and the next important challenge for future optimization is maximizing the porosity and
optimizing the thickness of the membrane to minimize energy consumption, regardless
of the configuration of the process (direct MD, Air Gap MD, Vacuum MD or Sweep Gas
MD) [34,35].

The last, but not the least important, issue to consider is a shock electrodialysis process
whose theoretical foundations were laid by the group of professor Nikonenko, (Kuban State
University, Russia) [36], and the process was experimentally executed by Bazant’s group
at M.LT., (Cambridge, USA) [37,38] and later by Marek’s group at Technical University of
Liberec, (Czechia) [39-41]. The theory says that the diluate stream is collected from the
enhanced boundary layer of the membrane, which exhibits a very low concentration of
rejected ions. It should thus be possible to desalinate the solution of ions regardless of the
concentration, and obtain ultrapure water in a single step. However, as of today (2020),
there are only laboratory prototypes (producing tens of ml h~! at maximum) [39,42]. The
Fujifilm company is developing the first bigger prototypes, but the results are still not
easily reproducible and the process requires pretreatment by means of UF or MF (because
of utilizing porous material between membranes, which enables so-called shock waves in
its pores.) As there is additional material between the electrodes, the consumption of elec-
tricity is naturally higher (see Table 7 and Figure 14) compared to capacitive deionization
(depending on the type of the selected porous material). As it is needed to reach a shock
wave, cross the over-limiting current and achieve water splitting, it still requires fairly high
voltage (10 to 30 V per chamber, dimensionless current of up to 5). The energy consumption
(of TUL unit with non-optimized charge of porous media) for desalting 14 mS cm~! to
2 mS cm ! has been 900 Wh dm 2 so far, while for standard electrodialysis (for the same
conditions, using NaySOy solution at the room temperature of 24 °C) the consumption is
4.6-4.9 Wh dm~3 (Table 7). Desalination efficiency of small prototype by MIT Bazant’s
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group for artificial seawater was 99.8% [42] and (99.87 +£ 0.09)% by TUL Marek’s group for
NapSOy [41]. Regarding energy consumption compared to ED and regarding desalination
efficiency compared to EDI (99.9999%) [40] the process still requires further optimization
before scale-up for industrial utilization.

Table 7. Comparison of operating parameters of standard vs. shock electrodialysis reversal (standard lab unit EDR-Z/10
by Mega co. and pilot shock ED unit by Technical University of Liberec, generation IV module—without optimization of
charge of porous media) [40].

Module
Parameter Unit EDR-Z/10 Pilot SED. (TUL,
(Mega Co.) Non-Optimized
8 ’ Porous Media)
Number of membrane pairs () 10 1
Membrane active surface (cm?) 64 50
Total active surface of membrane (cm?) 640 50
Thickness of working chamber (mm) 0.8 10
Voltage per membrane pair/working chamber \% 1 ~30
Specific production 145mSem! ->2mS em—! 5 A 0.19-0.41 0.024
of diluate (dm? dm™ h™")
145mSem ™! ->6mS em ™! 0.45-0.76 0.12
Specific elektricity 145mScem ™! ->2mS em ™! 4.6-49 900
consumption (Whdm™3)
145mSem ! ->6mSem ! 3.2-3.6 500
3 , - : :
Y e | ¢
, Reverse Osmosis ’ {
W SED (Current Prototype) - )

=
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Figure 14. Very first calculation of energy requirements for SED, calculated and measured by
Schlumpberger (Bazant’s group at M.I.T., 2015) and compared to other desalination technologies
achieving 99% ion removal and optimal water recovery [43]. The group have better energy efficiency
in the recent papers of Alkhadra for desalination and selective separations [42], although not plotted
in the same way vs RO.

Another potential advantage of shock electrodialysis lies in its utilizing only one
type of membrane (e.g., a cation or anion exchange membrane). As the preparation of
anion exchange membranes is more complicated, and they are more sensitive to physical
(thermal) and biological degradation (see Section 2.4), the cation exchange membranes
would be sufficient for this process. This could simplify the production process.
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5. Optional Novel Materials

As stated in the previous paragraph, there is only one combination of membrane
processes useful for ultrapure water preparation which makes economic sense at present.
It is UF (MF) + RO (NF) (double-pass or more) + EDI. The proof of this statement lies in
the number of installations utilizing this technology in such a combination over the world,
with capacities ranging from single units of cubic meters per hour to thousands per hour
(e.g., 1.530 m3 h~! in New York Combined Power Plant) [30,44].

The contracted desalination capacity of membrane processes increased from 1 mil-
lion m3 d~1 in 1990 to its maximum of 7.25 million m3 d~! in 2007, and since then it
has been oscillating between 2 and 5 million m® d~!. CapEx investments in membrane
desalination processes worth USD 41.3 billion worldwide are planned in the upcoming
years (2020-2024). The majority of these investments is supposed take place in the Near
East (Saudi Arabia USD 10.8 bn, UAE USD 6 bn, Kuwait USD 3 bn, Oman USD 1.8 bn,
Qatar USD 1.2 bn, Bahrain USD 0.1 bn and the rest of the world USD 18.4 bn) [45]. This
means that the Near East is switching to membrane technology, while nowadays (2020),
major desalination technologies are represented by RO (69%), MSF (multi-stage flash) (18%;
44.4% in 2010), MED (i.e., multi-effect distillation) and other thermal methods (7%; 8.4% in
2010), NF (3%), ED (2%), and others (1%) [46,47].

It is thus clearly visible that UF, MF, RO, NF, ED and EDI represent the major mem-
brane technologies in water treatment, proved by long time in industrial operation and
manufactured by number companies worldwide. UF and MF are not included in the
calculation because they do not desalinate, but are essential as a pretreatment for RO, and
finally, EDI is not included, because it represents final ultrapure water polishing (after
RO). The rest of the technologies—FO, MD, CDI and others—constitute less than 1%. This
means that the current trends in company research (not academic research) lead to the
optimization of components for these major technologies.

These trends bring about RO membranes containing a wide variety of nanoparticles,
including zeolites (silicate and NaA, NaX, NaY—i.e., different silica—alumina ratio), carbon
materials (including carbon nanotubes and graphene oxide), silica, metal oxides (titanium
dioxide), metal nanoparticles, and there has even been an attempt to introduce novel
organic—inorganic hybrid materials (ZIF-8) into aromatic polyamide layers of RO mem-
branes [48]. Special newly developed thin film composite biomimetic membranes greatly
increase the effectivity of water transport in RO membranes, and increase desalination
effectivity [49]. Additionally, according to the huge desalting RO plants, huge “kits” or
“sets of blocks” of modules are being developed (Figure 15).

As regards ED, for example, the pulsed electric field technology increase the desalina-
tion velocity (leading to higher demineralization) very significantly (10-20%), and offers
perfect antifouling properties [50]. And also membrane spacers are still in optimization
process [51].

In the last 100 years, there have also been many trials, and the development of mate-
rials of both heterogeneous and homogenous ion exchange membranes. Heterogeneous
membranes are more mechanically durable, while they have worse transporting (kinetic)
properties. However, their mechanical stability is used with advantages in suitable technolo-
gies. The mechanical stability can even be enhanced by crosslinking the inert binder [52].
The preparation of microfibrous ion exchange membranes (Mion from Promion company
in Kaluga, Russia, which does not exist anymore), Fiban (National Academy in Belarus), or
Johnsson Matthey (originated in Norway) has showed itself as the most effective means of
modification of homogenous membrane form. The next level of fibrous membranes were
the ion exchange nanofibers developed in professor Chase’s group, and included within
the author’s dissertation thesis. Although the kinetic properties of the membranes are
exceedingly good, they have never found their place in actual industrial utilization because
of their rather high preparation costs and poor mechanical properties [53,54].
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Cross-section illustrating
multi-bundle options

Figure 15. A huge “Barrel installation of RO plant” (lower right pic—showing comparison with a human body) with smart
sensor (left upper pic) able to disable a defective module. Designed by Veolia [45].

EDI efficiently uses bipolar membranes, increasing water splitting, which enhances
the desalination effectivity [55,56]. It is possible to utilize ion exchange resin in filling
in the form of a layered bed, a separated bed or a mixed bed. One could even use only
cation exchange resin or anion exchange resin [53]. The importance of pretreatment with
double-pass RO for long-term operation has already been proven (mentioned above). The
benefits of spiral-wound EDI were summarized by Dey and Tate [57].

This means that the components in each process, including RO, NF, ED and EDI, can be
further optimized, each component can be easily replaced (RO starting on acetate cellulose
membranes followed by polyamide and currently biomimetic membranes), and EDI can
use just cation resin as the packed bed in between the membranes (the sealing, piping, stack
fixing, supporting textiles, electrodes, pumps, valves, cartridge prefilters, heterogeneous to
homogenous membrane (i.e., Ralex or FumaTech heterogeneous to Nafion homogenous
membranes or penta-block copolymers from Kraton), etc.) [58].

If SED is successfully optimized and employed in producing ultrapure water, it can use
just cation exchange membranes, but more likely it will use just anion exchange membranes
due to their higher effectivity in water-splitting [41].

6. Conclusion of Current and Novel Technological Models for Water Treatment in
Power Sector

To make survey information of the industry-proven water treatment methods in power
sector, detaily described in Section 2, all the outputs were summarized in Table 8.

The outputs of Sections 3-5 which presents optional novel technologies, mostly with-
out final technical and economic reasonability for industry utilization, just only according
to their theoretical prediction, are concluded in Table 9.



Membranes 2021, 11, 98 22 of 27

Table 8. Industry proven water treatment processes in power generation sector regarding their technical and economic
feasibility (list of abbreviations bellow, page 25).

Industry-Proven Methods with Reasonable Economics

According to . Outlet water UF RO
pressure Inlet water quality SDIy5 quality (MEF) (NF) EDI ED
municipal water, well water,
after quality clarification <5 di
(coagulation) according to
- CSN and EN
. surface water, low quality 5 .
Low & Mid clarification
(<8 MPa) —
Makeup water municipal water, well water, <5 .
for boilers good clarification better than
surface water, low quality CSN and EN
e >5 + 3
clarification
municipal water, well water,
ood clarification <> *
High (>8 Mpa) 8 .
surface water, low quality 5 according to . +
clarification CSN and EN
Turbine municipal water, well water, <5 +
good clarification >5
municipal water, well water, <5
Recyclation of good clarification control of LSI,
cooling water surface water, low quality S5 RIS!!
clarification
Waste waters liquid waste mixture COD < 100
Recyclation of turbine condensate after send filter
Recyclation of boric acid in According to
primary circuit CSN and EN

Rejection of colloidal substances in secondary circuit
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Table 9. Potential novel methods of the water treatment in power generation sector, regardless their economic and technical characteristics, just only according to their theoretical

presumptions (list of abbreviations bellow, page 25).

Industry-Proven Methods With Reasonable Economics

Potential Novel Methods (Regardless Economy)

According to Inlet water quality SDIy5 Outlet water CDI FO MD SED
pressure quality
municipal v.v?ter,' well water, a‘fter quality <5 according to
clarification (coagulation) SN andgEN
Low & Mid surface water, low quality clarification >5 UF + CDI UF + FO UF + MD UF + SED
(<8 MPa) m“m;g’jé Vc‘iiffri’cﬁgnwater' <5 better than RO + CDI FO + EDI
Makeup water surface water, low quality clarification >5 CSNand EN UF+RO+CDI UF+FO+EDI UF+MD UF + SED
for boilers municipal water, well water, <5 FO + EDI
High (>8 Mpa) good clarification
surface water, low quality clarification >5 according to UF + FO + EDI UF + MD
Turbine municipal water, well water, <5 CSN and EN FO + EDI
good clarification >5 UF+FO+EDI  UF+ MD
municipal water, well water,
Recyclation of good clarification <5 control of LSI,
cooling water surface water, low quality clarification >5 RISt
Waste waters liquid waste mixture COD < 100
Recyclation of turbine condensate after send filter
Recyclation of boric acid in According to
primary circuit SN and EN

Rejection of colloidal substances in secondary circuit
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7. Conclusions

The power industry represents the biggest share of the consumption of water resources
in most European countries. If we want to save water sources, minimize waste-water
discharge and change the consumption of water, the most effective way would be to focus
especially on this industry. This work shows complex summary of the common and novel
environmentally friendly, economic and reasonable water treatment methods in power
sector (not only) for Czechia, preserving environment, saving money and bringing new
technical benefits.

It is well-known that the membrane processes are the state-of-the-art for the most
economical and ecological water treatments (not only) in the power generation sector. The
membrane processes are represented by pressure membrane processes and electromem-
brane processes. Both processes are essential for power generation.

The portfolio of membrane processes is growing each day. Although the major-
ity of novel methods, including membrane distillation, capacitive deionization or for-
ward osmosis, do not meet the technical and economical requirements yet, and need
further investigation, it is still possible to choose from well-established membrane technolo-
gies such as reverse osmosis, nanofiltration, ultrafiltration, microfiltration, electrodialysis
and electrodeionization.

Membranes are more economical, environmentally friendly, and simple to operate,
bringing many technical benefits and taking up less built-up space compared to ion ex-
change technology. Though they have some weak spots, such as fouling, these can be
avoided by the correct design of the particular process (increased crossflow, etc.) or by
the further investigation of antifouling materials. The ion exchange technology is quite
old, and is neither ecological nor economical. Despite that, when designing new power
plants or extending the current operation, the ion exchange technology is still the primary
solution in Czechia and other Eastern European countries. This work suggests that the
major aspect should be the environmental impact. Obviously, each company decides on
which technology to use based on the economy of investment and operation. However,
even this criterion already speaks for membrane technologies.

Western Europe has already begun transforming water treatment technologies in
power generation to membrane processes. This is the time for the rest of Europe to follow,
and to change the current technologies, not even to save money but primarily to protect
nature. There are no more arguments for stagnation by ion exchange technology. On
the contrary, there are many economic, ecological and technological arguments for the
substitution of ion exchange technologies.

The novelty of this article lies in the completion of realistically usable innovative-type
technologies for all circuits in the power plant. Each water cycle in power generation has
its own ideal treatment technology, as shown in Tables 8 and 9. This article showed case
studies and real operation technologies proving all these statements.

Worldwide used ideal combination of membrane water treatment technologies for
boiler make-up water is UF + 2(RO) + EDIL The waste water is efficiently recycled by ED
(including blowdowns and other liquid waste mixtures), the same process (ED) is used
for concentrating boric acid in primary circuits. Additionally, the study of TOC rejection
revealed that the combination of RO + EDI is more appropriate for the prevention of TOC
contaminants in make-up water compared to RO + mixed bed. There are examined novel
technological models, such as the efficient treatment of turbine condensate using sand filter
+ EDI and waste-water treatment by means of a sludge filter press and ED, which has not
been shown anywhere else yet. The last combination reduces waste-water to up to 3-5% of
its original volume.

Novel methods promise valuable benefits such as 100% desalination of water by MD,
efficient concentrating of boric acid by FO or utilizing electrolysis without necessity to
manufacture the membranes (CDI). There is even a vision of utilizing only one type of
single charge membranes (in SED) or latent heat in power plants (by MD). While two
last mentioned processes should theoretically produce ultrapure water, the experimental
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results still have not reached the theoretical presumptions. This is why EDI is currently
unavoidable process for the continual and reliably safe production of ultrapure water in
power generation. The proof of this statement is that (to date) there is no power plant
globally using SED, CDI, FO or MD for the production of ultrapure water.

The novel methods and materials, including CDI, FO, MD and SED, still have a
long way to go in order to be utilizable in the power industry. Although they are not
completely novel, as their foundations were laid more than 50 years ago, they still need
further investigation and optimization for real and safe utilization.
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Abbreviations

p Specific resistance = electric resistivity (MQ cm ! at 25 °C)

K Specific conductance = electric conductivity (uS cem~ ! at 25 °Q)
CDI Capacitive deionization

CIp Clean in Place

COD Chemical oxygen demand

ED Electrodialysis

EDI Electrodeionization

FO Forward osmosis

ICP Ion concentration polarization

IX Ion exchange technology

LSI Langelier saturation index

MD Membrane distillation

MED (MEE) Multi-effect distillation (evaporation)

MF Microfiltration

M&R Measurement and regulation

MSF Multi-stage flash

NF Nanofiltration

RO Reverse osmosis

RIS Ryznar index of stability

RW Raw water (i.e., surface water—river or lake, k up to 1.5 mS cmfl)
SDI;5 Silt density index (time period 15 min, 450 nm cellulose filter, 1 bar)
SED Shock electrodialysis

TOC Total oganic carbon

UF Ultrafiltration

vC Vapor compression
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Ve svété bézné pouzivané membranové
v ceské energetice

procesy

misto zatim nenasly

Nedilnou soucasti kaZdého energetického zavodu je tiprava vody. Potfebna kvalita napajeci vody pro kotle zajisti stabilni provoz celého systému
a ochranu kotli. V piipadé nespravné tipravy vody miiZe tvorba tisad ¢i koroze znacné navysit provozni naklady a ovlivnit bezpeénost systému. Vétsina
vodohospodafii a vedoucich chemikai, ktefi jsou zodpovédni za tipravu vody v elektrarné i teplarné, povaZuje soucasné technologie demineralizace
za vyresené. V tom maji pravdu. Technologie pridavné vody pro kotle byla feSena jiz pied vice nez 50 lety pomoci ionexovych technologii. V té dobé
viak neexistovala rozumna alternativa k témto technologiim. A¢ tedy bylo znamo, Ze ionexové technologie jsou nehospodarné a produkuji velké
mnozstvi odpadnich chemikalii, nebylo na vybér. V €lanku jsou popsany membranové procesy tipravy vody.

Soucasny stav trhu je zcela odlisny neZ dfive.
Existuje mnoZstvi technologii, ze kterych Ize vybi-
rat. Kromé zplisobilosti z technologického hledi-
ska by tedy méla byt zvaZena stranka hospodar-
nosti provozu a ekologického dopadu. Z tohoto
pohledu Ize fici, Ze technologie Gpravy pfidavné
vody pro kotle a pravy chladici vody neni opti-
malné vyreSena témér v zadném energetickém
provozu.

Alternativni technologie

Jednou z oblasti, do které Ize zafadit celou
Skélu alternativnich technologii, které mohou vy-
fesit ekonomickou i ekologickou stranku provozu
CHUV, jsou membranové procesy. Paleta téchto
procesi je tak pestra a univerzalni, Ze Ize tech-
nologie stavebnicové sestavovat podle potieby
a pfipadné kombinovat se stavajicimi ionexovy-
mi technologiemi.

Ceny membran jsou dnes jiZ srovnatelné
s cenami novych naplniionexovych kolon. Pfitom
membranové technologie mohou na provozu
usetfit Fadove stovky tisic aZz miliény korun roéné.
Zaroven Setfi Zivotni prostfedi, nebot k jejich pro-
vozu nejsou potfeba regeneracni chemikalie. Je-
jich provoz je kontinudlIni s minimaini obsluhou
a zaberou oproti ionexdim zanedbatelnou plochu.

Je pravdou, Ze jeSté zhruba pred deseti lety
byly komponenty, pfedev§im membrany, velmi
drahé. BohuZel tento nézor pretrvava dodnes, aé
realita je jiZ zcela jina (jak investini naklady, tak
provozni, se za poslednich nékolik let sniZly),
a kvalita membrén se zvySila. Konkrétné se jedna
o pritoky, odsoleni a stabilitu.

Nahrada ionexovych kolon
Technologie odsolovéani pomoci membrano-
vych procest je jiZ perfektné zvladnuta. Ve svété

byl vyvinut systém kombinace reverzni osmozy
(RO) a elektrodeionizace (EDI), které se ruku v ru-
ce genidlné doplfiuji. RO nahrazuje ionexové de-
mineralizacni linky, zatimco EDI mixbedové linky.
RO predstavuje témér idealni proces pro desali-
naci povrchové vody, nebot s rostouci solnosti vo-
dy se témér nezvysuji jeji provozni naklady (na roz-
dil od ionex0). Dale ji nahrava solnost ¢eskych
fek, diky které je mozné sniZit pracovni tlaky na
minimum.

Technologie EDI je zjednoduSené feceno
technologie s elektricky regenerovanym mixbe-
dem. Je tedy pfimo uréena pro docisténi per-
medtu z RO. Findlnim vystupem kombinace
RO+EDI je ultracistd voda s vodivosti pod
0,2 uS/cm a obsahem kiemiku pod 10 pg/kg.
Ta je vhodna pro napéajeni parnich kotlli i s t€mi
nejpiisn&jsimi limity (pritlané kotle - dle CSN
07 7403).

Obr. 1 - Vlevo - pilotni zafizeni reverzni osmdzy (RO) a elektrodeionizace firmy MemBrain v CHUV Teplarny Liberec, vpravo - detail RO

Ceskd firma MemBrain [4] poskytuje v oboru membranovych procesii kompletni technologie na klié. K realizaci dochéziv soudinnosti s jeji matefskou
vyrobni spolecnosti MEGA, kterd je jedinym ¢eskym vyrobcem elektromembranovych procest (EDI a ED). Obé spolecnosti jsou ryze ¢eské, patii k jed-
ném z méla svétovych vyrobct elektromembranovych procest a maji za sebou vice nez 20 let zkuSenosti s membranovymi technologiemi. Mohou se
pysSnit Geskymi i svétovymi referencemi z oboru tpravy vod, od zpracovani odpadnich vod, pfes radioaktivni aZ po vodu pitnou a pfidavnou vodu pro
kotle. Zaroven poskytuji komplexni sluzby v tomto oboru, od navrhu technologie a preddpravy, pres pilotni testy, az po vyrobu jednotek, instalaci

a senvis. Cilem firmy MemBrain je osvéta v oboru tpravy vody pro energeticky primysl, protoZe neni nic presvédcivéjSiho nez viastni zkusenost, déle
pak firma MemBrain poskytuje moznost zapujceni pilotnich zafizeni na bazi membranovych procesu (ultrafiltrace, reverzni osmaza Ci elektrodeioni-
zace) a provadi ekonomické srovnani s ionexovymi technologiemi pfimo pro dany provoz. Tento proces jiZ probéhl napfiklad v Teplarné Liberec, a. s.,
a Teplarné Actherm, s. r. 0., Chomutov.
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Obr. 2 - Elektrodeionizace 96 m*/hod. (Membrain s.r.0., Mega a.s.)

Soucasny stav membranovych technologii ve
svété a v ceskeé energetice

V soucasnosti se pocet RO stanic ve svété
pohybuje v desitkdch tisic. EDI je na tom podob-
né a pracuje v kapacitach az 1 500 m*/hod (pa-
roplynova elektrarna East River v New Yorku)
pies 15 let [2]. V Cesku je (iprava vody v ener-
getice dana historickjm modelem CKD Dukla
[3] - hrubd mechanicka filtrace, Cifeni, jemnéa
filtrace, demineralizace ionexy. V provozech,
kde je vyrdbéna technologicka péra, tj. v pivo-
varech, pekarnach ¢i plastikarskych zavodech,
Ize ji7 v CR na membrénové technologie narazit
relativné ¢asto. RO nalezneme napfiklad v PI-
zefiském pivovaru (kapacita 160 m®/hodinu,

instalovano firmou Mega). Ve vSech pfipadech
se potvrdily Gspory na provoznich ndkladech
a odpadly starosti s celym regeneracnim hos-
podéafstvim ionexd.

V oblasti teplaren jsou membranové tech-
nologie méné Casté. Jednou z prvnich aplikaci
RO byla vytopna Lovochemie v Lovosicich. Dale
je to Teplarna Actherm Chomutov, kde je jiz od
roku 2005 v provozu RO o vjkonu 20 m3/hod Gi
teplara Zdas. Nyni je to nové Teplama Michle,
kde miZeme vidét optimalni kombinaci RO na-
sledované EDI.

Co se tyce elektraren, pak na rozdil od zahra-
ni¢i neni instalovand membranové technologie
pro Gpravu pfidavné vody pro kotle v Zadné z nich
(pokud pomineme zpracovani priisakovych vod

v elektraré Prunérov). Nicméné je jiz mozné sle-
dovat prvni trendy kinstalaci RO, paradoxné v pro-
vozech s nejprisnéjSimi limity - napfiklad pfi uzi-
vani nadkritické pary.

Zavér

V soucasnosti jiz zadné technické ani ekono-
mické aspekty nebraniimplementaci membrano-
vych technologii do Geské energetiky. Naopak tyto
technologie vykazuji znacné Gspory na provoznich
nakladech a vnasi do klasickych technologii Gipra-
vy vody dalsi technické pfinosy. To je vidét na jed-
notlivych pfipadech v tuzemsku i zahranici. V ne-
posledni fadé tkvi jejich pfinos v ochrané Zivotniho
prostredi. V kazdém jednotlivém pfipadé je potre-
ba provést ekonomickou a technologickou rozva-
hu a vhodné navrhnout konkrétni technologii
(véetné kombinace s klasickymi procesy.
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Water treatment membrane processes used throughout the world, but not in the Czech Republic

Water treatment is an integral part of each power plant. The necessary quality of the supply water for boilers ensures stable operation of the whole
system and the protection of boilers. In the case of incorrect water treatment, the creation of sediments or corrosion can significantly increase the
operating costs and affect system safety. Hot water management bodies and leading chemists responsible for water treatment in an electric power
plant or heating plant consider the existing technologies for demineralising to be resolved. In this direction they are right; the technology of the
additional water for boilers was resolved more than 50 years ago using ion-exchange technologies. At that time there was no rational alternative to
these technologies. Although it was known that ion-exchange technologies are uneconomical and produce large volumes of waste chemicals, there
was no another option. he article describes the water treatment membrane processes.

Lllupoko ucnonb3yembie 8 Mupe MemGpatrHble npoyeccol A1 04UCMKU 800bI 8 YellICKoli SHepzemuKe NOKA He HAWJU nNpUMeHeHUs

Heomwsemnemoli yacmeto Kaxool 37ekmpocmaHyuu A6a7emca 04UCMKAa U N0020mMosKka 800bl. Heobxodumoe kayecmso nodnumeigarowjeli 8006 kKomsaa
obecneyusaem cmabusneHyto pabomy cucmemsl u 3awumy KomJsaos. B aiyuae HenpagusibHoU N0020mMo8KuU 600bl, B03HUKWIAA HAKUNG UJU KOPPO3USA MO2ym
3HAyuUMesbHO N0BbLICUMb KCNYAMAYUOHHbIE PacXo0bl U NOBAUAMb HA 6e30nacHOCMb cucmembl. bosbwas yacme pykogooumesneli 800H020 Xo3Aticmea u
8e0yLyux XUMUK08, Komopble omeeyam 3a nod20mosKy 800bl HA 31EKMOCMAHYUAX UAU MensocmaHyusx, cyumarnm cospemeHHble MexHo02uu
OeMuHepanu3ayuu 0esom pewieHHsIM. B 3mom oHu npassi. TexHono2us noonumelearoweli 800bl 071 KomJi08 Oblia pewieHa ewé 50 iem Hazao ¢ ucnosbL308aHUem
UOHH020 06MeHa. B mo epems, 00HaKo, He Cyuecme06aso pazyMHoU anbmepHamugsl. XomsA u38ecmHo, Ymo UoHO0OMeHHbIe MeXHOI02UuU Hed(PeKmueHsl U
06pasyrom 60/1bwoe Koau4ecmeo Xumuyeckux omxo0os, 8b160pa He 6bis10. B cmambe onucbi8aomcs MemMOpaHHbie npoyeccsl 04UCmKu 800bI.
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ABSTRACT

To achieve the limits given by power engineering standards (e.g. VGB-R-450 Le, EPRI) of
make-up water for high pressure boilers and steam generators, the power industry has been
utilizing mixed bed units in the majority of cases (fed by the water treated with the demin-
eralization units). But, nowadays, the mixed bed units are more often substituted by electro-
deionization (EDI) units. The basic advantage of EDI units is the reduction of operating
expenses (OPEX). The OPEX decreases because of the regeneration by electric current
instead of using regenerating chemicals. Unlike classical mixed bed units, these EDI units
require better quality of feed water (quality of the reverse osmotic permeate and better).
Operational experience has shown irreversible clogging of EDI chamber during continuous
operation, in several days, in case of using feed water without reverse osmosis treatment.
The aim of this work was to simulate clogging (also fouling of membranes and clumping of
mixed bed) of EDI chambers on the laboratory scale to prove the presumption that the ori-
gin of clogging is represented by colloidal substances (which can not be removed from sur-
face water without the use of reverse osmosis or nanofiltration unit). However, the work
shows that the model solution of colloidal silica nanoparticles could pass through the EDI
chamber without any clogging, regardless the diameter of the particles. Thus, these results
refuted the hypothesis about the key influence of colloidal particles on so-called clogging of
EDI chambers. To get a deeper understanding of the general clogging process in EDI
chambers, a series of experiments using very low quality feed water was carried out. The
qualitative analysis of clogged components proved that the clogging is principally caused
by dissociated ions (e.g. iron, calcium, magnesium, etc.). The experiment also revealed that
the sorption of silica in EDI unit is given by the steady state of the dissociated and colloidal
form.
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1. Introduction

Efficiency and lifetime of electrodeionization (EDI)
module is related to the quality of incoming water [1].
The generally known fact is based on the hypothesis
[2] that high concentration of colloidal substances is
related to the clogging of EDI chamber (resulting in
decreasing desalination efficiency of EDI followed by
decommissioning of the unit). The aim of this work
was to dispute the hypothesis according to industrial
experience.

The experimental results are confronted with the
data from industrial operation. The laboratory experi-
ments were carried out using model colloidal aqueous
solutions [3] represented by the silica particles of dif-
ferent diameter and different concentrations. The
water used for preparation of model solution was
demineralized water made by different EDI devices.
Before and after exposure to this solution, the demin-
eralizing efficiency of EDI was measured.

To compare the resistance of different filling, the
EDI chambers were filled with different ion exchang-
ers [4]. The gel and macroporous ion exchangers were
compared. The macroporous ion exchangers were cho-
sen as they are supposed to be more resistant to col-
loidal solutions when utilized in the standard
columns.

2. Experimental Part
2.1. The type of EDI module

For the measurement, the laboratory EDI module
with resin-filled compartments MemBrain EDI Z2-AF
plate type with five membrane pairs was chosen. The
active surface of each membrane was 114.8 cm? (28.7 x
4 cm) and the thickness of each chamber (for the resin
filling) was 0.27 cm. For the first series of measure-
ments chosen [5], the mixture of gel resins: strongly
basic anion exchanger Amberjet 4400 Cl and strongly
acidic cation exchanger Amberjet 1200 Na. In a second
series of tests, a mixture of macroporous resins:
strongly basic anion exchanger Amberlite IRA-900 Cl
and strongly acidic cation exchanger Purolite C-160 Na
were used [6]. These are commonly used ion exchange
resins in water treatment for power plants.

2.2. Characteristics of test

Firstly, the reference test was done for the determi-
nation of the degree of desalination by EDI. The refer-
ence test was done again before each exposure. The
reverse osmosis permeate was used for this reference
test because it is the only suitable feed for EDI in

industrial scale [7]. This experiment also revealed the
demineralizing efficiency for each type of resin in the
EDI module.

The efficiency was approximated by the grade LD
(“level of demineralization”). LD was calculated
according to Eq. (1), where x, and x; represents con-
ductivity of feed solution and product, respectively.
Measurement was carried out at a constant voltage of
3 V/(membrane pair) for gel resins and 5 V/(mem-
brane pair) for macroporous resins. The flow rate of
the diluate and concentrate cells was maintained at 30
and 20 L/h, respectively.

Ko — K1

LD = -100 (1

Ko

2.3. Solution of colloidal silica

The SDI;5 (silt density index measured in 15 min
interval) in the feed of EDI should be below 1. How-
ever, this parameter cannot guarantee the concentra-
tion of colloidal particles lower than 450 nm (i.e. size
of pores in cellulose filter for determination of SDI;s).
The presence of colloidal particles below this size is
still supposed to be sufficient for irreversible clogging
of EDI in tens of operation hours.

The concentration and composition of colloidal
solution in industrial operation is mostly random [8].
Therefore, the preparation of reproducible colloidal
solution of exact concentration and defined size of
particles was not simple and the variety of solutions
was prepared [9]. Finally, the experiments were based
on the preparation of colloidal solution from commer-
cial products Ludox® and Aerodisp® W7330 N con-
taining colloidal silica particles of size 22 and 120 nm,
respectively.

To determine the level of clogging, the experiments
were performed with colloidal solution of an input
concentration of 10 and 100 mg/L of SiO, in deminer-
alized water. The time of exposure to colloidal solu-
tion was 20h because the complete irreversible
clogging of EDI chamber in industrial scale is
observed to be less than 160 h [10].

Compared to previous experiments, the process
efficiency could not be estimated by grade LD because
the demineralized water and nonionic forms of silica
had very low conductivity (under 0.3 ps/cm). Thus,
the performance of exposed EDI was evaluated by the
following demineralization test. The results were com-
pared to the reference tests.

Simultaneously, the influence of the ion exchange
resin for the removal of colloidal silica was verified by
analytical methods i.e. optical emission spectroscopy
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ICP-OES wusing reaction of dissolved silica with
molybdate [11].

3. Results
3.1. Reference tests with RO permeate

The conductivity of RO permeate ranged between
7 and 9 ps/cm, the average concentration of dissolved
SiO, in the permeate was 0.343 mg/L SiO, and the
concentration of SiO, colloidal form in the permeate
was under the limit of determination. The grade LD
calculated due to Eq. (1) was 97.9% for the gel resin
and 95.7% for the macroporous ion exchange resins.
Comparing the data shows that the stable values of
conductivity has been achieved for both types of ion
exchange resin during the same operation time. On
the other hand, the values of current densities for the
macroporous ion exchange resin were 1.5 times lower
in average.

3.2. Tests with solution of colloidal 5iO;

As described above, reference test was done before
each exposure to the colloidal solution for 20 h, then
the demineralization test was carried out and the
results were compared with the reference tests.

The results in Figs. 1-4 represent the demineraliza-
tion tests after exposure of EDI module to 10 and
100 mg/L of colloidal silica (in the reverse osmosis
permeate) for both types of ion exchange resin. Con-
ductivity of the diluate in the exposed module is com-
pared with the results of reference test.

For gel type ion exchange beads, we can notice
identical conductivity values before and after process-
ing of a colloidal solution, as seen in Figs. 1 and 2.
The results show that no clogging or ion exchange
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Fig. 1. Conductivity of the diluate: Electrodeionization
membrane module filled with gel type ion exchange resin
exposed to colloidal silica particles of d =22 nm and con-
centration of ¢y=10 mg/L for 20 h.
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Fig. 2. Conductivity of the diluate: Electrodeionization
membrane module filled with gel type resin exposed to
colloidal silica particles of d =22 nm and concentration of
co=100 mg/L for 20 h.

membrane scaling occured and the module is fully
operational. This conclusion is confirmed by the
unchanged concentration of the colloids in the diluate
and concentrate streams indicating that the colloid
passed through the module without any interactions:
the concentration of dissociated silica was determined
by the ICP-OES as 0.026 mg/L (out of 10 mg/L input
colloidal silica).

The membrane module filled with macroporous
ion exchangers [12], which was exposed to the solu-
tion of 10 ppm colloidal silica, also during the demin-
eralization tests did not exhibit any clogging.
Moreover, as seen in Fig. 3, the demineralization test
results are even better when compared to reference
test. The explanation of this phenomenon is in the
equilibration of the EDI module during operation.

Most significant difference was achieved for
demineralization test with electrodeionization mem-
brane module filled by macroporous ion exchange
beads which was exposed to 100 mg/L colloidal solu-
tion (Fig. 4). Even though the conductivity values
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Fig. 3. Conductivity of the diluate: Electrodeionization
membrane module filled with macroporous type resin
exposed to the colloidal silica particles of d=22nm and
concentration cy=10 mg/L for 20 h.
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Fig. 4. Conductivity of the diluate: Electrodeionization
membrane module filled with macroporous type resin
exposed to the colloidal silica particles of d=22nm and
concentration cy=100 mg/L for 20 h.

approach the values of the reference test slightly in
comparison with other tests, there is a noticeable
decrease in the efficiency of demineralization which
may indicate an interaction of the ion exchange resin
with colloidal particles or their concentration at the
membrane surface. However, this interaction was not
irreversible as clearly seen in Fig. 4.

The industrial experience of the electrodeionization
operation without the reverse osmosis pretreatment
showed that the clogging of EDI appears during pro-
cessing of distillate from evaporator which contained
colloidal particles of calcium carbonate down to 30 nm
diameter. Therefore, it was assumed that the colloidal
particles bigger than 30 nm can clog the EDI chamber.

Despite this assumption, the performance of the
EDI membrane module was not affected irreversibly
even by the processing of colloidal solution with a
particle size of 120 nm as seen in Figs. 5 and 6. The
concentration of silica in the output stream is
approaching the value of concentration in the feed
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Fig. 5. Conductivity of the diluate: Electrodeionization
membrane module filled with gel type resin exposed to
the colloidal silica particles of d = 120 nm and concentra-
tion ¢y = 100 mg/L for 20 h.
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Fig. 6. Conductivity of the diluate: Electrodeionization
membrane module filled with macroporous type resin
exposed to the colloidal silica particles of d=120 nm and
concentration cy=10 mg/L for 20 h.

solution. This indicates that the colloidal particles
more than five times larger (compared with the first
tests) passes through the filling of EDI membrane
module without the capture. Even in this case, there
was no significant difference between the used type of
ion exchange resins, gel and macroporous. The expla-
nation can be found in too short processing time. But,
on the other hand, the time is substituted by much
higher concentration of colloidal solution and the con-
centration of silica in feed solution will never be as
high in the real industrial operation.

All these results clearly show the lack of the inter-
action between colloidal particles and compartments
of the EDI chamber. The deviation in results for differ-
ent filling of EDI chambers and different colloidal
solutions are negligible.

The chemical analysis of clogged compartments of
EDI from industrial application exhibited increased
content of metals, especially iron ions [13-15]. How-
ever, the capacity of the resins in this analysis showed
unchanged sorption capacity of the ion exchange resin
filling.

The explanation of clogging phenomena due to
laboratory and industrial results tends to be the syner-
gic effect of few phenomena resulting in start of clog-
ging by clumping effect of ion exchange resins in the
EDI chambers as described previously in the work of
Matejka [16].

4. Conclusion

Results of demineralization tests designed to reflect
a degree of electrodeionization membrane module
clogging did not confirm decreased performance nei-
ther for gel nor for macroporous ion exchange resin
type. The colloidal particles (both diameters 22 and
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120 nm) passed through the electrodeionization mem-
brane module without the interaction.

The problem of irreversibly clogged and clumped
EDI during less than 7 d in industrial application was
clarified and approved by the chemical qualitative and
quantitative analysis. The clogged chambers exhibited
higher concentration of metal ions (represented especially
by the iron) and colloidal particles with diameter greater
than 120 nm (especially, aluminosilicate compounds).

The industrial experience described in this work
showed that the clogging of EDI might be dedicated
to synergic effect of dissociated multivalent metals
and colloidal particles starting by clumping effect in
mixed bed.

This work also revealed that there is not significant
difference in treatment of water containing colloidal
particles using gel or macroporous ion exchange resin
filling of electrodeionization chambers.
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ABSTRACT

The heterogeneous ion-exchange membranes consist of polymer matrix and ion-exchange
resin powder. The goal of this work was to compare two types of the heterogeneous bipolar
membranes made of powdered ion-exchange resin with different water content. The water
content influences the resistance of layers and the kinetics of water dissociation. The proper-
ties of heterogeneous bipolar ion-exchange membranes were compared due to the current-
voltage curve. The evaluated parameters are the limiting current density, the efficiency of
the water dissociation, and the resistance below the potential for water splitting. Finally, the
bipolar membranes were tested in the electrodialysis stack. The membranes with higher
water content had about 25% higher performance at the stack.

Keywords: Heterogeneous bipolar membrane; Ion-exchange resin; Current-voltage curve;

Electrodialysis

1. Introduction

The bipolar membrane is ion-exchange membrane
consisting of two layers with opposite charges—cat-
ion-selective and anion-selective membranes. The the-
ory of bipolar membranes uses the term water
splitting which means intensive dissociation of water
between cationic-selective layer and anionic-selective
layer. Then the protons are transported by the
membrane with the acid groups to cathode and the
hydroxide ions are transported by the layer with

*Corresponding author.

the basic groups to anode. The ion-selective mem-
branes may be heterogeneous or homogenous [1].

The heterogeneous membranes consist of inert
binder (i.e. polyethylene) embedding ion-exchange
particles. The amount of water contained in the ion-
exchange resin significantly affects ion transport across
heterogeneous membrane. Regarding bipolar mem-
branes (BM), water is split (i.e. effectively dissociated)
in the transition region between cationic-selective layer
and anionic-selective layer. The transport of the water
to the boundary layer affects the dissociation of the
water (Fig. 1). The aim of this work is to verify the
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Fig. 1. Processes occurring in the bipolar membrane water
splitting operation [3].

influence of water content in the bipolar membranes
on their properties. Properties of the bipolar mem-
branes were determined from measurements of cur-
rent-voltage curves [2]. Samples of bipolar
membranes were also tested at the electrodialysis
stack EDBM-Z.

2. Experimental
2.1. Preparation of bipolar membranes

The samples of BM were prepared from two
batches of cation-exchange resin and two batches of
anion-exchange resin. The sample BM1 contains the
resins with higher water content and the sample BM2
contains the resins having lower water content. Prop-
erties of the ion-exchange resin and the composition
of the samples are presented in the Table 1.

The selected ion-exchange resins were dried and
powdered in the vibratory mill. The three parts of ion-
exchange resin were homogenized with two parts of
polyethylene matrix. The samples of bipolar mem-
branes were produced on a co-extrusion line. Both
samples of bipolar membranes were treated under the
same conditions.

Table 1
Samples composition

Sample Resin Water content (%) IEC (eq/D

BM1 Anion exchange 63 0.8
Cation exchange 58 1.6
BM2 Anion exchange 52 1.3
Cation exchange 50 19

2.2. Current—voltage curves

BMs swelled in the demineralized water and then
were converted to the correct ionic form in 0.25M
K>S0, solution. Current-voltage curves were deter-
mined by the four-electrode technique using the coni-
cal-shaped cells to make the current approximately
homogeneous (Fig. 2). The bipolar membranes were
measured at 25°C in 0.25M K,SO, solution. The effec-
tive cross-sectional area of membrane was 0.74 cm?.
The curve was measured until the current was
increasing in time due to the dry-out effect [4].

2.3. Process tests at the electrodialysis stack

Both types of the bipolar membranes were tested in
the laboratory unit EDBM-Z/3-0.8 (Fig. 3). The aim of
this test is to simulate the conditions of the real process
and monitor the behavior of membranes in response to
these conditions. The test parameters are in the Table 2.

The voltage, current, temperatures, conductivities,
and pH of all solutions were recorded during the
demineralization. From these measured data were
determined the efficiency of the process, the mass flow
of salt, and the energy consumption for the transport
of salts. All calculated values were related to 90% of
demineralization.

Current efficiency # (%) based on the amount of dis-
sociated Na,SO, was determined according to Eq. (1).

_v-z-F-An
_7N-Q

-100% @

U

[ s |

Fig. 2. Scheme of measuring cell [5].
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Fig. 3. Schema of a stack.

Table 2
Parameters of EDBM tests

ACID ELECTODE

Composition

-CM_AM_BM_CM_AM BM_CM_AM BM_CM +

Salt loop (S)

Acid (A), Base (B) loops
Electrode loop (E)

Flow rate S, A, B

Flow rate E

Voltage

Effective area of BM

Total installed area of membranes
End of the test

Spacer thickness

NaySO,; volume 0.6 I; concentration 10 g/1
0.31 demineralized water

Na,SOy; volume 0.31; concentration 10 g/1
201/h

501/h

3V/BM (9 V/stack)

192 cm?®

1,153.6 cm?

90% demineralization of S

0.8 mm

v — stoichiometric coefficient; z — valence of the ions;
F - Faraday constant; An — amount of the decomposed
NaySO4; N — number of BM; and Q - electric charge.

The mass flow of salt ] (g/m? - h) was determined
according to Eq. (2).

_ Am . Am
TA-At N-w-1- At

] 2)

Am — weight of the decomposed Na,SO,; A — effective
membrane area; N — number of BMs; w — the effective
width of the membrane; | — the effective length of the
membrane; and t — test period.

Specific energy consumption E (Wh/kg) per 1kg
decomposed Na,SO, was determined according to Eq.

3).

U — voltage; Q — electric charge; and Am — weight of
the decomposed Na,SO,.

3. Results

The current—voltage curves of both BMs samples
can be seen in the graph (Fig. 4). The experimental
data were smoothed by the functions. The limiting
current densities were calculated from the explicit
expression of these functions. The limiting current
density of sample BM1 (resin with high water content)
is I=198.9mA/cm? and the limiting current density of
the sample BM2 (resin having a lower water content)
is 1=188.1 mA/cm” The slopes of both curves are
identical at the voltage lower than 4V. Over this
value, the difference between two samples becomes
higher. The origin point of water dissociation in the
graph does not reveal.
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Fig. 4. Current-voltage curves.

The samples of bipolar membranes (BM1 and BM2)
were tested at the electrodialysis stack EDBM-Z/3-0.8.
The decomposition of sodium sulfate to sulfuric acid
and sodium hydroxide is shown in the graph (Fig. 5).
There is a noticeable difference between the samples of
BM.

The parameters calculated by the above Egs. (1)-(3)
are shown in Table 3. These values are average from
results of four tests.

—6—BM1 S --3- BMLA
—aA—BM1_ B —e—BM2_S
6 6 - - BV2 A —A—BM2 B

Fig. 5. Process of decomposition of sodium sulfate (S — salt,
A —acid, and B - base).

Table 3

Average results of tests

Sample n (%) E Wh/kg) J (g/hm?)
BM1 81.4 1391.1 372.0
BM2 63.6 1786.1 270.3

4. Conclusion

The current-voltage curves shows that the differ-
ence between the bipolar membranes is significant at
higher voltages only. The amount of water in the
membrane influences the kinetics of water dissociation
only at a higher voltage. It has a major influence on
the limiting current density.

Comparing the performance of both samples in the
laboratory stack EDBM-Z shows that the membranes
containing ion-exchange resin with higher water con-
tent have 25% higher performance.

The voltage is less than 3 V per one BM in the stack.
That corresponds to the region of current-voltage
curves where the membranes should have the same
performance. It is obvious that the process of dissocia-
tion of salts depends on further parameters.
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Abstract: Incumbent electromembrane separation processes, including electrodialysis (ED) and
electrodeionization (EDI), provide competitive techniques for desalination, selective separation, and
unique solutions for ultra-pure water production. However, most of these common electrochemical
systems are limited by concentration polarization and the necessity for multistep raw water
pre-treatment. Shock electrodialysis (SED) utilizes overlimiting current to produce fresh, deionized
water in a single step process by extending ion depleted zones that propagate through a porous
medium as a sharp concentration gradient or a shock wave. So far, SED has been demonstrated on
small scale laboratory units using cation-exchange membranes. In this work, we present a scalable
and multi-stack ready unit with a large, 5000 mm? membrane active area designed and constructed at
the Technical University of Liberec in cooperation with MemBrain s.r.o. and Mega a.s. companies
(Czechia). We report more than 99% salt rejection using anion-exchange membranes, depending
on a dimensionless parameter that scales the constant applied current by the limiting current. It is
shown that these parameters are most probably associated with pore size and porous media chemistry.
Further design changes need to be done to the separator, the porous medium, and other functional
elements to improve the functionality and energy efficiency.

Keywords: desalination; shock electrodialysis; scale-up; porous medium; electrokinetics

1. Introduction

As the human population keeps growing, the demand for freshwater is predestined to grow as
well. With the world population estimated at 10 billion in 2050, the current water scarcity, already
present in certain regions, is a problem that needs to be addressed as soon as possible. However, it is
not only more people that drive the need for water. The water use has grown at more than twice the
rate of the population growth in the last century [1]. Evolving technologies, agriculture, and people’s
overall wellbeing go hand in hand with the increased use of the most basic, yet possibly the most
precious resource, water. There is also another side of the problem that arises from the management of
the used water, which is very often unsuitable for further usage in industry or for normal individual
consumption. Of course, there is a finite and constant amount of water on the planet. Therefore, it is
our essential yet extremely challenging task to manage water resources sustainably and to treat both
the natural resources and wastewaters as efficiently as possible.

Membranes 2020, 10, 347; d0i:10.3390/membranes10110347 www.mdpi.com/journal/membranes
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In the past decades, there has been great progress made in this cause. Obviously, the development of
water treatment technologies has focused on the desalination of sea and brackish waters, which provide
the largest, although in the raw state generally not useful, source of water. Membrane technologies
quickly became the dominant processes offering high production capacities and feasible operational
requirements thanks to intensive research and development in the past years. With a 69% share of the
desalinated water produced worldwide in 2019 and the total capacity of 65.5 million m®/day, reverse
osmosis (RO) is currently the most advantageous technology to operate in large scale desalination
plants [2] without any doubt. However, being a pressure-driven process, RO still encounters its
limits connected with fouling and scaling, which adds significant maintenance costs. The necessity to
overcome the osmotic pressure, which in the case of seawater (with the salinity of approx. 35 g/L TDS),
is about 2.3 MPa, significantly drives up the energy requirements and/or lowers the water recovery
of the systems [3]. On top of that, RO removes practically every non-water substance from the feed
stream, which makes it unsuitable for selective decontamination [4].

Electrodialysis (ED), which has been commercially exploited for 70 years now, is another water
treatment method, using selective transport of ionic species in an electric field across ion-exchange
membranes [5]. This process offers high energy efficiency for desalination in the range of concentrations
between ca. 500 and 5000 ppm and is, therefore, more suitable for low-salinity brackish waters [6,7].
Thanks to being able to selectively separate charged species from non-ionic ones, ED finds use in
the treatment of industrial wastewaters, including removal and recycling of heavy metals (nickel)
from rinse waters, inorganic acid regeneration in the chemical industry, reacidification of fruit juices,
desalination of whey in the food industry, and more [8,9] On the other hand, the effectivity of ED falls
significantly as the feed stream becomes more diluted (<100 ppm). The high ohmic resistivity drives
the energy consumption up. Therefore, ED cannot be used for complete water purification purposes.
In electrodeionization (EDI), a related method, this is solved by filling the dilute chambers with
ion-exchange beads. Ion-exchangers are characterized by relatively high conductivity and provide a
large active ion-exchange area. As a result, it is possible to obtain a concentration of ionic and ionizable
species far below ppb levels. Therefore, EDI is a method that is used in the electronic, pharmaceutical,
and chemical industries, where ultra-pure water with conductivity lower than 0.1 ps/cm is needed.

Although further development of these currently quite well-understood processes continues,
there is only so much that can be done to optimize the components and materials used for certain
applications before reaching the physical limitations each of the current technologies entails. The other
way to look at the research for new and more effective methods is to revise the fundamentals of the
current technologies using state-of-the-art tools that modern science provides. Shock electrodialysis
(SED) is one of the rising technologies to be developed using this approach by overcoming the limits of
classical ED and practically using them to one’s advantage. SED utilizes ion concentration polarization
(ICP) to produce fresh, ion-free water by deionization shocks in porous microstructures, which extend
the boundary layers adjacent to the ion-exchange element in the overlimiting current (OLC) region.

Development and Theory of Shock Electrodialysis

Deionization shocks were first described and experimentally confirmed on nano-microfluidic
lab-on-a-chip devices by [10,11]. At the interface of a negatively charged microchannel and a
nano-channel filled with electrolyte, a propagation of ICP from the ion-exchange element (nano-channel)
in both directions was observed. Forming a sharp concentration gradient, this manifested itself as a
deionization shock. To utilize this mechanism at a larger scale, Mani and Bazant [12] extended the
models to complex microstructures with many interconnected micro- and nano-channels, where the
overlimiting current to propagate the deionization shocks was predominantly driven by the surface
conduction (SC) in smaller (around 1 pm) and electroosmotic flow (EOF) in larger (around 100 pum)
channels, as) described in [13]. A device for water purification based on these principles was proposed
in patents by Bazant’s group at the Massachusetts Institute of Technology (MIT) [14,15]. The term Shock
electrodialysis was first used in the work of Deng et al., where a laboratory-scale water purification



Membranes 2020, 10, 347 3o0f15

device was used to demonstrate the capabilities of shock deionization using a negatively charged
silica glass frit as a porous microstructure that was sitting on a cation-exchange membrane, as shown
in Figure 1 [16,17]. Further works were published between 2015 and 2020 by prof. Bazant’s group
demonstrating the functionalities of improved and scale friendly designs of a new shock electrodialysis
unit that once again utilized a porous frit with negative surface charge sandwiched between a pair
of cation-exchange membranes to induce the concentration polarization. The device was capable of
reducing the ion concentration by four orders of magnitude [4,18-20].

anode (Cu)
- reservoir IR NN
= s fig \
= - SO%> Cu ,é outlet
g - membrane { /
=5 glass frit 5oy electrode ﬁ-[—‘ §
membrane
cathode (Cu)
a C
A
Cathode-side Outlet Anode-side Outlet
- : /LA‘Anode - Catholyte Outlet Anolyte Outlet (Desalinated) (Enriched)
2H20: 402

: Cathode -

d @ Catholyte Inlet  Frit Anolyte Inlet Splitter  Device/Frit Inlet Pt wire

Figure 1. Shock electrodialysis device development. (a) shows the scheme of the “button” unit
displayed on (b,c) [17]. (d) shows the operating principle of the “second generation” unit that is
displayed in (e) and has overall dimensions “2 X 2 x 1.5” [20]. Deionization shocks spread through
the channels of the porous medium as a sharp concentration gradient. From these extended zones,
freshwater and brine are separately collected. The outlet points are separated by a splitter, a thin
partition that prevents the outlet streams from mixing once discharged from the device [20]. Adapted
from [17] for (a—c) and [20] for (d,e). Copyright 2013 and 2015. American Chemical Society.

In a sense, the SED unit design is rather similar to that of a classical electrodialysis module.
However, as the principle is based on the extension of ion depleted (and enriched) zones in the porous
medium, the concentrate and diluate are collected from the same single “desalination chamber”.
To promote the desired effects associated with OLC, the thickness of the porous material (and therefore
the chamber) is limited. That limits the amount of water produced and brings difficulties with product
collection at such a tiny scale. The early experiments of our group at the Technical University of
Liberec (TUL) focused on the first scale-up of the unit (what we call “Generation III unit”) inspired
by the Bazant Research Group’s work (referenced to as “Generation II unit”) (Figure 2). The unit
was made twice as large in all dimensions with an active membrane surface eight times larger (a
surface in contact with the porous medium) compared to the unit (“Gen. II unit”) presented in [20].
That allowed for approximately ten times higher flow rates through the porous medium (Figure 2).
We also experimented with various types of porous materials. Interestingly, very simple and not
well-defined materials, such as simple fired brick, delivered performance similar to the glass frit [21].
However, the desalination performance of the unit was not on par with the results published by
Bazant’s group, and we still experienced difficulties with product collection [22,23]. Table 1 compares
the results achieved on our “Gen. II” and “Gen. III” units to the results published by [20] using
“dimensionless current” Equation (1) proposed in his work (and the work of [17], that collapses the
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desalination data on a single desalination curve, where desalination is a function of dimensionless

current I described as [

zcFQ

where [ is the applied current, z is the cation charge, c is the cation concentration, F is Faraday’s
constant, and Q is the volumetric flow rate of the feed. When using a solution with only single
species of cation present and assuming the anion transport across the cation-exchange membrane is
zero, the denominator in Equation (1) presents diffusion-limited current defined as the rate of forced

1= 1)

convection of positive charge carriers [18]:

Lim = Z iziciFQ )

where the i index corresponds to a specific cation present in the solution. When combining positively
charged porous material with anion-exchange membranes, the current is limited by anions, whereas it
is assumed that there is no transport of cations across the anion-exchange membranes.

2 100 mm
Genll Genlll

a b D c d

Figure 2. Comparison of “Gen. II” and “Gen. III” units built at TUL. (a) Gen II was built based
on [21] (b) Gen III unit made of transparent polycarbonate, (c) top-down view of Gen. III unit made of
polyvinyl chloride, without the separator. (d) comparison of the latest (3D printed) Gen. III unit with
the Gen. II unit.

Table 1. Comparison of desalination performance between our units built at the Technical University
of Liberec (TUL) and the results reported by [20] (marked as Reference units) at the same dimensionless
current, a parameter defined by Equation (1). The number presented in the reference unit column
expresses the desalination performance of Schlumpberger’s reference unit at the same dimensionless
current as was used to characterize the Gen. II and III units, respectively. The “Gen. II unit” used silica
glass frit and a design very similar to the reference unit, and the “Gen. III unit” was a scaled-up unit
described above, fitted with silica ceramics with the porosity and pore size comparable to the glass frit.

Desalination (%)

Dimensionless Current (1.1.) Gen. II Unit Gen III Unit Reference Unit
i~04 36 - ~40
I~06 - 40 ~60

In this work, we present a new, larger SED unit with optimized components and a multi-stack
friendly design inspired by the previous work and experience. Furthermore, for the first time in
SED development, we have utilized anion-exchange membranes to separate anions. We report
data obtained from basic experiments showing single salt electrolyte desalination performance in a
galvanostatic regime. We once again compare the data to the previous generation units, assess the
energy consumption of the device, and discuss the possible improvements in design for future work.
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2. Materials and Methods

The device as shown in Figure 3 was designed and fabricated in cooperation with MemBrain s.r.0.
(Straz pod Ralskem, Czech Republic) and Mega a.s. (StraZz pod Ralskem, Czech Republic) companies.

a Porous medium in the frame
Inlet channel

Teflon

Electrodes

Outlet channels  gjoctrode streams inlet
Membranes & outlet channels

Electrode housings

b  Aluminium plates c d

——

5 cm - e

Figure 3. (a) Disassembled model of “Generation IV” unit showing all its components, (b) inlet side of
the unit, (c) outlet side of the unit, (d) disassembled unit and measuring tape in centimeters.

The unit casing was composed of five separate parts-two structurally rigid aluminum plates
(150 x 100 x 10 mm) on the outside, two housings for the electrodes (150 X 100 X 25 mm), and a porous
medium frame in the middle (outer dimensions 150 x 100 X 10 mm). Both the electrode housings and
the porous medium frame were 3D printed using photopolymer. The whole unit was screwed together
by eleven 6 mm diameter bolts.

The porous medium frame and the splitter were significantly redesigned compared to the previous
unit. Instead of a U-shaped frame, where the porous medium was glued on two sides, leaving space
for the reservoir at one side and the other one open to connect the splitter as a separate part, the current
solution used a 100 x 50 x 10 mm large frame that was closed all around (Figure 4a,b). The solution was
fed into the material through an inlet channel with a small extra space left at its opening to distribute
the solution across the top area of the medium, where it enters. The splitter was a 3 mm thick, rigid
partition integrated into the bottom of the frame midway along the edge, leaving equal space at each
side for the outlets. Streams from both sides of the splitter are then collected each by means of a single
channel to the outlet points.
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Figure 4. Comparison of (a) frame with a porous medium installed for “Gen. III” unit and “Gen. IV”
unit. In (a), the separator is not included but sits on top of the exposed side of the porous medium
instead. In (b), the separator is integrated down at the bottom of the frame. The thickness of the parts
is 10 mm both in (a,b). (c) shows frequency curves for the materials used and glass frit used before as

a reference.

The materials for the porous medium were chosen based on a previous positive experience with
refractory ceramics, mainly for its chemical and mechanical stability [21]. The porous medium was
shaped into 100 x 50 x 10 mm blocks of refractory ceramics Siltep 11 and foamed fireclay material
(supplied by Silike keramika s.r.0., Dé¢in, Czech Republic). Siltep 11 is composed of 55% SiO, and
35% Al,Oj3 (the rest being other inorganic oxides and organic filler spheres). The foamed fireclay
consists of 68% Al,O3 and 28% SiO,, the rest being other inorganic oxides. Typical pore diameters of
15.6 um and 41.8 m and porosity of 51% and 63% for Siltep 11 and foamed fireclay respectively were
estimated using mercury porosimetry (with the help of Unipetrol Centre for Research and Education,
Usti nad Labem, Czech Republic) (Figure 4c)). Once fitted into the frame and sealed at the interfaces
using silicone sealant, a medium was again sandwiched between a pair of ion-exchange Ralex® AMPES
(anion-exchange, MEGA a.s., Straz pod Ralskem, Czech Republic) membranes so that contact between
the medium and the membranes was ensured. These membranes, manufactured by Mega a.s. in the
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necessary shape and size to fully cover the frame and outer casing parts, were chosen for experiments
reported in this paper as well characterized, commercially available, and reliable membranes. In other
experiments we performed, ion-exchange membranes developed at TUL were also successfully utilized,
delivering similar performance [24]. Outer casing parts house the 100 x 50 X 5 mm platinum-coated
electrodes leaving enough space for the circulation of catholyte and anolyte, which were fed and
collected into the chambers through holes drilled at the top and bottom of the chamber. The electrode
chambers were filled with plastic mesh to keep the membranes adjacent to the porous medium and
to avoid detaching. The electrodes were supported using soft teflon (PTFE) gasketing and led out
through the casing to be connected to the ZHAOXIN KXN-2005D (purchased from Tipa, spol. s.r.o.,
Opava, Czech Republic) stabilized DC source using 0.25 mm dia titanium wires. The unit was operated
galvanostatically to sustain a stable overlimiting current. The applied current was calculated using an
equation derived from a formula for dimensionless current [Equation (1)] to set a series of variable
dimensionless currents as the parameter to estimate the performance of the device and compare it to
the results published by Bazant’s group at MIT.

The solutions were prepared by dissolving 1.42 + 0.01 g NaSO4 or 0.59 + 0.01 g NaCl per every
liter of deionized water to obtain 10 mM electrolyte. The solution was pumped into the unit using
Koufil Co. PCD 61.4 peristaltic pumps (Kyjov, Czech Republic) for inlet into the porous medium and
Watson Marlow 2055 (purchased from AxFlow s.r.o0., Prague, Czech Republic) ones for transporting
electrode solutions through polyurethane tubing connected to the unit via push-in fittings as three
separate streams. The flow rates were set to 2.4 or 4.8 mL/min for feed and 7.4, 9.6, or 17.2 mL/min
for anolyte and catholyte separately. To ensure the electrode chambers were filled with electrolyte
completely, catholyte and anolyte were fed into the unit through the bottom and discharged through
the top of the electrode chambers. The feed was pumped into the unit from the top, and products were
collected at the bottom. The experimental apparatus is shown in Figure 5.

Peristaltic pumps

Electrolyte reservoir

Electrode
stream outlets

DC Source H“ / i) The unit

Electrode
Injection pumps for stream inlets

product widthdrawal T T

Figure 5. Testing setup. In this experiment, products were withdrawn using injection pumps, which is
a method not employed to obtain the presented data. Otherwise, the setup is identical to the used one.
The picture serves an illustrative purpose only.

Samples were collected as they were spontaneously discharged from the unit into beakers.
The unit was stored in demineralized water between experiments. Therefore, at the beginning of each
experiment, the electrolyte was passed through the unit for approximately 20 min to ensure the porous
medium, and the electrode chambers were filled with electrolyte before connecting the unit to the
DC source. Once connected, the voltage was allowed to stabilize, if possible (in some experiments,
the voltage did not stabilize, as discussed in Results and Discussion). Products, as well as electrode
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outlet streams (mixed together), were characterized by measuring volumes, conductivity using WTW
Cond 3310 together with WTW TetraCon 25 cell, and pH using WTW pH 3310 with a SenTix®41 cell,
all purchased from WTW (Prague, Czech Republic).
Deionization performance D (hereinafter referred to as ion-removal) was estimated based on
conductivity measurements as
1-«
Ko

D=

x 100 % 3)

where « is the conductivity of the diluted stream and kg is the conductivity of the feed. This method
had been chosen due to the lack of equipment in our laboratory. More precise estimation could be
obtained by measuring concentrations using spectroscopic methods because conductivity might be
influenced by the H* and OH™, products of present water splitting [19]. However, as we compared the
ratio of product conductivity to feed conductivity, the obtained deionization factor was considered
illustrative enough to count with.

3. Results

3.1. Desalination Performance

As expected, an increase in dimensionless current led to increased desalination, as displayed
in Figure 6a,b. For both NaCl and NaySOy4 with Siltep 11, the desalination reached 99% around a
dimensionless current of three. For foamed fireclay, the desalination did not even reach 90% for a
dimensionless current of three (and more for Na;SO4). We compared these data using a model reported
by [20], who observed quite a precise collapse of all the measured desalination data on a single master
curve approximately following exponential equation

log L 4)

o
where parameter « = -0.619. For our case, this parameter, @ = —0.472 + 0.031, for Siltep 11 and
a = —0.220 + 0.020 for foamed fireclay. Finally, plotting the master curve for each porous material and

Schlumpberger’s data respectively provided a good comparison of the desalination performance with
dimensionless current as the single variable parameter (Figure 7). We could clearly see both of our cases
fell behind the unit with glass frit, with foamed fireclay reaching the desired desalination at a very high
dimensionless current of approximately ten and more. In practice, reaching such a large dimensionless
current would require applying a current of 0.48 A for Nay;SO,4 and 0.24 A for NaCl (with 10mM solution
and flow rate 1.5 mL/min), which would drive the voltage well above 200 V with our unit. There
are a few possible reasons for the worse performance of foamed fireclay. At first, it could be that the
pore size was too large to sustain uninterrupted deionization shocks along the channels (as explained
above in the Section 3.4: Porous Media Choice and Shape). Second, it might have been the surface charge
and pH changes, respectively. The fireclay used is a material composed mostly of alumina and silica,
with alumina being prevalent (2.4:1 Al;03:5i0;). The average pH of the diluted stream (anode side)
for experiments with Nap,SO4 was 9.9 + 0.4, indicating a negative charge of both silica and alumina
(IEP = 3.9 and 8.8 respectively [25], and 6.8 + 2.4 for NaCl, indicating more-less positive charge for
alumina (and negative for silica), forming the overall rather positive charge, although probably reduced
by the negative silica. With NaySO4 and anion-exchange membranes (AEMs) used, the negative charge
would not (in theory) promote deionization shocks in the desired way because the anions would be
driven along the charged walls in the opposite direction. That said, zeta potential as a function of pH
of the material should be measured to verify this hypothesis. The observed performance suggests only
limited deionization shock propagation and functionality. For Siltep 11, the pH varied significantly
between 3 and 11 for Nay;SO4 and 6.5-9 for NaCl without any correlation with the applied current or
desalination performance. The cause of these significant, rather random changes in pH, is unknown.
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Figure 6. Experimental data for the galvanostatically operated unit with Siltep 11 and foamed fireclay

as the porous medium, AEMs, feed concentration 10 mM. (a,b) show average desalination as the

function of dimensionless current, (c-f) show the conductivity of cathode and anode side during these

experiments for all the combinations of porous materials and electrolytes. The rather big deviations

suggest unstable performance in some cases, which could have been caused by unstable flow rates

(visible in (a,b) as error bars for the dimensionless current) and pH changes as discussed.
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Figure 7. Comparison of performance of our unit with various installed porous media and AMEs and
reference units with silica glass frit and cation-exchange membranes (CEMs) using the model (4) to fit
the data.

It is important to note that anion-exchange membranes were used in these experiments, whereas
we compared the results to a unit with cation-exchange membranes. The combination of positively
charged porous material and AEMs should promote deionization shocks to effectively separate the
anions from the bulk solution. This explains the somewhat lower desalination performance observed
with NaySO, compared to NaCl, as the diffusivity coefficient of sulfate anion is approximately twice
lower than that of C1~ (= 1.07 x 1072 m?/s for SO,%~ compared to 2.03 X 1072 m?/s for C1~ [26]), which
leads to lower ion mobility despite the higher negative charge.

3.2. Flow Rates and Water Recovery

As far as water recovery is concerned, the obtained data is again in conflict with the observations
reported by [4,18-20], as described above. The water recovery stayed rather the same, moving in the
range of 45% to 55%, occasionally dropping below 40% or rising above 60% without any apparent
reason. That said, the splitter was positioned in the middle along the outlet edge, and therefore water
recovery of 50% would be expected without the effects of EOF. The changes in values were probably
connected to the unstable flow rates through the porous medium that was present despite the fixed
flow rate of the inlet. The flow rate Q used in Equation (1) to estimate the dimensionless current was,
therefore, the actual flow rate measured at the outlets. The inconsistency may have added errors to
the experiments, while the reason behind this behaviour is not clear. One possible explanation is the
change of hydrodynamic resistivity of the porous material caused by some sort of impurities from the
feeding solution or, more likely, debris and loose particles released from the porous material itself,
which may have blocked channels at the output. To minimize the influences caused by the medium,
the porous material needs to be revised. Structural irregularities present in not very well-defined
material, which the Siltep 11 mainly is, may have interfered with the flow rates and water recovery as
well. Besides these effects, peristaltic pumps are not ideal for driving the solution into the unit because
of the pulsating flow produced by these systems. To minimize these effects, either pulsation dampeners
or flow buffer capacitors developed later by Bazant’s group could be used to smooth out the pulses
and stabilize the flow rates [19]. In future work, we are planning to test product withdrawal using
peristaltic or injection pumps, which, based on the initial experiments we have performed, seemed to
work rather well, even stabilizing the desalination.



Membranes 2020, 10, 347 11 of 15

3.3. Energy Consumption

Figure 8a—d shows the energy consumption and current density required to achieve a certain
percentage of desalination as calculated from the performed experiments (considering only the electrical
component and not the pumping). The energy density needed to reach 90% (or close to 90% in the case
of fireclay) desalination was notably lower for NaCl with both Siltep 11 and foamed fireclay, as expected
due to the size and charge of SO4%~. After reaching desalination of 99%, the energy requirements for
additional desalination rise steeply. Further increments in applied current and voltage also caused
heating of the unit, mainly apparent in the electrode streams, in which the temperature increased up
to 40 °C while the unit got warm to the touch. Lowering the energy demand for production of very
diluted (>99%) water could be possible by splitting the process into multiple stages in series, a method
that is used in commonly employed desalination technologies and was tested for the first time with
SED by [18]. Despite the suboptimal choice of porous material (especially regarding the combination
of surface charge and choice of membranes) and the energy losses due to heat generation, the energy
consumption is comparable to experiments performed on glass frit and in much smaller volumes
by [20]. This observation is interesting from the scale-up point of view. The larger cross-sectional area
of the frit used in our unit decreases energy consumption as, according to Ohm’s law, the power P
is inversely proportional to the cross-sectional area (P = I’R, where resistivity R ~ L/A; L being the
length of the resistive material and A the cross-sectional area). Comparison between the L/A ratio of
the porous material of our unit (L/A = 10/5000 mm~! =0.002 mm™') and the glass frit in early SED unit
by [20] (L/A = 2.7/200 mm~! = 0.0135 mm™!), unveils the reason behind similar energy density even at
two orders of magnitude higher flow rates, which drives the energy requirements up (the current I is
proportional to flow rate Q for the same dimensionless current according to Equation (1) and, therefore,
E = P/Q ~ QL/A [18]). Although the power consumption was still significant, this study was not
primarily focused on its reduction, and the main components to affect it remain largely unoptimized.

3.4. Porous Media Choice and Shape

The theoretical and experimental work published previously suggests the usage of porous
materials with close to 1 pm pore size to sustain deionization shocks in the OLC region [4,13,16,20].
Larger pores (approximately >10 um) may lead to convective mixing that may interrupt the shock
formation and produce instabilities inside the porous material. However, such a small pore size
(around 1 pm) is inevitably connected with high hydrodynamic resistivity. Therefore, low volume flow
rates or increasing energy demand for pumping seem to be the downsides of the previously described
SED devices [21]. As the purpose of this scale-up was to increase the production of freshwater, it was
necessary to consider the usage of materials with higher solution throughput, possibly even with lower
effectivity in the beginning. Therefore, two types of porous ceramics with different pore sizes that were
both more than one order of magnitude larger compared to pores of the glass frit used in [4,16-20] (and
different enough one from the other) were chosen for this study. The solution throughput was also
related to the increased dimensions of the porous material, especially in the direction of the solution
flow, which only added to the hydrodynamic resistivity of the material. On the other hand, this increase
was made with an idea of a longer flow trajectory that would provide more space and therefore require
lower currents for the shock to propagate, as also [18] suggests and discusses. For further scale-up,
widening the porous medium (and the whole unit) could also be beneficial in order to increase the
cross-sectional area and the functional membrane area. The size, shape, and morphology significantly
affected power consumption.
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Figure 8. Desalination as a function of energy density and current density for Siltep 11 in (a,b), foamed
fireclay in (c,d), and NaCl and NaySO; as electrolytes. The data show inconsistencies, for instance,
the high energy density and low desalination for one case in (a), which was caused by the high voltage
that was necessary to sustain the applied current. This may have been caused by temporary scaling
inside the porous material or on membranes. The energy required for pumping is not included.

The key factor of a porous material is its surface charge, which needs to be paired with the
right choice of ion-exchange membrane type (anion- and cation-exchange, respectively). It should
be noted that neither of the materials selected for this study was probably ideal in terms of chemical
composition. Because of the heterogeneity of the materials, it is difficult to estimate the isoelectric
point without proper characterization of zeta potentials, and therefore to estimate the surface charge at
the microchannels. Unfortunately, such characterization of a bulk porous material requires special
cells for electrokinetic analysis or alternative methods that were unavailable to us at the time of
research presented in this paper. Nevertheless, the fact that the materials were most probably able
to promote anion concentration shocks in the present pH conditions suggests that a wide variety of
similar materials could be used. To study the influences of the pH on the electrolyte-porous media
interactions, also buffer solutions could be potentially utilized to suppress the pH changes. From
what we know so far, a proper choice of material from the chemical perspective may increase the
effectiveness of the process and thus lower its energy demand.
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3.5. The Practicality of Design and Scalability

The ease of workflow constitutes a great benefit of this new and larger design. Previously, tiny
components made the unit difficult to assemble, seal, and service afterward. Such difficulties have
been significantly reduced. Besides the obvious goal to increase the capacity of the device from the
performance point of view, the larger throughput of the device also allows for more samples to be
collected in shorter periods of time, which speeds up the process of testing.

Changes to the separator were described above in the Section 2: Materials and Methods.
The experiments have proven this design to be functional both in terms of separation and integration
into the device itself. Being in between the membranes that cover the whole area, the sealing of the
unit is no longer that difficult, and technically, one less part (the separator in previous generations) is
needed. An important feature of the frame and separator being a single component is that it allows the
unit to be easily scaled-up into multi-stack arrangement only by adding more frames with functional
porous media, which will be executed in our future work.

The potential drawbacks of this design include the impossibility to reposition the separator as
it is integrated into the middle part. Therefore, the whole unit needs to be disassembled in order to
change the frame for the porous material. Also, the separator in our testing unit is thick (3 mm), which
may still cause mixing as the solution is driven towards it or affect the water recovery. Other future
design changes would include revising the plastic material for the casing and the system of bolts that
hold the parts together. During our experiments at higher voltages, the unit got warm to the touch
(as discussed in Section 3.3: Energy Consumption), which, in combination with pressure presented by
the screws, deformed the casing and the media frame and made it very difficult to disassemble and
reassemble again while keeping it sealed.

4. Conclusions

Scalable design is an essential criterion for every new technology to be useful in practice.
Up until now, shock electrodialysis was demonstrated only on very small-scale laboratory units. We
built and demonstrated functionalities of a larger unit with 10-100x larger capacity while using two
different porous materials with one order of magnitude larger pores. Results showed more than 99%
ion removal in a one-step desalination process of single electrolyte solutions without any significant
energy consumption increments, compared to previously tested designs due to the size and shape
changes to the medium. With a few design changes, this unit would be ready to be rebuilt into a
multi-stack device and possibly scaled into larger dimensions to significantly decrease the energy
requirements, both of which are the goals of our future work. While SED cannot compete with
common desalination technologies yet, cheap components and materials, together with its attractive
functionalities, may offer an interesting solution for small-scale operation in freshwater production
and selective water treatment in the future.

We have shown that the shock electrodialysis and deionization shock propagation is not limited
only to cations and cation-exchange membranes, respectively, but can work with anion-exchange
membranes as well, while obtaining a high degree of desalination. The results confirm the suitability of
scaled (dimensionless) current as a single variable parameter to estimate and compare the performance
of the device in the overlimiting region, as long as the porous medium is well characterized. Besides
the shape and size, it is the pore size that affects the desalination performance. We have shown that
material with pore sizes of around 40 um most probably decreases the desalination performance
significantly, while pore sizes around 16 pm provide a relatively good balance between a good solution
throughput and deionization shock propagation. That said, these results need to be verified once
the surface charge of both materials is characterized and compared. The desalination performance,
stability, and possibly water recovery should also be further improved by also securing constant
flow-rates and adjusting the thickness and position of the separator.
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ABSTRACT

Shock electrodialysis (SED) is a new electromembrane process for water desalination. The principle
is similar to electrodeionization — the product should be ultrapure water, but the inlet water can
be the same quality as the inlet to electrodialysis. The ion exchange resin is substituted by porous
media and used ion exchange membranes are just of one type (i.e., two cation exchange membranes
or two anion exchange membranes). The use of porous media is essential. Many physical and chem-
ical phenomena including electroosmotic flow, electroconvection, surface conduction combined in
the moment lead to the phenomena of a “—shock wave” and SED, respectively. The mechanism of
the wave is represented by the formation of a sharp border in the water stream between the highly
concentrated and ion-free zone. The whole process was studied by Prof. Martin Bazant’s group at
MIT, Department of Chemical Engineering. The aim of this particular study is characterization and
experimental testing of porous material as an essential component of SED. A variety of organic and
synthetic porous materials were tested by various analytical methods and in the SED laboratory unit
itself. The work reports an overview of commonly available and appropriate materials analogous
to the glass frit used in the first prototypes developed by Bazant’s group. Considering the physi-
cal properties and behavior in experimental conditions and based on the results exhibiting stable
desalination, we suggest the optimal porous material as well as the housing for this media. Finally,
it is represented by quality of products, hydrodynamic resistance, prize of the porous material,
availability and also by workability (machinability) for appropriate shape and also construction
stability.

Keywords: Water treatment; Shock electrodialysis; Porous media; Desalination

1. Introduction

Water resources are essential not only for the life but
also for the energy mass production as well. The biggest
concern may not come from the overall amount of water on
earth but from clarity and availability of the water resources
as well.

Current state-of-the-art water treatment is determined
by membrane processes. There is probably no whole new,
competitive process for the near future, but there is still

* Corresponding author.

room for optimization and development of nowadays well-
known membrane processes. Close to the physical and
thermo dynamical limits of the membrane processes we can
revise the whole design and principles based on the current
knowledge and use of nanotechnologies and use it with an
advantage. While the majority of the water resources on
the Earth naturally occurs in the form of sea and brackish
waters and while the mass energy and industrial produc-
tion requires huge volumes of ultrapure water (as close to
theoretical water as possible), very important and effective

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.
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methods for water treatments are nowadays desalination
processes, including electrodialysis and electrodeioniza-
tion. However the operational costs play important role in
the industrial utilization. Electrodialysis, which uses pairs of
alternating cation and anion exchange membranes ordered
in a stack between two electrodes for effective separation
of ions from the inlet, finds its limits in poorly desalinated
outlet, reaching at best values in the order of hundreds of
milligrams per liter. This limitation comes from conductiv-
ity of the diluate getting too low (under 0.1 mS cm™) and
resistance high enough for the process to become ineffective
for the ion separation. Electrodeionization solves this prob-
lem by filling the diluate and in special circumstances even
concentrate chambers with granular ion exchanger, which
rises effectively the conductivity of the inner environment
of the stack, allowing for desalination of water of even lower
salinity than in the case of electrodialysis. Nevertheless,
both of these processes require pre-treated water and the
desalination is limited by diffusion, where the limiting cur-
rent arises from concentration polarization at the membrane.

This paper focuses on the electromembrane method
called shock electrodialysis (SED) which moves the electro-
dialysis process far forward by theoretically exceeding the
limiting current and reaching over-limiting conductance.
Its theoretical potential is represented by effective one-step
desalination (“shock desalination”) with an electrodialysis
stack assembled from just one type of membrane (e.g., cat-
ion or anion exchange membrane) and the space between
them filled with porous material. The method theoretically
allows for very complex water treatment including filtration
and disinfection, as described in the study by Bazant et al.
[1]. The theoretical principles are already studied, mathe-
matically modelized and experimentally confirmed by the
Bazant’s group at MIT, but for the future industrial scale-up
a lot of work needs to be done. In this paper we take a closer
look at the major component of the SED unit — porous media.

2. Theory

Ion concentration polarization is a gradient of the ion
concentration near perm-selective membrane [2]. The pres-
ence of the following phenomena is now believed to be the
mechanism for the over-limiting current: water-splitting
(chemical process producing additional ions), electro-
osmotic instability (physical process resulting in enhanced
ion transport by current induction) and surface conduction
[3-7]. Frilette [8] proved, that water-splitting plays a minor
role. Much more important charge carriers are counterions
thanks to the current-induced convection.

In SED unit, the porous media adheres to a pair of ion-
exchange membranes and fills the whole volume between
the membranes in 1-chamber electrodialysis unit. When
we look at the whole process of shock desalination chrono-
logically, the desalination is initiated by the perm-selective
membrane and the depleted region (“diluate”) adjacent to
the membrane is spread in the micro-nanostructured porous
media. This is possible because of the presence of inhomoge-
neous space charge region in the channels inside the media
created by normal component of the applied electrical field.
The current is conducted by the ions cumulated along the
curved channels with the electrical double layers formed at
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the walls [3,4,6,7,9,10]. By this mechanism, we obtain a sharp
concentration gradient propagating through the channels
of the medium (Fig. 1). Extension of one-dimensional equa-
tion for thin electrical double layer and shock propagation
[11,12] describes mathematically a shock distribution in the
concentration profile.

According to mathematical computation by Dydek
et al. [4], the charge density of the porous media should
range from 1% to 10%. The II generation SED unit oper-
ated by Schlumpberger [10] used the glass frit with the
charge density ranging from 2.3% to 62% (5.99 x 10*C m=
and 2.21 x 10°C m™). Regarding the used membranes (or
membrane-less process), nano-micro channels in diameter,
magnitude of applied current, axial diffusion, etc., there
are no limits [11] — the pores should only be significantly
smaller than the flow-through of the porous medium [10].

3. Experimental settings
3.1. 1 and III generation of SED unit design and apparatus

The starting point for the SED unit design was a pro-
totype constructed at MIT by Martin Bazant’s group [1,10]
— let’s call it II generation unit (I. generation unit was “the
button unit” [10]). This unit was reconstructed and after
initial proving experiments scaled-up to III generation
unit. Recently, the IV generation unit was tested and will be
briefly described separately in discussion, chapter 4.4.

Casing was composed of four parts made up of trans-
parent material — polycarbonate (PC) and later of polyvi-
nylchloride (PVC) (IIl generation unit). The internal frame
is a U-shape housing for the porous medium and reservoir
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Fig. 1. Boundary layer expansion in porous media.
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where two identical cation-exchange membranes (Nafion
117/115 or Ralex CF-R-14) are adjacent from each side to
the negatively charged porous medium. Porous medium
in sandwich with ion exchange membranes was inserted
between two side plates with housing for electrodes (Fig. 2).
Electrodes were made of titanium mesh (60 mesh woven from
0.2 mm dia wire, Alfa Aesar, Kandel, Germany) connected to
titanium wires (0.25 mm dia wire 99.99% Alfa Aesar, Kandel,
Germany). The fourth part is a head plate with an imple-
mented separator for diluate and concentrate. The whole
unit was sealed using soft GORE GR Sheet Gasketing. The III
generation was sealed also using standard rubber.

Porous media shaping: Selected porous media were
shaped to fit into its frames precisely and inserted into the
internal frame using two-component epoxy resin (BISON
Epoxy glue). The porous media dimensions were 20 mm x
10 mm x 3 mm (II generation) and 40 mm x 40 mm x 10 mm
(IIT generation).

Pumps and solution: stable inlet of 0.01 M Na,SO, was
pumped with three 60 mL syringes using SyringePump
NE-1000. During longer experiments, syringe pumps were
replaced by peristaltic pumps (Czech Company Koufil, Ltd.,
Kyjov) PCD 61.4 (two channel) for catholyte and anolyte and
PCD 82S for pumping inlet solution from a large reservoir
(starting at 50 L).

3.2. Voltage source, measuring equipment and software

The experiments were carried out in a chronoampero-
metry mode using potentiostat Bio-Logic SP-300 (for II
generation units) and Biologic SP-150 (III generation unit).
Software used by Bio-Logic devices is EC-LAB, version
V10.44 (SP-300) and V11.18 (SP-150). The product was

monitored online by WTW Cond 3310 with WTW TetraCon
25 measuring cell. Applied voltages were 5-15 V for II gener-
ation unit, 5-8 V for III generation unit.

3.3. Porous media selection

The first material selection for the II generation unit
included originally used fine structured glass frit (Adam
& Chittenden Scientific Glass, Brekeley, CA 94710) and
after approval of the function of the unit a high-qual-
ity Porotherm brick was used as a random, available and
extremely cheap porous material. Other materials used in
II generation modules were ceramics Pormulit C530 from
CeramTec Ltd., éumperk Composed of 70% AlLSO, and
SiO,. In III generation unit first selected material was sil-
ica ceramics C510. Very promising material was extremely
porous material, mechanically similar to chalk, composed
of xonolite CSi O,,(OH), and tobermorite C.Si O, (OH),
with glass fiber as admixture. The last tested material was
again a high quality, very dense hollow brick used as a roof
fitting (Hurdis, Wienerberger Ltd., Ceské Budé&jovice) with
pore distribution very similar to glass frit (Graph 1, Graph 2).

Pore size distributions and porosity of the selected
materials were determined using an AutoPore IV 9500
intrusion porosimeter (Micromeritics, Norcross, GA
30093-2901, U.S.A.) at The University of Chemistry and
Technology in Prague and an AutoPore IV 9510 mercury
intrusion porosimeter (Micromeritics, Norcross, GA 30093-
2901, U.S.A.), which operates with pressures from 0.01 to
414 MPa. A region was evaluated, quantitatively corre-
sponding to the pore size 3.2 — 810,000 nm for all samples
(full measurement range). Other characteristics including
hydrodynamic resistance, liquid erosion resistance and

porous medium in frame

gasketing material

membrane
electrode

titanum
wire

tightening
screw
holes

Fig. 2. III generation unit prototype of shock electrodialysis.
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chronoamperometry characterization during operation are
discussed in 4th chapter.

4. Results and discussion
4.1. Flow rate

Pore distribution, porosity and pore diameters influence
directly maximum flow rates through the medium. The glass
frit of 30% porosity and the other similar materials (Table 1)
report high hydrodynamic resistivity of top flow rates up to
0.3 mL min™ (maximum pressure given by peristaltic pump
was 50 kPa, i.e., 7.25 psi). Significantly higher flow rates of
approximately 1.3 mL min™ were reached with tobermorite
and xonolite mixture material which porosity was 90%.

4.2. Mechanical stability

Experiments revealed the importance of the mechani-
cal stability of the porous material. The porous component
must be precisely processed to its required shape and pre-
cisely embedded in the internal frame. The porous media
also needs to be stable from a long-term usage perspec-
tive where higher pressures may be applied. Ceramics is
very stable and inert, but on the other hand it is very hard
and fragile, which brings problems with shaping. The
appropriate or inappropriate properties of the material
are revealed after several hours of operation in SED unit.
These experiments showed that xonolite/tobermorite mix-
ture was destroyed by erosion (Fig. 6) after several hours
of operation.

Table 1
Characterization of porous materials
Supplier Material type Product name Typical pore Porosity
diameter (nm) (%)
VUSTAH Xonolite & tobermorite mixture 313 90
Wienerberger (Ceské Budé&jovice) Fired brick Porotherm 17,891 and 418 33
Silica ceramics Pormulit® C530 ? ?
CeramTec (gumperk) Silica ceramics C510 843 33
Fired brick Hurdis 844 35
Adam & Chittenden Scientific Glass
Glass frit Ultra Fi 843 31
(Brekeley, CA 94710) ass it ratmne
Poresize distribution
B Frit W Hurdis M Porotherm
12/5
.. A3
s
=
o
N A &

Average pore diamater [nm)]

Fig. 3. Histogram of porous samples — Frit, Hurdis, Porotherm. Mercury porosimetry measured at The Unipetrol Centre for Research

and Education (AutoPore IV 9510).
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Fig. 4. Histogram of sample — Ceramtec Pormulit C510. Mercury porosimetry measured at University of Chemical Technology, Prague
(Micromeritics Autopore IV 9500, Norcross, GA 30093-2901, U.S.A.).

Fig. 5. Experimental settings and the whole apparatus — III
generation unit of shock electrodialysis.

4.3. Chronoamperometry and desalination results

According to the theory, a stable desalination hand in
hand with a stable electrical current was expected. In the
beginning of the experiments (a few minutes) the current
stabilization differs for various porous media. A unit with
glass frit, Nafion membranes shows stable 30%—40% desali-
nation at the outlet with different current curves through
various experiments while maintaining the same conditions.
Fig. 7a shows an example of this situation with applied

voltage 13.5 V. With III generation unit, very similar effects
were present. Fig. 7b shows III generation unit with C510
material, 7 V applied and Nafion 115/117 membranes. The
conductivity of inlet solution dropped by 40% with both red
and blue experiments. At this outlet, the pH of the solution
for C510 material dropped from 7 (at the inlet) to approxi-
mately 6, which correlates with expectation.

Stable current was achieved over time by testing tober-
morite and xonolite mixture in III generation unit. Applying
different voltages ranging from 5 to 9 V every time led to a
stable current over several hours of experiments with little
different stabilization times responding to current condi-
tion of unit (Graph 3b). However, there was neither stable
desalination measured with this material (Table 3) nor pH
differences at inlet and outlet.

With Hurdis material applied in III generation unit, the
desalination was not obtained nor any changes in pH in the
outlet vs. inlet. However, separation proceeded as seen in
Table 4.

Over time, current shows very slow stabilization. In case
of some materials, longer experiments need to be performed
in order to obtain stable results. Porous media Hurdis caused
increased conductivity of the inlet solution which may be
a sign of dissociation of material’s functional groups and
decomposition of the material.

Unstable desalination results are also connected to:

inappropriate separator, which plays significant role in
proper collection of the product

too low voltage compared with voltage needed for proper
shock propagation

insufficient contact of membrane and porous media.

As the functional area of the membranes is much larger
than the one of II generation unit, pressure driven flow
through the media may cause a gap between membrane and
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Fig. 6. Fresh (left side) and damaged (right side) porous material (xonolite/tobermorite).
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Fig. 7. (a) Chronoamperometry II generation unit and (b) -Chronoamperometry III generation unit.

Table 2
Desalination results for materials applied in II generation shock
electrodialysis unit

Conductivity (mS cm™)

Cathode Anode Desalination
Material type side outlet side outlet (%)
Glass frit 14 2.2 36
Porotherm 1.6 2.9 24
Porulit® C530 1.6 2.7 24

media. Surface charge is another quality we were not able to
examine, however as all materials contain SiO, groups, the
negative surface charge was expected. Ideal characterization
method for the porous media seems to be device for the mea-
surement of surface tension — zeta sizer (zeta potential).

Table 3
Desalination results over time for III generation unit, tobermorite
and xonolite, flow rates: 1 mL min™ inlet, 8 mL min™ catholyte

and anolyte
Time of experiment (s) Outlet side Conductivity
(mS cm™)
0 Reference (inlet) 2.09
Anode 1.92
1,000
Cathode 1.69
Anode 2.05
2,000 Cathode 1.78
Anode 2.11
3,000 Cathode 1.98
Anode 1.90
4,000 Cathode 2.08
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Table 4 4.4. IV generation unit design and future work
Desalination results for III generation unit, Hurdis fired brick,

flow rates: 0.3 mL min inlet, 0.9 mL min™ catholyte and anolyte Recently, another IV generation SED unit was designed

(in collaboration with MemBrain Ltd., Straz pod Ralskem)
based on the current experiences, providing the possibility

Time of Outlet side Conductivity
experiment (s) (mS cm™) of sgale-up to multiple Fhambgrs. This unit hpuses porous
medium with larger size, using standard ion exchange
0 Reference (inlet) 2.45 membranes (Ralex CF-R-14, Mega corp., StraZ pod Ralskem)
1.800 Cathode 2.63 and providing approximately 200 mm length of the inlet path
4 Anode 4.21 with 200 mm x 100 mm active membrane surface and larger
Cathode 3.00 flat electrodes from platinum covered titanium (not mesh).
3,300 Anode 391 The separator (of diluate and concentrate wave) is built in
' frame and the outlet is collected just in two streams instead
Cathode 3.25 . . .
4,500 of six outlet points. The contact of the membranes with
Anode 4.61 the porous medium is assured by distance (spacer) plastic
mesh filling the anolyte and catholyte chambers.
4 — 5V e 6V = 7V = BV = 9V
1[mA (@)
[mA] (@ 5-1[mA]
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Time [s] 30000
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Fig. 8. Chronoamperometry of III generation SED unit, (a) fired brick hurdis and (b) tobermorite & xonolite.

Conductivity of diluate related to flowrate

® Diluate ® Curfert

Conductivity of diluate related to
take off ratio diluate/concentrate

Fig. 9. (a) Shock electrodialysis unit “IV generation” (scalable — multiple chambers). and (b,c) conductivity of diluate related to
flowrate and take off ratio diluate/concentrate. Inlet solution is Na,SO, with conductivity 14 mS cm™. The IV generation 1-chamber
unit (1 membrane pair — cat.ex).
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This unit has designed more robust, more practical
version of the III generation unit for the future scale-up to
multiple chambers. The future work includes testing the
effects of higher voltages, long-term experiments (more
than 70 h) and various types of separators and porous
materials, as the housing of the media is easier to change.
The results of the early experiments show stable 70%-80%
deionization of the inlet solution Na,SO, with 14 mS cm™
conductivity, but the outlet solution, the porous medium
and other conditions affecting these results are yet to be
characterized.

The data from experimental results in Figs. 9b and c
arouse the question of setting suitable parameters for rea-
ching shock wave. The discussion and new experiments are
worth new publication which will follow this article.

5. Conclusion

The work shows application of porous media in SED
unit. Best results obtained in reference works [10] reached
nearly 100% ion removal, which does not correlate with
results achieved in this work. Desalination of 36% obtained
in this work arouses question of reaching/missing theoret-
ical shock wave in real operation. According to the study
by Nikonenko et al. [5] and Zabolotsky et al. [7], there is a
limit for width of channels in porous material (10 um) but
this value is not even mentioned at [10]. Our experimen-
tal results imply the need for improvement of the design
of both the unit and the media in bigger devices. From the
unit design point of view, the crucial parts to be optimized
are the sealing of the unit, the outlet separator and the
inner parts of the unit to ensure the contact of the mem-
branes with the medium. These and other design changes
have already been partly applied in the IV Generation unit
and will be tested in the future work. Nevertheless, various
materials and a wide selection of ceramics can be applied.
Porosity of the media should be high enough to allow flow
rates within reasonable pressure applied to reach reason-
able operation costs on an industrial scale. This is connected
to adequate channel size which can still can propagate the
shocks. The uniformity of the porosity of the material is still
disputable. Surface charge and its density should be charac-
terized ideally by the zeta-potential. The media size (length
of inlet path) reflects concentrate and diluate separation.
Thickness needs to be adequate for optimal shock propa-
gation while providing sufficient room for sampling. It is
possible, that ideal thickness is individual to specific mate-
rials and the experiment parameters including the applied
voltage. Last but not least is the mechanical stability and
workability of the porous material that will play the role
particularly in scaling of such system. These parameters
need to be properly characterized and optimized for used
porous material in order to produce ultrapure water.
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Zpusob vyroby nanovlaken elektrostatickym zvlakiiovanim polymernich
matric obsahujicich polystyren

Oblast techniky

5 Vynalez se tykd =zplsobu vyroby nanovlaken elektrostatickym
zvlakidovanim polymernich matric obsahujicich polystyren rozpustény

v prirodnim rozpoustédla limonenu.

Dosavadni stav techniky

10 Polystyren pfedstavuje velmi rozsifeny polymer, ktery je hojné vyuZivan
v potravinafském primyslu (obaly, kelimky atp.), stavebnickém pramyslu
(izolace), elektrotechnickém primyslu (housing pro elektronické sou&astky), &
ve vodohospodarstvi (ve formé& ionexd). Vzhledem k rozsifenosti se jevi
dileZita také otazka recyklace polystyrenu, pfi niZ je jednou z moZnosti

15  elektrostatické zviakfovani.

Polystyren se rozpousti ve velké Skale organickych rozpoustédel. Tyto
roztoky Ize zvlaknit klasickymi zpasoby elektrostatického zvlakfovani z trysek
nebo jehel. Tyto zpisoby elektrostatického zvlakiiovani jsou vak velmi malo
produktivni a nejsou schopné dlouhodobého provozu, ktery je nezbytny pro

20  primyslové vyuziti. Organicka rozpoustédla jsou navic zdravotné zavadna a
environmentalné nepfijatelna.

US 6169121 popisuje recykiaci expandovaného pénového polystyrenu
rozpousténim v pfirodnim rozpoustédie d-limonenu, po rozpusténi se z roztoku
odstrani nerozpustné Casti. Zroztoku se po odstranéni nerozpustnych &asti

25  odstrani pfirodni rozpoustédlo a ziska se recyklovany polystyren.

Moznost zvlaknéni roztoku expandovaného polystyrenu v pfirodnim

rozpoustédle d-limonenu klasickym zpilisobem z dutych trysek nebo dutych

jehel popisuje éldnek v Polymer bulletin (Shin. C.; Chase G. Polymer bulletin
ISSN 0170-0839 2005, vol. 55, no 3, pp. 209 — 215), vytvafena nanovlakna
30  maji rozmery 300 az 300 nm.
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Pokusy o zvlaknéni tohoto roztoku elektrostatickym zvidkrfiovanim
v elektrickém poli mezi zvlakfiovaci elektrodou a sbérnou elektrodou, kdy
polymerni matrice se zviakfiuje zcasti povrchu zvlakhovaci elektrody
privracene ke sbérné elektrodé, napfiklad =z rotaéni valcové zvlakriovaci
elektrody podle CZ 294274 (EP1673493) nebo strunovych zvlakfiovacich
elektrod podle CZ PV 2006-545 (W02008/028428) nebo CZ PV 2007-485
(W02009/010020) byly netispéiné.

Cilem vynalezu je vyvinout zplGsob zvlakiovani polystyrenu vhodny pro
prumyslové vyuZiti, ktery by pouZival zdravotné@ co nejméné zavadna
rozpoustédla a byl proveditelny na zvlakfiovacich strojich, u nichz se polymerni
matrice zvlakfiuje z ¢asti povrchu zvlakfiovaci elektrody pfivracené ke sbérné

elektrodé.

Podstata vynalezu

Cile vynalezu je dosaZeno zplisobem podie vyndlezu, jehoZ podstata
spociva vtom, Ze polystyren se v limonenu rozpusti pfi teploté vy$si, neZ je
jeho teplota tani a zaroven nizsi nez je teplota varu pouZitého limonenu a pak
se ochladi na teplotu 20 aZ 30 T, nadeZ se do tohoto roztoku pfida alespofi
jedno polarné aprotické rozpoustédio a organicka sdl, &¢imz se zvysi vodivost
vysledného roztoku pro zvlakiovani. Timto zpusobem Ize zvidkfovat roztok
polystyrenu o libovolné molekulové hmotnosti.

Organicka sGi se do roztoku polystyrenu vlimonenu pfidava bud
v pevném skupenstvi nebo pfedem rozpusténa v polarné aprotickém
rozpoustédle. Pfidavani organické soli v pevném skupenstvi se provadi po
pfedchazejicim pridani polamé aprotického rozpoustédla s naslednym
michanim az do uplného rozpusténi.

VySe uvedeny zplsob prodiuZuje pfipravu roztoku pro zvlakiiovani a
proto je vyhodnéjsi organickou sGl se pfed pfidanim rozpustit v polarné
aprotickém rozpoustédle a pfidavat ji ve formé roztoku, ktery se misi s roztokem

polystyrenu v limonenu.
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Ve vyhodném provedeni vynalezu je organickou soli kvarterni amoniova

sul nebo smés kvarternich amoniovych soli.

Limonen se voli ze skupiny (R)-(+)-limonen, racemicka smés (R)/(S)-

limonen, (S)-(-)-limonen, d-limonen a dipenten,

Pomér limonenu a polarné aprotického rozpoustédla, pfipadné smési
polarné aprotickych rozpoustédel je od 40:1 do 1:1. Mimo tento interval bud ke
zvlaknovani nedochazi nebo je vrstva vytvofenych viaken nekvalitni s velmi

silnymi vlakny a obsahuje makrodefekty, tedy kapky a stfikance.

Polarné aprotickym rozpoustédlem je s vyhodou N,N-dimethylformamid
(DMF) a pomér limonenu a DMF v roztoku pro zvlakiovani je 2:1.

Vjiném vyhodném provedeni jsou polarné aproticka rozpoustédia
tvofena smesi N-methylpyrrolidonu a dimethylsulfoxidu, pfi¢emz rozpoustédlové
sloZeni vysledného roztoku pro zvlakfiovani je 77% limonenu, 11,5% N-
methylpyrrolidonu (NMP) a 11,5% dimethylsulfoxidu (DMSO).

Piehled obrazka na vykrese

Na priloZenych vykresech jsou znazornény nanovildkenné vrstvy, které
jsou vysledkem zvlakiiovani podle jednotlivych priklad(l provedeni vynalezu. Na
jednotlivych obrazcich vykresii je znazorména na Obr. 1a, 1b, 1c¢ wvrstva
nanovlakenného polystyrenu vytvorena na rotaéni elektrodé, z 18% roztoku
polystyrenu v (R)-(+)-limonenu : DMF v pomé&ru 2:1, pficemz Obr. 1a je ve
zvétdeni 150x, Obr. 1b ve zvétSeni 600x a Obr. 1¢ ve zvétSeni 5000x, na Obr. 1
vrstva nanovlakenného polystyrenu vytvofena na rotaéni elektrodé, z 18%
roztoku polystyrenu v (R)-(+)-limonenu : DMF v poméru 2:1 ve zvétdeni 5000x,
na Obr. 2 vrstva vytvofena z 18% roztoku PS v (R)-(+)-limonenu, s vodivosti
zvySenou na 10 puS/cm 3% TEAB v DMF, na Obr. 3 vrstva vytvofena z 18%
roztoku PS v (S)-(-)-limonenu, s vodivosti zvysenou nad 10 uS/cm pomoci 3%
roztoku TEAB v DMF, na Qbr. 4 vrstva nanovlakenného polystyrenu vytvoiena
zroztoku PS vracemické smési (R)/(S)-limonenu o 18% koncentraci PS,

s vodivosti zvySenou pomoci 3% roztoku TEAB v DMF, na Obr. 5 vrstva

nanovtakenného polystyrenu vytvofend podle piikladu 5, na Obr. 6 vrstva
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nanovlakenného polystyrenu vytvofena podle pfikladu 6 a na Obr. 7 vrstva
nanovlakenného polystyrenu vytvofena podle pfikladu 7. U viech Obr. 3 aZ 8 je
ve varianté a) zvétSeni 150x, ve varianté b) zvétseni 600x a ve variantd c)

zvétdeni 5000x.

Priklady provedeni vynalezu

Pro zvlakiovani byl vyuZit stroj NANOSPIDER, vyrabé&ny spole&nosti
Elmarco, ktery pouZivda rotaéni =zvlakfiovaci elektrody nebo strunové
zvlakiiovaci elektrody.

Nizkomolekularni polystyren (Mw < 20.000) se rozpousti v limonenu jiz
pfi pokojové teploté téméi okamzité, nicméné pokud pouzZieme polystyren o
vy$8i molekulové hmostnosti (Mw > 20 000), pak je jeho rozpousténi pfi
pokojove teploté nedokonalé a k Uplnému rozpusténi dojde a2 pfi zvyseni
teploty, ktera zarovef zkrati ¢as rozpousténi. Pokud tedy budeme rozpoustét
polystyren o neznamé molekulové hmotnostium1, pak nejlépe pii teploté vyssi
nez 100 T, tedy pii teploté vy33i neZ je jeho teplota tani. Aby mohlo byt
rozpousténi dspésneé, nesmi teplota pfi rozpousténi pfesahnout teplotu varu
pouZitého limonenu. Po Gplném rozpust&ni se roztok ochladi na teplotu okoli,
ktera se pohybuje vintervalu 20 az 30 T a smicha se s roztokem organické
soli v polarné aprotickém rozpoustédle, napfikiad kvarterni amonioveé soli v N,N-
dimethylformamidu (DMF), &imZ se zvysi jeho vodivost nad 1 pS.cm™.
S rostouci vodivosti roztoku stoupa i vykon procesu. [deélni je vodivost kolem
30 uS.cm’. Nicméné ve vztahu k typu polarmné aprotického rozpoustédia je
nutné volit mnozZstvi organické soli tak, aby nedodlo k nezadoucimu zasoleni
roztoku Nejmensi moZné mnozstvi je 0,2 g nasyceného roztoku kvarterni
amoniové soli vDMF na 10 g roztoku polystyrenu v limonenu. Pokud v této
smési zvySujeme koncentraci DMF na (kor limonenu do poméru limonen :
DMF = 2 : 1 (hmotnostni pomér), dochazi ke znaénému narastu vykonu
zvldkiiovaciho procesu aZ na 0,4 gm™ min'. Zarovehd také dochazi ke

zmensovani priméru nanovlaken o desitky nanometr. Pfi dal§im zvySovani

koncentrace DMF (aZ do poméru DMF:Limonen 1:1, hm.) se primér
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nanovlaken zvétsuje a vykon celého zvidkiovaciho procesu klesa o desetiny
g.mZmin' . Zaroveii se rapidné zhorSuje kvalita nanovliakenné vrstvy, pfibyva
mnozstvi stfikancl, plochych vidken a nerozstépenych kapek, které jak
v makroméritku tak mikroméfitku narusuji rovnomérnost a kompaktnost

nanovlakenneé vrstvy.

Organickou sul Ize do roztoku polystyrénu v limonenu pfidavat i
v pevném skupenstvi poté, co bylo pfidano potiebné mnozstvi polamé
aprotického rozpoustédla. Problémem je prodlouzeni ¢asu pfipravy roztoku pro
zvlakiovani. Proto bude v niZe uvedenych pfikladech popisovano pfidavani
organicke soli piedem rozpusténé v polamé aprotickém rozpoustédle.

Priklad 1

200 g roztoku polystyrenu bylo pfipraveno nasledujicim zplisobem: 36 g
polystyrenu (vyrobce Scientific polymer products, Inc.) o molekulové hmotnosti
Mw 260,000 bylo smichano s109,3 g (R)-(+)-limonenu (vyrobce Sigma -
Aldrich). Smés byla poté zahfivana na 150 T a za stalého michani udrzovana
na teto teploté po dobu 120 minut, vysledkem byl &iry roztok polystyrenu
vlimonenu. Roztok byl ochlazen na teplotu okoli, ktera lezi v intervalu 20 az 30
C a poté knému bylo pfimichano 54,79 N,N’-dimethylformamidu {DMF)
(vyrobce Penta). Vysledna koncentrace polystyrenu v roztoku byla 18 %
hmotnostnich (w/w) a viskozita pfi 24 T 510 mPas. Do takto p fipraveného
roztoku bylo pfidano 4,8 ml 3 % roztoku tetraethylammonium bromidu v DMF,

pfi¢emz vodivost roztoku stoupla nad hodnotu 1 pS.cm™.

Ke zvliakiovani byl pouZit stroj NANOSPIDER spoleénosti Eimarco
s rotaéni strunovou zvidkiovaci elektrodou a valcovou sbémou elektrodou pfi
vzdalenosti elektrod vétsi nez 20 cm a mensi nez 30 cm a napéti 60-70 kV.
Rychlost otaCeni zvlakfiovaci elektrody byla 8 otmin'. Jako podkladovy
material byl pouZit polypropylenovy spunbond s antistatickou Upravou (firma
Pegas) a zvlakfiovani probihalo pii relativni vihkosti vzduchu 10 aZ 50 % a
teplotach vzduchu 20-25 C. Vysledkem zvlak fiovani je nanovlakenna vrstva

s viakny o primérech 340 + 80 nm, ktera je znazornéna na obr. 1a - 1d.
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Priklad 2

200 g roztoku polystyrenu bylo pfipraveno nasledujicim zplsobem: 36 g
polystyrenu o Mw 260,000 bylo smichano s 164 g (R)-(+)-limonenu. Smés byla
poté zahfivana na 150 T a za stalého michani udrZzovana na této tepioté po
dobu 120 minut. Vysledkem byl Ciry roztok polystyrenu v limonenu. Roztok byt
poté ochlazen na teplotu okoli, pficemzZ vysledna koncentrace polystyrenu v
limonenu byla 18 % hmotnostnich (w/w) a viskozita pii 25 C byla 470 mPas. U
takto pfipraveného roztoku byla vodivost zvy$ena piidanim 4,8ml 3 % roztoku

tetraethylammonium bromidu v DMF pfiblizné nad hodnotu 3 pS/cm.
Zviakiovani probihalo stejné jako u piikladu 1.

Vysiledna nanovtadkenna vrstva je znazornéna na obr. 3a - 3c.

Priklad 3

200 g roztoku polystyrenu bylo pfipraveno nasledujicim zpisobem: 36 g
polystyrenu o Mw 260,000 bylo smichano s 164 g (S)-(-)-limonenu. Smés byla
poté zahfivana na 150T a po dobu 120 minut na této teplot& udrzovana za
staleho michani. Vysledkem byl &iry roztok polystyrenu v limonenu. Roztok byl
poté zchlazen na teplotu okoli, vysledna koncentrace polystyrenu byla 18 %
hmotnostnich (w/w) a viskozita pfi 25C 470 mPas. U takto p fipraveného
roztoku byla vodivost zvySenapfidanim 4,8 ml 3 % roztoku tetraethylammonium
bromidu v DMF.

Zvlaknovani probihalo stejné jako u pfikladu 1. Vysledna nanovtakenna
vrstva je znazornéna na obr. 4a — 4c.

Priklad 4

200 g roztoku polystyrenu bylo pfipraveno nasledujicim zpsobem: 36 g
polystyrenu o Mw 260,000 bylo smichano s 164 g racemické smési (R)/(S)-
limonenu, Smés byla poté zahfivana na 150T a po dobu 120 minut na této

teploté udrzovana. Vysledkem byl Eiry roztok polystyrenu v limonenu. Roztok

byl poté zchlazen na laboratorni teplotu, vysledna koncentrace polystyrenu byla
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18 % hmotnostnich (w/w) a viskozita pfi 25 T 470 mPas. Takto p fipraveny
roztok byl zvodivén piidanim 4,8 mi 3 % roztoku tetraethytammonium bromidu
v DMF.

Zvlaknovani probihalo stejné jako u pfikladu 1.Vysledna nanovldkenna

5 vrstva je znazornéna na obr. 5a — 5c.

Priklad 5

200 g roztoku polystyrenu bylo pfipraveno nasledujicim zplisobem: 42 g
polystyrenu o Mw 260,000 bylo smichano s 121,8 g (R)-(+)-limonenu. Smés
10  byla poté zahfivana na 150 a po dobu 120 minut udrZovana na této teplotd
za stalého michani. Vysledkem byl €iry roztok polystyrenu v limonenu. Roztok
byl zchlazen na teplotu okoli a poté knému bylo pfimichano 18,1 g N-
methylpyrrolidonu. Zaroveri bylo voddélené nadobé pripraveno 18,1 g
nasyceného roztoku tetraethylammonium bromidupmz)
15 v dimethylsulfoxidupumsl.uma Tento roztok byl poté piikapan za stalého michani |
do roztoku polystyrenu vlimonenu a N-methylpyrrolidonu. Vysledna
koncentrace polystyrenu v roztoku byta 21 % hmotnostnich (w/w).

Zvlakiovani probihalo stejné jako u pfedchozich pfikladl, pouze otaéky
zvlakiovaci elektrody byly 2 ot/min.

20  Vysledna nanovtakenna vrstva je znazoména na obr. 6.

Priklad 6

200 g roztoku polystyrenu bylo pfipraveno nasledujicim zplsobem: 40 g

polystyrenu o Mw 260,000 bylo smichano s 123,2 g (R)-(+)-limonenu. Smés

25 byla poté zahfivana na 150C a po dobu 120 minut na této teplot & udrZovana
za stalého michani. Vysledkem byl &iry roztok polystyrenu v limonenu. Roztok

byl zchlazen na teplotu okoli a poté k nému bylo pfimichano 18,4 g N-
methylpyrrolidonu. Zaroven bylo voddélené nadobé pripraveno 18,49

nasycenéhopms) roztoku tetraethylammonium bromidu v dimethyisulfoxidu.

30 Tento roztok byl poté piikapan za stalého michani do roztoku polystyrenu
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v limonenu a N-methylpyrrolidonu. Vysledna koncentrace polystyrenu v roztoku
byla 20 % hmotnostnich (w/w).

Zvlakniovani bylo provadéno stejné jako u prikladu 5.

Vysledna nanovlakennd vrstva je znazornéna na obr. 7a — 7¢.

Priklad 7

200 g roztoku polystyrenu bylo pfipraveno nasledujicim zplisobem: 38 g
polystyrenu o Mw 260,000 bylo smichano s 124,6 g (R)-(+)-limonenu. Smés
byla poté zahfivana na 150 T a po dobu 120 minut na této teplot & udrzovana
za stalého michani, vysledkem byl €iry roztok polystyrenu v limonenu. Roztok
byl zchlazen na teplotu okoli a poté knému bylo pfimichano 18,6 g N-
methylpyrrolidonu. Zarovei bylo voddélené nadobé piipraveno 18,6g
nasyceného roztoku tetraethylammonium bromidu v dimethylsulfoxidu. Tento
roztok byl poté pfikapan za stalého michani do roztoku polystyrenu v limonenu
a N-methylpyrrolidonu. Vysledna koncentrace polystyrenu v roztoku byla 19%
(Wiw).

Zvlaknovani bylo provadéno stejné jako u pfikiadu 5.

Vysledna nanoviakenna vrstva je znazoména na obr. 8a — 8c.Roztoky s
koncentraci polystyrenu nad 25% poskytuji nekvalitni vrstvu s velmi silnymi
viakny, mnoZstvim makrodefektd (kapky, stfikance); rozsah optimalnich

- w oy

vlakna s koralkovymi mikrodefekty v nanoviakenné vrstveé.

Z roztokQ polystyrenu v organickych rozpoustédlech se na zafizeni
NANOSPIDER podafilo zviaknit pouze polystyren rozpustdny ve smési
tetrahydronaftalenu a N, N-dimethylformamidu v poméru 1:1, a to aZ po zvyseni
jeho vodivosti pomoci kvarterni amoniové soli. Vytvofend nanoviakna méla
prumér 50 a2z 260 nm.

Pramyslova vyuzZitelnost

Zpusobu podle vynélezu Ize vyuzit k primyslové vyrob& nanovidkennych

vrstev z polystyrenu.
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1. ZpUsob wvyroby nanovldken elektrostatickym zvlakiiovanim
polymernich  matric  obsahujicich  polystyren rozpustény v pfirodnim

S rozpoustédle limonenu, vyznacujici se tim, Ze polystyren se v limonenu
rozpusti,ume) naceZ se do tohoto roztoku prida alespori jedno polarné aprotické
rozpoustédlo a organicka sdl, ¢imZ se zvys$i vodivost vysledného roztoku pro

zvldkAovani.

2. Zplsob podle naroku 1, vyznaéujici se tim, Ze se polystyren rozpusti

10 pfi zvySené teploté, nejlépe vysSi nez je teplota tani polystyrenu a nizsi nez je

teplota varu limonenu, a po rozpusténi polystyrenu se roztok ochladi na teplotu
okoli.

3. Zplsob podle naroku 1, vyznaéujici se tim, Ze po pfidani polarné
aprotického rozpoustédla se pfida organicka sl v pevném skupenstvi, ktera se
15 v roztoku rozpusti.

4. Zplsob podle naroku 1, vyznaéujici se tim, Ze organicka sil se pied
pridanim rozpusti v polarné aprotickém rozpoustédle a do roztoku polystyrenu
v limonenu se pridava ve formé roztoku.

5. Zplsob podle libovoiného z piedchazejicich narokl, vyznaéuijici se |

20  tim, Ze organickou soli je kvarterni amoniova stl.

6. Zplsob podle libovoIného z pfedchazejicich narokll, vyznaéujici se
tim, Ze limonen se voli ze skupiny (R)-(+)-limonen, racemicka smés (R)/(S)-

limonen, {S)-(-)-limonen, d-limonen a dipenten.

7. Zpusob podle libovoiného z predchézejicich naroki, vyznaéujici se

25 tim, Ze pomér limonenu a polarné aprotického rozpoustédla, pripadné smési

polarné aprotickych rozpoustédel je od 40:1 do 1:1 .
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8. Zplsob podle libovolného z prfedchazejicich narokl, vyznaéujici se
tim, Ze polarné aprotickym rozpoustédlem je N,N-dimethylformamid (DMF) a

pomér limonenu a DMF v roztoku pro zvladkriovani 2:1.

9. Zpusob podle libovolného z narokil 1 az 6, vyznaéujici se tim, ze
polarné aproticka rozpoustédla jsou tvofena smési N-methylpyrrolidonu a
dimethylsulfoxidu, pfi¢emZ rozpoustédiové sloZeni vysledného roztoku pro

zvlakiovani je 77% limonenu, 11,5% N-methylpyrrolidonu (NMP) a 11,5%
dimethylsulfoxidu (DMSQ).
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Abstract

The main goal of this study was to prepare and characterize ion exchangers on nanofibrous polystyrene matrix.
Starting nanofibers were sulfonated and crosslinked at the same time by sulfuric acid. Strongly acidic cation
exchanger was obtained in such a way. Anion exchanger was prepared by reaction of ethylene diamine with
sulfochlorides on nanofibers acquired from sulfogroups. The polymer matrix was made from polystyrene
nanofibers prepared by NanospiderwI technology from regenerated polystyrene.

Various types postpolymerization reactions and other methods of crosslinking were studied. Greatly diverse
behavior between nano- and microsize materials was observed. The sorption properties of nanofibrous ion
exchangers were compared to the granular ion exchangers resulting in rapidly faster kinetics of fibrous ion
exchangers.

The starting polymer matrix was polystyrene because the common ion exchangers are based on this polymer1 2,
The nanofibers of polystyrene were prepared by NanospiderTM technology.

In principle the electrospinning by Nanospider™ is a modified process for the production of nanofibers and
nanofiber layers via the electrostatic fiber spinning of polymer solutions'’. As opposed to other methods in the
public domain, NanospiderTM technology does not utilize jets or capillaries for the production of fibers, but utilizes
a rotating drum partially submerged in a polymer solution. The main advantage of this technology is the
significant increase in production capacity.

Polystyrene nanofibers prepared by Nanospider™ technology can be spun from mixture of aromatic solvents
and polar aprotic solvents. We used aromatic solvents based on the natural terpenoidsm. These solvents are
pretty cheap, ecological and environmental friendly”. Also we can use recycled expanded polystyrene, its foams
(extruded polystyrene) or copolymers of polystyrene (like acrylonitrile butadiene styrene or maleic anhydrid) can
be used as a starting material for spinning..
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EERBERES

Fig 1 Infrared spectra of nanofibrous polystyrene made by Nanospider technology (red) and polystyrene
standard (blue).

3 £ 2000 1506
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a b c

Fig 2 Polystyrene nanofibers prepared by NanospiderTM technology — starting material: recycled polystyrene,
spun from aromatic solvents based on the aromatic terpenoids“ol — the fiber diameter is about 90 to 350
nm; a) magnification 150, b) magnification 600, c) magnification 5000

As a sulfonated polystyrene is water soluble crosslinking for ion exchange purposes before, during or after
introduction ionogennic groups is indispensable. Crosslinking during the electrospinning analogical to
crosslinking of polyvinylalcohol was not successful. Also radiation crosslinking did not give desirable effect. The
ratio of agent and initiator was 2:1. Either the concentration of agent was too low to reach the crosslinking effect
or the high concentration disturbed the process of electrospinning. Peppas, Regas and Valkanas'?'*'* described
suspension polymerization with Friedel-Crafts catalysts. But the polystyrene nanofibers compared to another
polystyrene material (like microfibers) showed diametrically different behaviour of nanofibers. So these methods
can not be applied for the nanofibrous material.

Sulfonation of polystyrene by sulfuric acid is the standard method for introduction strongly acidic cation
exchanging groups. This reaction is simple in the case of crosslinked copolymer styrene divinylbenzene particles
used for production common ion exchanger. By noncrosslinked PS nanofibers is necessary to find optimal
conditions for preparation product having acceptable exchange capacity but still insoluble in water. At higher
degree of substitution is product soluble without crosslinking. Fortunately by sulfonation of PS with sulfuric acid
proceeds in small extent crosslinking  Sulfogroups Kucera and Jancar® published ,sulfonation of polymers*®
possibility of crosslinking by sulfone crosslinkages in their review. Because of the presence of relatively highly
reactive -SOzH groups, crosslinking reaction between the molecules of the sulfonated product occur.

As we knew it is possible to sulfonate non-crosslinked polystyrene nanofibers to the low conversion of functional
groupsz’s, we started optimizing sulfonation for the purpose of crosslinking.
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a) b) c)

Fig 3 Nanofibrous polystyrene sulfonated and crosslinked by sulfobridges; a) magnification 150, b)
magnification 600, ¢) magnification 500

After successful sulfonation crosslinking and functionalization the polystyrene nanofibers increase their diameter
from about 350 nm to 500 nm. The weight of nanofibrous samples increases to 150%. Sulfones are very stable
compounds. The nanofibrous polystyrene is then insoluble in common organic solvents like toluene or acetone

also by heating. Their decomposition can be achieved only by melting with alkaline hydroxides15'16.

o £ £3 0 Y
Wawrurbrs ()

Fig 4 Infrared spectra of nanofibrous polystyrene strong acid cation exchanger crosslinked by sulfone bridges
Ar-SO,-Ar 1360 —1335cm™, 1170 -1160cm™ s
-SOs- H+ 2600, 2250, 1680 cm™, 1230 — 1120 cm™, 1120 - 1025 cm™ s

These spectra show the presence of sulfo groups (peaks at 2600, 2250, 1680 cm™, 1230 — 1120 cm™, 1120 —
1025 cm'1) and sulfone crosslinkages (peaks at 1360 — 1335 cm”, 1170 — 1160 cm'1). This nanofibrous product
swells significantly in solution treated (when we immerse the sample into the water its weight increases more
than 25 times). After drying, this matter is very fragile.

Polystyrene nanofibers with sulfone crosslinkages and sulfone functional groups were analyzed with Elementar

vario EL IlI.
Sample %C %H %S
A 35.67 6.055 14.75
B 36.18 6.072 14.88
C 46.95 5.442 14.071
D 46.95 5.496 14.219

Table 1 Elemental analysis of crosslinked sulfonated nanofibrous polystyrene

These samples show high concentration of sulfur, two times higher than strong acid cation exchangers (~ 5%).
Part of its sulfur is in the form of sulfon.
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The physical and chemical properties of this material can be improved by adding crosslinking agent into the
sulfonating solution. This crosslinking agent (e.g. formaldehyde) introduces methylene bridges beside of sulfone
bridges.

a) b) c)

Fig 5 Polystyrene nanofibers crosslinked with methylene bridges; a) magnification 150, b) magnification 600, c)
magnification 5000

This product differs from sulfon crosslinked polystyrene especially in physical properties — in micro scale the
diameter of nanofibers does not chase (200 — 350 nm) and in macro scale the membrane keeps its elastic
properties also after drying. The swelling behavior enables water uptake under 1g per 1g of dry material. This
material is very stable in high temperature it does not change its morphological structure after 2 hours in 220°C.

Functionalization of sulfone crosslinked polystyrene with sulfone functional groups proceeds during sulfonation,
as it can be seen in infrared spectrum of this material. The ion exchange capacity of sulfone crosslinked
nanofibrous polystyrene is around 5,2 meq/g.

Functionalization of methylene crosslinked material proceeds similarly to functionalization of common granular
ion exchangers, in hot concentrated sulfuric acid.

The ion exchange capacity of this methylene crosslinked polystyrene nanofibrous is around 1 meqg/g.

Sulfonated polystyrene we can convert to anion exchanger via sulfochloride derivatives followed by reaction with
di/polyamine. This way is more environmentally friendly and not so hazardous that chloromethylation with chloro
methyl methyl ether. The ion exchange capacity of this nanofibrous polystyrene anion exchangers is 1,3 meq/g.

Method for measuring ion exchange capacity was acid-base titration. lon exchange capacity (IEC) is the
measure of the number of replaceable H* ions per unit mass of the exchange material. The effluent was
collected in a flask, and measured by titration to a phenolphthalein end-point against a known molarity solution.

Sample type Functional lon exchange capacity
group [meq / g dry matter]

FNF - 1 Nanofibers -SOzH 55-6,2

FNF -2 Nanofibers -SOzH 6,1-6,3

FNF -3 Nanofibers --SO3zH 48-5,9

FNF — 4 Nanofibers --SOzH 3,9-4,2

Table 2 The ion exchange capacity related to the neutralizing solution. Neutralizing solution after sulfonation of
nanofibrous polystyrene is for FNV 1 — methanol, for FNV 2 it is hot saturated hydroxide in ethanol, FNV 3
— ethanol, FNV 4 — ethanol mixed with acetone
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lon exchange capacity

Trade mark  Company Type Functional [meq/g In data sheet
group dry exchanger] of material
HCR-S/S Dowex resin -R-SO5 5,0 2eq/l
K-5P Promion microfibers -COOH 5,3 3-8 meq /g dry matter
K-1 IPOC* microfibers -R-SO5" 2,4 3 meq /g dry matter
FNF* E"HS“:O nanofibers R-SO5 5,2 3,8 meq /g

Note: * Institute of Physical Organic Chemistry of the National, Academi of Science of Belorus; "Evaluated in MEGA a.s.

Table 3 Comparison of ion exchange capacity between granular and fibrous ion exchangers

Compared to the granular ion exchangers, fibrous sulfonic cation exchanger exhibits excellent kinetic features.
These features are expressed by no lag in acid-base titration in comparison with granular ion exchangers. The
half-time of sorption by fibrous ion-exchangers is more than 20 times shorter ’.

These features allow water treatment even in filtration through 10- or 20-mm filtering bed at a high flow velocitye.
The use of thin-fiber close-packed fibrous ion exchangers considerably simplifies control of the permeability and
hydrodynamic resistance of filtering beds to ensure the required conditions for water treatment.

All the tested fibrous sulfonic cation exchangers, irrespective of the bed height, are more efficient sorbents for
preparation of deeply purified water than the granular resin.

The use of the filtering beds prepared from close-packed thin-fiber ion exchangers can be promising in
development of small high-performance filtering units for deep water purifying. In water purification we can use
the advantage of selectivity of chosen functional groups (e.g. for fast and specific sorption of highly toxic or
radioactive pollutants like Hg, U, Cd) Further potential applications are as support of catalytically active metal
ions or in biotechnology. In nuclear engineering we can decontaminate the surface selectively, treat small
volumes of concentrated solutions or big volumes with low concentration of radioactive substances. We can
utilize preconcentration of ions on the surface of nanofibrous ion exchangers in analytical chemistry
(chromatography etc.).
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Abstract

Polymers, biopolymers and resins containing quarternary ammonium groups exhibit antibacterial and antifungal
properties. Strong base ion exchange resins in the granular form are mostly functionalized with the quarternary
ammonium salts. It was approved that this groups especially when doped with iodide also exhibit antimicrobial
properties. When heterogenous ion exchange membranes are being prepared by milling strong base ion exchange
resin and mixing with inert binder by high temperature, it tends to degrade (by Hoffman elimination) the
guarternary ammonium groups while creating weak base ion exchange material. Anion exchange membranes
doped with silver are also described. This work compares antimicrobial properties of anion exchange membranes
doped and non-doped in different environment (liquid and gas) and durability of the antimicrobial properties and
the resistance against fouling.

Keywords: lon exchange, antibacterial, antimicrobial, membranes, strong base exchangers, fouling

1. Introduction

The ion exchange membranes so as the other types of water treatment membranes suffer from fouling. The fouling
includes anorganic and organic matter including microbiology. The growth of microbiology on the surface of
membranes is the objective of this work. lon exchange membranes represents heterogenous and homogenous
membranes. Due to the charge of the membranes we can recognize cation and anion exchange membranes. This
work is focused on heterogenous membranes especially anion exchange type. The reason is that anion exchange
heterogenous membranes are being prepared from the strong anion exchange granular resin. This resin contains
quarternary ammonium groups which are widely known for its antimicrobial properties. Current water treatment
and air conditioning systems representing state-state-of-the-art in this technology use ion exchange based
membranes. The membranes should also exhibit antimicrobial properties because of their durability in the system.
Regarding preparation of membranes from the material with antimicrobial properties it can be expected that anion
exchange type of membranes should exhibit these features. Despite these facts it does not happen — neither cation
nor anion exchange membranes suffer from the fouling.. This work should make an overview of the behavior of the
ion exchange materials and its treatment by preparation of the heterogenous membranes according to their
antimicrobial properties and it should reveal the weak side of technological processes and describe possible
solutions.

2. Microbiological characterization of ion exchange materials

2.1 lon exchange materials doped with antimicrobial agents

In the past it was observed that materials consisting of ion exchange materials doped with iodide [1] or silver [2]
clearly exhibited antimicrobial properties.
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2.2 Anion exchange materials itself for disinfection

In this work it is analysed whether the ion exchange material itself exhibits antibacterial properties also.

Preparation of anion exchange heterogenous membranes and microbial characterization of used material reveals
many important facts not related only with the antifouling process.

First step of preparation of heterogenous anion exchange membranes is milling the anion exchange granular
resins. Commonly is being used strong base resin containing quarternary ammonium groups. As mentioned before,
this groups exhibit antimicrobial properties so it is obvious that the powder should exhibit these properties also.

The above mentioned idea was characterised by the Cornell test. During the first 120 minutes the anion exchange
milled material exhibited antimicrobial properties resulting in decreasing number of colonies of St.Gallinarum.

Table 1: Cornell test of anion exchange materials

[<5]
E
. pay Concentration of Aditional
Material § test bacteria dilution cPU
S Number
[&5]
To 10* S.g./ml 394
T30 10* S.g./ml 362
Controlg T60 10* S.g./ml 275
T120 10* S.g./ml 335
T240 10* S.g./ml 301
T30 10* S.g./ml >2.10°
T30 10* S.g./ml 1:20 308
T60 10* S.g./ml >2.10°
T60 10* S.g./ml 1:20 282
Control; "
T120 10* S.g./ml 811
T120 10* S.g./ml 1:20 49
T240 10* S.g./ml 732
T240 10* S.g./ml 1:20 35
T30 10* S.g./ml
T30 10* S.g./ml 1:20
T60 10* s.g./ml s
T60 10* s.g./ml 1:20 =
Sample "a** =
T120 10* S.g./ml s
S
T120 10* S.g./ml 1:20 o
T240 10* s.g./ml
T240 10* S.g./ml 1:20
T30 10* S.g./ml
T30 10* S.g./ml 1:20
T60 10* S.g./ml s
T60 10* s.g./ml 1:20 s
Sample "'b*" " g
T120 10* S.g./ml s
S
T120 10* S.g./ml 1:20 o
T240 10* S.g./ml
T240 10* S.g./ml 1:20
Legend:
Control, bacterial suspension only
Control, Cation exchange membrane
Sample ""a" Anion exchange membrane
Sample "*b" duplicate of sample "a"
Contact time contact time of material with bacterial suspencion
CPU Colony producing Units / ml
Contamination very high proportion of contaminating bacteria

Test bacteria Staphylococcus gallinarum CCM 3572



On the other hand anion exchange membrane did not showed any antimicrobial properties during first 2 hrs. This
result would be explained as degradation of quarternary group during melting anion exchange powder with inert
binder and supporting polyester textile at 130°C. Due to this fact the membranes were analysed by infrared
spectroscopy. It should have approved the lack of the quarternary ammonium groups in the membrane. The results
were suprising, in both — the anion exchange powder and ion exchange membrane it was detected quarternary
ammonium groups. The stretching vibration of N-C at 3000 cm™, and then deform.vibration of N-(CHs)s* at 1490,
1419 and 975 cm™* proves the presence of this strong base functional group.
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Fig.1: IR spectrum of anion exchange membrane (AMPES = anion exchange membrane, Anex = anion exchange
powder, polyethylene = inert binder in membrane)

Nevertheless during next hours of Cornell test the anion exchange powder was also contaminated as the
membrane. This was next unexpected fact showing that presence of this quarternary ammonium salt e.g. strong
base group does not necessarrilly means the antimicrobial properties.

2.3 Cation exchange material

From the Cornell test it is also clearly visible that the cation exchange powder and cation exchange membrane
both exhibit antimicrobial properties. This next surprising fact could be easily explained by the presence of strongly
acidic sulfonic groups. After 120 minutes it was 49 colonies and after 240 minutes 35 colonies covering the surface
of membrane. This result show strong antibacterial features of strongly acidic cation exchange membranes.

3. Conclusion

Despite of the expactations that strongly basic anion exchange materials should exhibit the antibacterial features
due to presence of quarternary ammonium functional group it was observed that the bacterial colony grows easily
on them. It was also expected that heterogenous anion exchange membranes prepared from the strongly basic anion
exchange granulles will suffer from the heat treatment followed by the loss of the desirable group (quarternary
ammonium) by the Hoffman elimination but the membranes analysed by infrared spectroscopy proved the presence
of this group while also did not exhibit the antimicrobial properties similarly as the raw material.



Surprisingly the most efficient antimicrobial properties exhibited strongly acidic cation exchange materials —
both the granulles and the membranes.

This fact can effectively be used in the future technologies including air conditioning and water treatment when
utilizing only one type of membranes.
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ABSTRACT

Shock electrodialysis represents state-of-the-art in water desalination and
purification. Technology based on the latest theories describing the behaviour of
ion transport in water and membranes published by Nikonenko et al. was
realized in laboratories of M.LT. by Bazants group. Standard shock
electrodialysis utilizes commercially available membranes while this work used
nanofibrous ion exchange membranes prepared by Nanospider technology. The
key feature enabling realization of shock electrodialysis process is porous media
incorporated in the electrodialysis stack. Though nanofibrous membranes
exhibit high porosity the promising results were expected. Results and
discussion shows the basic comparison of standard and nanofibrous membranes
used for this type of water treatment.

INTRODUCTION

The name of shock electrodialysis is derived from the theory of shock waves.
This waves represent rapid change of one the physical or chemical values in any
phenomena (explosion, lithotripsy etc.). When the shock wave passes through
the environent, the energy does not change but the enthropy increases. In the
case of water treatment shock wave means rapid change of density
(concentration). The name electrodialysis was chosen because the main
components for water treatment using shock waves utilize device and
components analogical to that of standard electrodialysis.

THEORY

In standard electrodialysis there is a boundary layer closed to the surface of
membranes. Boundary layer also represents limiting current. In the case of shock
electrodialysis [1] the boundary layer is enhanced into the space between
membranes so as it can be used as a source of desalinated water. This is shock
wave passing through the solution inbetween the membranes [2]. So it is
obvious we do not need repetitively alternating pair of anion and cation
exchange membranes because the boundary layer is independent on the type of
the membrane. So in this case we use set of cation exchange membranes. In the
case of shock electrodialysis invented at M.I.T. these are Nafion membranes. The
aim of this study was to use nanofibrous cation exchange membranes and also
set of anion exchange nanofibrous membranes.
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EXPERIMENT

Model solution was NaCl in concentration of 1 mM. Applied voltage (on Gamry
potentiostat Reference 3000) was 3,5 V to achieve 0,1 mA. The surface of
membranes and electrodes was 2 cm?. The thickness of frit was 3 mm. The flow
rate was maximally 0,1 ml/min. Commonly utilized membranes are nafion,
backing is transparent polymethyl methacrylate.

The cation exchange nanofibrous membranes were prepared by Nanospider
technology. Polymer matrix was polystyrene and functional group sulfonic.

Fig. 1: Central part of shock electrodialysis modul covered by a) nanofibrous
anion exchange membrane (left) b) nanofibrous cation exchange membrane

(right)

DISCUSSION

The effectivity of nanofibrous membranes in shock electrodialysis modul was
compared to standard nafion membranes by desalination process. The
concentration in model solutions (1 mM NaCl) was measured by EIS
(electrochemical impedance spectroscopy) becuase of low volume of the inlet
and outlet solutions so conductometer could not been used (except diluting
method).
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Fig. 2: Reference sample a) 1mM NacCl (left) b) 0 mM NacCl (right) in deionized
water plotted in Nyquist diagram (real vs. imaginary component of impedance)

For 1 mM NacCl solution in deionized water the real part of impedance was 400
k(). The method wused for monitoring voltage and current was
chronopotentiometry.
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Fig. 3: Chronopotentiometry for 1 membrane pair in shock electrodialysis with
nanofibrous cation exchange membranes.
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Regarding impedance the best desalination in one-through shock electrodialysis
process was maximally 20% (for anion exchange membranes) of salt rejection.
For nonfunctionalized polystyrene membranes the desalination was 10%
(rejected salts). And for cation exchange nanofibrous membranes there was not
any change.

CONCLUSIONS

Functionalised nanofibrous membranes seems not to be ideal component for the
process of shock electrodialysis. The main problem might be bad mechanical
stability causing internal leaking between the chambers and mixing of diluate,
concentrate and electrodes streams. The best desalination results were achieved
by nanofibrous anion exchange polystyrene membranes but even these results
may not differ from efficiency of standard electrodialysis.
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[ontovyménné loZe tvoiené boxy z funkcionalizovaného mikrovidkna se smésnou ionexovou
vyploi

Oblast techniky

Technické feseni se tyka iontovyménného loZe, jeZ je pouzivano v jednotkach pro elektrodeioni-
zacl vodnych roztoki. Membranovy modul pro elektrodeionizaci je v diludtovych komorach
opatfen iontovyménnym materidlem, ktery ma za kol zleps$it transport ionth z jadra roztoku k
povrchu membran, zvysit vodivost odsolovaného roztoku a na rozhranni katex/anex generovat H™
a OH skupiny, které regeneru)i iontovyménny material.

Dosavadni stav techniky

Diluatové komory membranovych moduld pouZivanych k separaci iontl z vodnych roztoki jsou
vyplnény iontovyménnym materidlem. V soucasné dobé je nejéastéji pouZivan iontovyménny
materidl ve formé perli¢ek o priméru 0,3 az 0,7 mm. Nevyhodou perli¢kovych ionexi je gelova
difuze, jez probiha v materidlu ionexu. Vzhledem k faktu, ze gelova difuze je nejpomalejsi déj v
popisovaném procesu iontové vymeény, jedna se o fidici d&j. Z tohoto divodu je snaha o pouzi-
vani perliéek o co nejmensdim priméru. LoZe tvofené perlickovym ionexem vykazuje jisty hydro-
dynamicky odpor, ktery roste spolu se snizujicim se primérem jednotlivych perli¢ek. Z hlediska
hydrodynamického odporu je proto snaha o pouzivani perli¢ek s co nejvétsim primérem, které
viak vykazuji vyznamnou gelovou difuzi. V pribéhu provozu membranového modulu dochazi k
rozmyvani smésného iontovymeénneého loZe na oblast s pfevahou anexu s niZ3i hustotou a katexu
s vy33i hustotou. Dalsi nevyhodou perlickovych loZi je nebezpeéi vyplavovani perli¢ek z vlastni
diluatové komory. Z tohoto diivodu je snaha o vyvoj jiného iontovyménného ionexu, ktery by
fedil tyto problémy.

Probl¢émy s rozplavovanim a vyplavovanim ionexu stejné jako problémy s hydrodynamickym
odporem a gelovou difuzi se podarilo vyfesit pouzitim funkcionalizovanych mikrovidken. Tato
mikrovldkna vSak maji v porovnani s perlickovym ionexem mnohem men3i celkovou iontové
vyménnou kapacitu na jednotku objemu.

V ptipadé dpravy vody pro pitné ucely je potieba z vody odstranit jak anionty tak kationty. Po-
kud se jedna o upravu vody pro energetické aplikace je potéeba z vody odstranit do vysokého
stupné vedkeré ionty a soli.

Podstata technického fegeni

Problém s vyplavovanim a rozplavovanim loZe tvofeného perlickovym ionexem se podafilo vy-
fesit umisténim perli¢ek ionexu do boxi z funkcionalizovaného mikrovidkna. Jedna se o ko-
meréné dostupné funkcionalizované mikrovlaknoe. Box vytvofeny z funkcionalizovaného mikro-
vlakna vypliuje diludtovou komoru po celé jeji gifce a vyice, ale ne po celé jeji délce. Boxy
vytvofené z funkcionalizovanych mikrovldken typu katex i anex jsou vyplnény smésnym ione-
xem ve formé perlicek, ktery je tvofen jak ionexem typu anex, tak ionexem typu katex {mix-
bead). Jednotlivé boxy funkcionalizovanych mikrovlaken vyplnéné smésnym ionexem ve formé
perli¢ek jsou stiidavé fazeny, tak aby vyplnily celou diluatovou komoru.

Objasnéni vykresa

Obr. 1 - ¢elni pohled (narys) diluatové komory s jednotlivymi boxy z funkcicnalizovanych mik-
rovlaken s vyplni tvofenou smésnym ionexem ve formé perlicek.

Obr. 2 - boéni fez diluatovou komorou s jednotlivymi boxy z funkcionalizovanych mikrovlaken s
vyplni tvofenou smésnym ionexem ve formé perlidek.
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Priklad uskuteénéni technického feseni

Boxy tvofené funkcionalizovanym mikrovlaknem typu katex 6 1 anex 5 jsou vyplnény smésnym
ionexem ve tormé perlicek 7. Tyto boxy z funkcionalizovaného mikrovidkna typu anex 5 a katex
6 se smésnou ionexovou vyplni ve formé perli¢ek 7 jsou stiidavé fazeny mezi rozdélovacimi
miizkami 4 standardniho komeréné dodavaného polymerniho ramedku 2 s otvory 3 pro pfivod a
odvod kapaliny. Boxy z funkcionalizovaného mikrovladkna 6 a 5 vyplnéné smésnym ionexem ve
formé perli¢ek 7 v polymernim ramecku 2 s rozdélovacimi mfizkami 4 jsou umistény mezi ion-
tovyménné membrany 1.

Prumyslova vyuzZitelnost

fontovyménné loZe tvofené boxy z funkcionalizovaného mikrovldkna se smeésnou ionexovou
vyplni 1ze s vvhodou pouzit v membranovych modulech pro elektrodialyzu, jeZ jsou ureny pro
odsolovani roztokil do vysokého stupné. Nulova gelova difuze na funkcionalizovaném mikro-
vlaknu zajist'uje extrémni rychlost probihajicich iontovyménnych déji. Pouziti iontovyménného
materialu ve formé perli¢ek umoziiuje odsoleni do vysokého stupné. Umisténi ionexu ve formé
perli¢ek do boxu z funkcionalizovaného mikrovlakna zabrafnuje vyplavovani jednotlivych perli-
dek katexu a anexu z loZe. Vzhledem k faktu, Ze diluatova komora je opatfena nékolika boxy,
nedochazi k vyraznéjsimu rozplavovani smésného loZe ionexu ve formé perlicek. SkuteCnost, Ze
material rimec¢ku 1 vlastni ¢ast loZe tvofend perlickovym ionexem je hydrodynamicky propustind,
ma za nasledek zvySeni intenzity promichavani roztoku. Na rozhrani katex/anex mize dochazet k
rozkladu vody na H™ a OH ionty, které dale regeneruji jednotlivé stozky ionexového loze, Vol-
bou rozdilnych typl funkcionalizovanych mikrovlaken miliZze dochizet k rozkladu vody jak na
rozhrani perlicka/perlicka, tak na rozhrani mikrovlakno/perli¢ka a dokonce i na rozhrani mikro-
vlakno/mikrovidkno. Tuto technologii tak lze s dspéchem pouZit v procesech tpravy pitné vody,
vody pro energetické aplikace, vyrobu polovaedictl, farmakochemii, nebo odstrafiovani neZzadou-
cich soli z dilnich vod.

NAROKY NA OCHRANU

1. Tontovyménné loZe, vvznacujici se tim, Ze boxy funkcionalizovan¢ho mikro-
vlakna (35, 6) jsou stfidavé umistény do polymerniho ramecku (2} s pfivodnimi a odvodnimi
otvory (3) a rozdélovaci miizkou (4).

2.  lontovyménné loZe podle naroku 1, vyznadéujici se tim, Ze boxy tunkcionali-
zovaného mikrovldkna typu katex (6) i anex (5) jsou vyplnény smésnym ionexem ve forme perli-
cek (7).

3. lontovyménné loZe podle niroku |, vvznacujici se tim, Ze polymemni ramecek
(2) s boxy z funkcionalizovaného mikrovlakna (5, 6) vyplnéné smésnym ionexem ve formé perli-
¢ek (7) je umistény mezi dvé iontovévyménné membrany (1),

2 vykresy
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Iontovymeénné loZe tvofené boxy z funkcionalizovaného mikrovlikna se smésnou ionexovou
vyplni a predfazenym funkcionalizovanym nanovliknem fixovanym na nosné miiZce

Oblast techniky

Technické feSeni se tykd iontovyménneho loZe, jeZ je pouZivano v jednotkich pro elektrodeioni-
zacl vodnych roztokd. Membranovy modul pro elektrodeionizaci je v diludtovych komorach
opatfen iontovyménnym materialem, ktery ma za Ukol zlepsit transport iontd z jadra roztoku k
povrchu membran, zvysit vodivost odsolovaného roztoku a na rozhranni katex/anex generovat H'
a OH’ skupiny, které regeneruji iontovyménny material.

Dosavadni stav techniky

Diluatové komory membranovych moduld pouZivanych k separaci tonti z vodnych roztokl jsou
vypinény iontovyménnym materidlem. V soufasné dobé je nejéasté)i pouzivan iontovyménny
material ve formeé perli¢ek o priméru 0,3 az 0,7 mm, Nevyhodou perli¢kovych tonexil je gelova
difuze, jeZ probihd v materidlu ionexu. Vzhledem k faktu, Zze gelova difuze je nejpomalejsi d&j v
popisovaném procesu iontové vymeény, tak se jedna o fidici déje. Z tohoto divodu je snaha o
pouzivani perli¢ek o co nejmensim priméru. LoZe tvoifené perlickovym ionexem vykazuje jisty
hydrodynamicky odpor, ktery roste spolu se sniZujicim se primérem jednotlivych perliek. Z
hlediska hydrodynamického odporu, je proto snaha o pouZivani perlicek s co nejvét§im primeé-
rem, které viak vykazuji vyznamnou gelovou difuzi. V pribéhu provozu membranového modulu
dochdzi k rozmyvani smésného ionovymeénného loZe na oblast s pfevahou anexu s nizi hustotou
a katexu s vy33{ hustotou. Dalsi nevyhodou perli¢kovych loZi je nebezpedi vyplavovani perliéek
Z vlastni diluatové komory. Z tohoto diivedu je snaha o vyvoj jiného iontovyménného ionexu,
ktery by fesil tyto problémy. Problémy s rozplavovanim a vyplavovanim ionexu stejné jako pro-
blémy s hydrodynamickym odporem a gelovou difuzi se podafilo vyfesit pouzitim funkcionali-
zovanych mikrovlaken. Tato mikrovldkna v8ak maji v porovnani s perliékovym ionexem mno-
hem mensi celkovou iontové vyménnou kapacitu na jednotku objemu. Jednou z cest jak zvy§it
celkovou iontovévymeénnou kapacitu na jednotku objemu pii zachovani vyhod funkcionalizova-
nych mikrovlaken, je pouziti funkcionalizovanych nanovlaken. Funkcionalizovana nanovlakna
vykazuji vyssi celkovou iontovévyménnou kapacitu na jednotku objemu nez funkcionalizovana
mikrovlakna. Nedochazi u nich k rozplavoviani a vymyvani iontovévyménného materialu z
diludatovych komor. Funkcionalizovand nanovldkna jsou dodavana ve formé netkané textilie.
Nevyhodou netkané textilie z funkcionalizovanych nanovlaken je jeji nizka mechanicka pevnost.
P#i volném uloZeni do diluatovych komor dochazi k jejimu unaseni protékajicim roztokem a
naslednému zachyceni na sit’ce rozdélovacu. Vznikla vrstva vykazuje vysoky hydrodynamicky
odpor.

V pripadé apravy vody pro pitné ucely je potfeba z vody odstranit jak anionty, tak kationty, Po-
kud se jedna o dprava vody pro cnergetické aplikace je potfeba z vody odstranit do vysokého
stupné veikeré lonty a soli,

Podstata technického feeni

Problém s vyplavovanim a rozplavovanim loZze tvofeného perlickovym ionexem se podarilo vy-
fedit umisténim perli€ek ionexu do boxd z tunkcionalizovaného mikrovldkna. Jedna se o ko-
meréné dostupné funkcionalizované mikrovlakno. Box vytvofeny z funkcionalizovaného mikro-
vlakna vypliiuje diludtovou komoru po celé jeji iifce a vysce, ale ne po celé jeji délee. Boxy
vytvofené z tunkcionalizovanych mikrovlaken typu katex i anex jsou vyplnény smésnym ione-
xem ve formé perliek, ktery je tvofen jak ionexem typu anex tak 1onexem typu katex (mixbead).
Jednotlivé boxy funkcionalizovanych mikrovidken vyplnéné smésnym ionexem ve formé perli-
¢ek jsou stiidavé fazeny, tak aby vyplnily éast diluitové komory. Zbyvajici objem diludtové ko-
mory je vyplnén netkanou textilii z funkcionalizovanych nanovlaken, jez jsou z duvodu nizké
mechamickeé pevnostt fixovany na nosné miizky. Tvto miizky jsou vyrobeny z polyethylenu PE,
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nebo polyethylentereftalatu PET. Miizky jsou pfifiznuty na rozmeér diludtoveé komory. Na piifiz-
nuté mfiZky je navinuta netkana textilie z funkcionalizovanych nanovlaken. Vznikly blok poly-
merni miizky omotané netkanou textilii z funkcionalizovanych nanovlaken je nasledné vlozen do
zbyvajici volné tasti diluatové komory.

Objasnéni vvkresa

Obr. 1 - &elni pohled (narys) diluatové komory s jednotlivymi boxy z funkcionalizovanych mik-
rovlaken s vyplni tvofenou smésnym ionexem ve formeé perlicek a predfazenym funkcionalizova-
nym nanovlaknem fixovanym na nosné miiZce.

Obr. 2 - bo¢ni fez diluatovou komorou s jednotlivymi boxy z funkcionalizovanych mikrovliken s
vyplni tvofenou smésnym ionexem ve formé perlicek a piedfazenym funkeionalizovanym nano-
vldknem fixovanym na nosné miiZce.

Piiklad uskute¢néni technického feseni

Boxy tvofené funkcionalizovanym mikrovldknem typu katex 6 1 anex 3 jsou vyplnény smésnym
ionexem ve formé perliéek 7. Tyto boxy z funkcionalizovaného mikrovlakna typu anex 5 a katex
6 se smésnou ionexovou vyplni ve formé perli¢ek 7 jsou stiidavé fazeny do Casti prostoru mezi
rozdélovacimi mfiZkami 4 standardniho komeréné dodavaného polymerniho ramecku 2 s otvory
3 pro piivod a odvod kapaliny. Zbyvajici prostor mezi rozdélovacimi mfizkami 4 je vypinén nos-
nymi mfizkami 9, jeZ jsou opatfeny netkanou textilii z funkcionalizovaného nanovlikna 8. Boxy
z funkcionalizovaného mikrovldkna 6 a 5 vyplnéné smésnym ionexem ve formé perliéek 7, spolu
s nosnymi miizkami 9 opatfenymi funkcionalizovanym nanoviaknem 8, v polymemim ramecku 2
s rozdélovacimi miizkami 4 jsou umistény mezi iontovyménné membriny 1.

Prumyslova vyuZitelnost

[ontovyménné loZe tvofené boxy z funkcionalizovaného mikrovldkna se smésnou ionexovou
vyplni a pfedfazenym funkcionalizovanym nanovlaknem fixovanym na nosné miizce lze s vyho-
dou pouZit v membranovych modulech pro elektrodialyzu, jeZ jsou uréeny pro odsolovani vel-
kych objem( roztokd do vysokého stupné. Nulova gelova difuze na funkcionalizovaném mikro-
vlaknu zajidt'uje extrémni rychlost probihajicich iontovyménnych déji. Pouziti iontovyménného
materialu ve formé perli¢ek umoziiuje odsoleni do vysokého stupné. Umisténi ionexu ve formé
perlicek do box z funkcionalizovaného mikrovlakna zabrafinje vyplavovani jednotlivych perli-
¢ek katexu a anexu z loZe. Vzhledem k faktu, Ze diludtova komora je opatfena nékolika boxy,
nedochazi k vyraznéjéimu rozpiavovani smésného loze ionexu ve formé perli¢ek. Skuteénost, ze
materidl rdmedku i viastni ¢ast loZe tvotend perlickovym ionexem je hydrodynamicky propustna,
ma za nasledek zvyseni intenzity promichavani roztoku. Na rozhrani katex/anex muZe dochazet k
rozkladu vody na H™ a OH’ ionty, které dile regeneruji jednotlivé slozky ionexového loZe, Vol-
bou rozdilnych typd funkcionalizovanych mikrovlaken mize dochazet k rozkladu vody jak na
rozhrani perli¢ka/perlicka tak na rozhrani{ mikrovlakno/perlicka, a dokonce 1 na rozhrani mikro-
vlakno/mikrovldkno. Fixace na planarnich polymernich mfizkach vyznamné zvysuje dobu styku
roztoku s iontovévymeénnym materidlem a umoziiuje tak vyssi stupef odsoleni v pribéhu jednoho
pruchodu modulem. SkuteCnost, Zze jako opera je pouZita polymemni mfiZka se zvinénym po-
vrchem, ma za nasledek zvy3eni intenzity promichavani roztoku. NataZeni netkané textilie tvo-
fené iontovévymeénnym nanovlaknem na polymemi miizku ma za nasledek vyrazné sniZeni hyd-
rodynamického odporu iontovévyménného loze. Tuto technologii tak lze s Gspéchem pouZit v
procesech upravy pitné vody, vody pro energetické aplikace, vyrobu polovodicd, farmakochemit
nebo odstrafiovani nezadoucich soli z ddlnich vod.
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NAROKY NA OCHRANU

1.  lontovyménné loze, vyznacdujici se tim, Ze boxy funkcionalizovaného mikro-
vlakna (5, 6) jsou stiidavé umistény v ¢asti prostoru mezi rozdélovaci miizkou (4) polymemniho
ramecku (2) s privodnimi a odvednimi otvory (3), kdy zbyvajici prostor mezi rozdélovacimi
miizkami (4) je vyplnén nosnou méizkou (9).

2. Ilontovyménné loZe podle ndroku 1, vyznacujici se tim, Ze nosnia miizka (9) je
opatfena netkanou textilii z funkcionalizovaného nanovlakna (8).

3.  lontovyménné loZze podle nékterého z pfedchéazejicich narokid, vyzmadujici se
tim, Ze nosna miiZka (9) je vyrobena z polyethylenu nebo z polyethylentereftalatu.

4.  Iontovyménné loze podle niroku 1, vyznadujici se tim, Ze boxy funkcionali-
zovaneho mikrovidkna typu katex (6) i anex (5) jsou vyplnény smésnym ionexem ve formé perli-
&ek (7).

5. Jontovyménné loZe podle naroku 1, vyznaéujici se tim, Ze polymemni ramedek
(2) s boxy z funkcionalizovaného mikrovlakna (5, 6) vyplnénymi smésnym ionexem ve formé
perli¢ek (7) a polymemi miizkou (9) s netkanou textilii z funkcionalizovaného nanovlakna (8) je
umistény mezi dvé iontovévymeénné membrany (1).

2 vykresy
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[ontovyménné loZe tvofené boxy z funkcionalizovaného mikrovlakna s ionexovou vyplni s
opacnym nabojem

Oblast techniky

Technické feSeni se tyka iontovyménného loZe, jeZ je pouZivano v jednotkach pro elektrodeioni-
zaci vodnych roztokd. Membranovy modul pro elektrodeionizaci je v diluatovych komorach
opatfen iontovyménnym materidlem, ktery ma za akol zlepsit transport iontll z jadra roztoku k
povrchu membran, zvydit vodivost odsolovaného roztoku a na rozhranni katex/anex generovat H'
a OH’ skupiny, které regeneruji iontovyménny material.

Dosavadni stav techniky

Diluatové komory membranovych moduli pouzivanych k separaci iontl z vodnych roztokil jsou
vyplnény iontovyménnym materialem. V soudasné dobé je nejéasté}i pouzivan iontovyménny
materidl ve formé perli¢ek o priméru 0,3 az 0,7 mm. Nevyhodou perli¢kovych ionexii je gelova
difuze, jez probiha v materialu ionexu. Vzhledem k faktu, Ze gelova difuze je nejpomalejsi déj v
popisovaném procesu iontové vymeény, lze ji oznaéit i jako Fidici d&j. Z tohoto diivodu je snaha o
pouZivani perliCek s co nejmendim primérem. LoZe tvofené perlickovym ionexem vykazuje jisty
hydrodynamicky odpor, ktery roste spolu se snizujicim se primérem jednotlivych perli¢ek. Z
hlediska hydrodynamického odporu tak je snaha o pouZivani perlicek s co nejvétsim pramérerm,
které viak vykazuji vyznamnou gelovou difuzi. V priibéhu provozu membranového modulu do-
chazi k rozplavovani smésného iontovyménného loZe na oblast s pfevahou anexu s niZ3i hustotou
a katexu s vys$i hustotou. Dalsi nevyhodou perlickovych loZi je nebezpeéi vyplavovani perliek
z viastni diludtové komory. Z tohoto dlivodu je snaha o vyvoj jiného iontovyménného ionexu,
ktery by fesil tyto problémy. Problémy s rozplavovanim a vyplavovanim ionexu stejné jako pro-
blémy s hydrodynamickym odporem a gelovou difuzi se podafilo vyfedit pouzitim funkcionali-
zovanych mikrovlaken. Tato mikrovldkna v3ak maji v porovnani s perlickovym ionexem mno-
hem mensi celkovou iontové vyménnou kapacitu na jednotku objemu.

V ptipadé tipravy vody pro pitné Géely je potfeba z vody odstranit jak anionty tak kationty. Po-
kud se jedna o upravu vody pro energetické aplikace je potieba z vody odstranit veskeré ionty a
soli.

Podstata technického Fedeni

Problém s vyplavovanim loZe tvofeného perlickovym ionexem se podafilo vyfesit umisténim
perlicek ionexu do boxd z funkcionalizovaného mikrovlakna. Jednd se o komeréné dostupné
funkcionalizované mikrovlakno. Box vytvofeny z funkcionalizovaného mikrovlakna vypliuje
diluatovou komoru po celé jeji sifce a vysce, ale ne po celé jeji délce. Box vytvoreny z funkcio-
nalizovaného mikrovlakna typu katex je vyplnén ionexem ve formé perli¢ek typu anex. Box vy-
tvofeny 2 funkcionalizovaného mikrovldkna typu anex je vyplnén ionexem ve formé perli¢ek
typu katex. Jednotlivé boxy funkcionalizovanych mikrovlaken vyplnéné ionexem ve formé perli-
¢ek jsou stitdavé fazeny, tak aby vyplnily celou diluatovou komoru.

Objasnéni vyvkresa

Obr. 1 - &elni pohled (narys) diluatové komory s jednotlivymi boxy z funkcionalizovanych mik-
rovlaken s vyplni tvofenou ionexem ve formé perlicek.

Obr. 2 - boé¢ni fez diluatovou komorou s jednotlivymi boxy z funkcionalizovanvch mikrovlaken s
vyplni tvofenou ionexem ve formé perlicek.
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Priklad uskuteénéni technického feSeni

Boxy tvofené funkcionalizovanym mikrovlaknem typu anex 5 jsou vyplnény ionexem ve formé
perlidek typu katex 6. Boxy tvoiené funkcionalizovanym mikroviaknem typu katex 7 jsou vypl-
nény ionexem ve formé perliéek typu anex 8. Tyto boxy z funkcionalizovaného mikroviakna
typu anex 5 a katex 7 s ionexovou vyplni ve formé perlicek typu katex 6 a anex 8 jsou stfidavé
Fazeny mezi rozdélovacimi miizkami 4 standardniho komeréné dodavaného polymermiho rameé-
ku 2 s otvory 3 pro privod a odvod kapaliny. Boxy z funkcionalizovaného mikrovlakna 5 a 7
vypinéné ionexem ve formé perlicek 6 a 8 v polymernim ramecku 2 s rozdélovacimi mfizkami 4
jsou umistény mezi iontovyménné membrany 1.

Primyslova vyuZitelnost

[ontovyménné loze tvorené boxy z funkcionalizovaného mikroviikna s ionexovou vyplni s opac-
nym nabojem lze s vyhodou pouzit v membranovych modulech pro elektrodialyzu, jez jsou urce-
ny pro odsolovéni roztoki do vysokého stupné. Nulovd gelova difuze na funkcionalizovaném
mikrovlaknu zajisfuje extrémni rychlost probihajicich iontovyménnych déji. PouZiti iontovy-
ménného materialu ve formé perli¢ek umoziuje odsoleni do vysokého stupné. Umisténi 1onexu
ve formé perlicek do boxa z funkcionalizovaného mikrovldkna zabrafuje vyplavovani jednoth-
vych perlicek katexu a anexu z loze. Skutetnost, Zze material rame¢ku i vastni ¢ast loZe tvofena
perlickovym ionexem je hydrodynamicky propustnd, ma za nisledek zvyseni intenzity promicha-
véani roztoku. Na rozhrani katex/anex muiZe dochazet k rozkladu vody na H™ a OH’ ionty, které
dale regeneruji jednotlivé slozky ionexového loze. Volbou vhodné vypiné ionexu ve formé perli-
&ck lze dosahnout piednostniho odstranéni nékterych iontl z roztoki. V ptipad¢ ipravy vody pro
pitné Gcely, tak lze selektivné odstramit z rozioku NOy', NOy' nebo 50,7 pfi zachovani koncent-
raci HCOy' a COy*. Tuto technologii tak Ize s Gspéchem pouZit v procesech upravy pitné vody,
vody pro energetické aplikace, vyrobu polovodi¢t, farmakochemii, nebo odstrafovani nezadou-
cich soli z diinich vod.

NAROKY NA OCHRANU

1. lontovyménné loze. vyzmadéujici se tim. Ze boxy funkcionalizovan¢ho mikro-
vlakna (5, 7) jsou stiidavé umistény do polymemiho rameéku (2) s pfivodnimi a odvodnimi
otvory (3) a rozdélovaci miizkou (4).

2. lontovyménné loZe podle naroku 1, vyzmnaéujici se tim, Ze box funkcional-
covaného mikrovlakna typu katex (7) je vyplnén ionexem ve formé perlicek typu anex (8).

3. lontovyménné loze podle naroku I, vyznadujici se tim, Ze box funkcionali-
zovaného mikrovlakna typu anex (5) je vyplnén ionexem ve formé perlicek typu katex (6).

4. lontovyménné loze podle naroku |, vyznadéujici se tim, Ze polymerni ramecek

(2) s boxy z funkcionalizovaného mikrovidkna (3, 7) vyplnéné ionexem ve formé perlicek (6, 8)
je umistény mezi dvé iontovévyménné membrany (1).

2 vykresy
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Iontovyménné loZe tvoiené boxy z funkcionalizovaného mikrovlakna s ionexovou vyplni se
shodnym nibojem

Oblast techniky

Technicke feseni se tykd iontovyménného loZe jenz je pouzivano v jednotkach pro elektrodeioni-
zaci vodnych roztokid. Membrinovy modul pro elektrodeionizaci je v diluatovych komorach
opatfen iontovyménnym materidlem, ktery ma za tikol zlepsit transport iontd z jadra roztoku k
povrchu membrén, zvysit vodivost odsolovaného roztoku a na rozhranni katex/anex generovat H”
a OH’ skupiny, které regeneruji iontovyménny material.

Dosavadni stav techniky

Diluatové komory membranovych moduli pouzivanych k separaci iontil z vodnych roztoki jsou
vyplnény iontovyménnym materidlem. V soudasné dob& je nejcastéji pouzivan iontovyménny
material ve formé perli€ek o priméru 0,3 az 0,7 mm. Nevyhodou perli¢kovych ionexi je gelova
difuze, jez probiha v materialu ionexu. Vzhledem k taktu, Ze gelova difuze je nejpomalejsi dé&j v
popisovaném procesu iontové vymeény, tak je i déjem fidicim. Z tohoto diivodu je snaha o pouzi-
vani perli¢ek o co nejmensim primeéru. LozZe tvofené perlickovym ionexem vykazuje jisty hydro-
dynamicky odpor, ktery roste spolu se sniZzujicim se primérem jednotlivych perliek. Z hlediska
hydrodynamického odporu tak je snaha o pouzivani perli¢ek s co nejvétdim primérem, které
viak vykazuji vyznamnou gelovou difuzi. V pribéhu provozu membranového modulu dochazi k
rozmyvani smésného iontovymeénného loZe na oblast s pfevahou anexu s niz&i hustotou a katexu
s vy83i hustotou. Daldi nevyhodou perlickovych lozi je nebezpeéi vyplavovani perlicek z vlastni
dilnatové komory. Z tohoto divodu je snaha o vyvoj jiného iontovyménného ionexu, ktery by
fedil tyto problémy. Problémy s rozplavovanim a vyplavovanim ionexu stejné jako problémy s
hydrodynamickym odporem a gelovou difuzi se podafilo vyfesit pouZitim funkcionalizovanych
mikrovldken. Tato mikrovldkna viak maji v porovnani s perli¢kovym icnexem mnohem mensi
celkovou iontové vyménnou kapacitu na jednotku objemu. V piipadé kyselych dilnich vyluhi
obsahujicich médnaté, zine¢naté nebo nikelnaté ionty jsou pouzivany specifické iontovyménné
materialy tvofené pouze ionexy se zapornou funkéni skupinou (katex).

Podstata technického fefeni

Problém s vyplavovanim loZe tvefeného perlickovym ionexem se podafilo vyfedit umisténim
perlicek lonexu do boxi z funkcionalizovaného mikrovldkna. Jedna se o komeréné dostupné
funkcionalizované mikrovlakno. Box vytvofeny z funkcionalizovaného mikrovlakna vypliiuje
diluatovou komoru po celé jeji Sifce a vvice, ale ne po celé jeji délce. Viechny boxy mohou byt
v pfipadé vyrazné vyssdi koncentrace jednoho z odstrafiovanych iontli vyplnény stejnym typem
wonexu ve formeé perlicek. V pfipadé zpracovavani vod s podobnou koncentraci riznych kationta,
lze jednotlivé boxy vyplnit ionexem ve formé perlicek s vy$si selektivitou pro pozadovany ion.

Objasnéni vykresa

Obr. 1 - celni pohled (narys) diludtové komory s jednotlivymi boxy z funkcionalizovanych mik-
rovlaken s vyplni tvofenou ionexem ve formé perlicek.

Obr. 2 - boéni fez diluatovou komorou s jednotlivymi boxy z funkcionalizovanvch mikrovlaken s
vyplni tvofenou ionexem ve formé perliek.

Priklad uskute¢néni technického fegeni

Jednotlivé boxy 6 tvofené funkcionalizovanym mikrovidknem typu katex jsou vyplnény ionexem
ve tormé 5 perlicek typu katex. Tyto boxy 6 z funkcionalizovaného mikrovlakna jsou spolu s
ionexem ve tormé perlicek umistény mezi rozdélovacimi mfizkami 4 standardniho komeréné
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dodavaného polymerniho ramecku 2 s otvory 3 pro piivod a odvod kapaliny. Boxy 6 z funkcio-
nalizovaného mikrovldkna vypinéné ionexem ve formé perlicek 5 v polymemim ramecku 2 s
rozdélovacimi mfiZkami 4 jsou umisiény mezi iontovyménné membrany 1.

Primyslova vvuZitelnost

[ontovyménné loZe tvofené boxy z funkcionalizovaného mikrovldkna s ionexovou vyplni se
shodnym nabojem lze s vyhodou pouZit v membranovych modulech pro elektrodialyzu, jeZ jsou
uréeny pro odsolovani roztokd do vysokého stupné pro odstranovani toxickych kationtd kovi.
Nulové gelova difuze na funkcionalizovaném mikrovlaknu zajistuje extrémni rychlost probihaji-
cich iontovyménnych d&ji. PouZiti iontovyménného materidlu ve formé perliCek umoziuje od-
soleni do vysokého stupn&. Umisténi ionexu ve formé perlicek do boxi z funkcionalizovaného
mikrovidkna zabrafiuje vyplavovani jednotlivych perli¢ek katexu z loZe. Skute¢nost, Z¢ material
ramecku 1 vlastni ¢ast loZe tvorena perlickovym ionexem je hydrodynamicky propustna ma za
nasledek zvySeni intenzity promichavani roztoku. Tuto technologii tak lze s Gspéchem pouzit v
hvdrometalurgickych procesech, pii zpracovavani starvch galvanickych lazni nebo odstranovani
toxickych kationt( kovi z diilnich vod.

NAROKY NA OCHRANU

1.  lontovyménné loZe, vyzmaéujici se tim, Ze boxy (6) z funkcionalizovaného
mikrovlakna typu katex jsou vyplnény ionexem ve formé perli¢ek (5) typu katex.

2. Tontovyménné loZe podle naroku 1, vyznaéujici se tim, Ze boxy (6) funkciona-
lizovaného mikrovlakna s ionexem ve formé perli¢ek (5) jsou umistény do polymerniho ramecku
(2) s pfivodnimi a odvodnimi otvory (3) a rozdélovaci mtizkou (4).

3.  lontovyménné loZe podle naroku 2, vvzmadujici se tim, Zepolymerni rameéek
(2) s boxy (6) z funkcionalizovaného mikrovlakna vyplnénymi ionexem ve formeé pertiéek (3) je
umistény mezi dvé iontovévymeénné membrany (1).

2 vvkresy
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Fizové iontovyménné loZe tvoiené funkcionalizovanym mikrovldknem

Oblast techniky

Technicke fedeni se tyka iontovyménného loZe, jez je pouzivano v jednotkich pro elektrodeioni-
zaci vodnych roztokd. Membranovy modul pro elektrodeionizaci je v diluatovych komorach
opatfen 1ontovyménnym materidlem, ktery ma za kol zlepsit transport ionti z jadra roztoku k
povrchu membrén, zvysit vodivost odsolovaneho roztoku a na rozhrani katex/anex generovat H'
a OH’ skupiny, které regeneruji iontovyménny material.

Dosavadni stav techniky

Diluatové komory membranovych moduli pouzivanych k separaci iontit z vodnych roztoku jsou
vyplnény iontovyménnym materidlem. V souasné dobé je nejSastéji pouzivan iontovyménny
materialem ve formé perli¢ek o priméru 0,3 az 0,7 mm. Nevyhodou perlickovych ionex( je ge-
lova difuze, jez probiha v materidlu ionexu. Vzhledem k faktu, ze gelova difuze je nejpomaleji
dé€j v popisovaném procesu iontové vymeény, tak je i déjem Fidicim. Z tohoto divedu je snaha o
pouZivani perli¢ek s co nejmen$im primérem. LoZe tvofené perlickovym ionexem vykazuje jisty
hydrodynamicky odpor, ktery roste spolu se sniZujicim se prémérem jednotlivych perlicek, Z
hlediska hydrodynamického odporu je proto snaha o pouzivani perlicek s co nejvétsim prima-
rem, které viak vykazuji vyznamnou gelovou difuzi. V pribéhu provozu membrianového modulu
dochazi k rozmyvani smé&sného iontovyménného loze na oblast s pfevahou anexu s nizsi hustotou
a katexu s vy3§i hustotou. Dal8i nevyhodou perli¢kovych lozi je nebezpeéi vyplavovani perlicek
z viastni diluatové komory. Z tohoto divodu je snaha o vyvoj jiného iontovyménného ionexu,
ktery by fesil tyto problémy. Problémy s rozplavovanim a vyplavovanim ionexu stejné, jako pro-
blémy s hydrodynamickym odporem a gelovou difuzi se podafilo vyfesit pouZitim funkcionali-
zovanych mikrovlaken. Tato mikrovidkna viak maji v porovnani s perlickovym ionexem mno-
hem mensi celkovou iontové vyménnou kapacitu na jednotku objemu.

Podstata technického feseni

Problém s vyplavovanim a rozplavovanim loZe tvofeného perliékovym ionexem se podafilo vy-
fesit jeho nahrazenim fizovym loZem z funkcionalizovaného mikrovlakna. Jedna se o komeréné
dostupné funkcionalizované mikrovlakno. Smotek funkcionalizovaného mikrovlakna vypliuje
diluatovou komoru po celé jeji Sifce a vyice, ale ne po celé jeji délce. Jednotlivé smotky funk-
ctonalizovanych mikrovlaken jsou stiidavé fazeny, tak aby vyplnily celou diluatovou komoru.

Objasnéni vykresi

Obr. 1 - Eelni pohled (narys) diludtové komory s jednotlivymi smotky funkcionalizovanych mik-
rovlaken fazenych stfidavé za sebe.

Obr. 2 - bo¢ni fez diluatovou komorou s jednotlivymi smotky funkcionalizovanych mikrovlaken
fazenych stiidaveé za sebe.

Priklad uskuteénéni technického icieni

Jednotlivé smotky funkcionalizovanych mikrovlaken typu katex 6 a anex 5 jsou stiidavé fazeny
mezi rozdélovacimi mfizkami 4 standardniho komeréné dodavaného polymerniho ramecku 2 s
otvory 3 pro pfivod a odvod kapaliny. Smotky z funkcionalizovanych mikrovldken 5 a 6 v poly-
mernim ramecku 2 s rozdélovacimi miizkami 4 jsou umistény mezi iontovyménné membrany 1.
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Primyslova vyuZitelnost

Fazové iontovymeénné loZe tvofené funkcionalizovanym mikrovlaknem lze s vyhodou pouZit v
membranovych modulech pro elektrodialyzu, jez jsou uréeny pro odsolovani velkych objemt
roztokil s vysokym obsahem soli. Nulova gelova difuze zajidtuje extrémni rychlost probihajicich
iontovyménnych déju. Skuteénost, Ze mikrovlakna jsou hydrodynamicky propustna ma za nasle-
dek zvy$eni intenzity promichavani roztoku. Na rozhrani katex/anex muze dochazet k rozkladu
vody na H™ a OH  ionty, které dale regeneruji jednotlivé slozky ionexoveho loze. Vzhledem ke
kratké dobé styku roztoku s iontovévymeénnym materialem o nizké celkové vymeénneé kapacité na
jednotku objemu nelze toto loze pouZit pfi odsolovani do vysokého stupné odsoleni. Tuto tech-
nologii tak lze s isp&chem pouZit v procesech Vipravy pitné vody a vody pro energeticke apli-
kace.

NAROKY NA OCHRANU

1. Iontovyménné loze, vyznacujici se tim, Ze smotky funkcionalizovaného mik-
roviakna (5, 6) typu katex a anex jsou stiidavé umistény do polymerniho ramecku (2) s piivod-
nimi a odvodnimi otvory (3) a rozdélovaci miizkou (4).

2. lontoviménné loZe podle naroku 1, vyznaé&ujici se tim, Ze polymerni ramedek

(2) se smotky z funkcionalizovaného mikrovlakna (5, 6) je umistény mezi dvé iontovévymeénné
membrany (1).

2 vykresy
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lontovyménné loZe tvofené funkcionalizovanym nanovliknem fixovanym na nosné m#iZce

Oblast techniky

Technicke feSeni se tyka iontovyménného loZe, jeZ je pouzivano v jednotkach pro elektrodeioni-
zacl vodnych roztokl. Membranovy modul pro elektrodeionizaci je v diluatovych komorach
opatien iontovyménnym materialem, ktery md za ukol zlepsit transport iontd z jadra roztoku k
povrchu membran, zvysit vodivost odsolovaného roztoku a na rozhrani katex/anex generovat H'
a OH’ skupiny, které regeneruji iontovyménny material.

Dosavadni stav techniky

Diluatove komory membranovych moduld pouzivanych k separaci ionté z vodnych roztoki jsou
vyplnény iontovyménnym materidlem. V soucasné dobé je nejlastéji pouZivan iontovyménny
material ve formeé perli¢ek o priméru 0,3 aZz 0,7 mm. Nevyhodou perli¢kovych ionexii je gelova
difuze, jez probihd v materidlu ionexu. Vzhledem k faktu, Ze gelova difuze je nejpomale;jsi déj v
popisovaném procesu iontové vymény, tak je 1 dé¢jem Fidicim. Z tohoto divodu je snaha o pouzi-
vani perlicek o co nejmensim priuméru. LoZe tvofené perlickovym ionexem vykazuje jisty hydro-
dynamicky odpor, ktery roste spolu se sniZujicim se primérem jednotlivych perli¢ek. Z hlediska
hydrodynamického odporu tak je snaha o pouzivani perli¢ek s co nejvétdim polomérem, které
viak vykazuji vyznamnou gelovou difuzi. V priib&hu provozu membranového modulu dochézi k
rozplavovani smésného iontovymeénného loZe na oblast s pfevahou anexu s ni23i hustotou a kate-
xu s vyssi hustotou. Dalsi nevyhodou perlickovych lozi je nebezpeéi vyplavovani perlicek z
vlastni diluatové komory. Z tohoto divodu je snaha o vyvoj jiného iontovyménného ionexu,
ktery by fesil tyto problémy. Problémy s rozplavovanim a vyplavovanim ionexu stejné jako pro-
blémy s hydrodynamickym odporem a gelovou difuzi se podafilo vyfesit pouzitim funkcionali-
zovanych mikrovlaken. Tato mikrovlakna vsak maji v porovnani s perlickovym ionexem mno-
hem mensi celkovou iontové vyménnou kapacitu na jednotku objemu. Jednou z cest zvyseni
celkové iontové vyménné kapacity na jednotku objemu pfi zachovani vyhod funkcionalizova-
nych mikrovldken je pouZiti funkcionalizovanych nanovldken. Funkcionalizovand nanovlikna
vykazuji vy3si celkovou iontovévyménnou kapacitu na jednotku objemu ne? funkcionalizovana
mikrovlakna. Nedochdzi u nich k rozplavovani a vymyvani iontovyménného materialu z diluato-
vych komor. Funkcionalizovana nanovlédkna jsou doddvéna ve formé netkané textilie. Nevyho-
dou netkané¢ textilie z funkeionalizovanych nanovldken je jeji nizkd4 mechanicka pevnost. Pii
volném uloZeni do diludtovych komor dochazi k jejimu unaseni protékajicim roztokem a nasled-
nému zachyceni na sit'ce rozdélovaca. Vznikla vrstva vykazuje vysoky hydrodynamicky odpor.

Podstata technickeho tceni

Problém s nizkou mechanickou pevnosti se podaiilo vyfesit fixovanim netkané textilie z funk-
cionalizovanych nanovldken na polymerni miizky. Tyto mfizky jsou vyrobeny z polyethylenu
PE, nebo polyethylenterefialatu PET. Mfizky jsou pfifiznuty na rozmér diluatové komory. Na
pfifiznuté mfizky je navinuta netkana textilie z funkcionalizovanych nanovldken. Vznikly blok
polymerni miizky omotané netkanou textilii z funkeionalizovanych nanovlaken je nasledné vio-
Zen do diluatové komory.,

Objasnéni vykresi

Obr. | - &elni pohled (narys) diluatové komory s nanovlakennym ionexem tixovanym na poly-
memi miizku.

Obr. 2 - botni fez diluatovou komorou s nanovlakennym ionexem fixovanym na polymerni m#iz-
ku.
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Piiklad uskuteénéni technického fedeni

Netkana textilie tvofena funkcionalizovanym nanovlaknem 6 je navinuta na polymemi mfiZzky 3,
jeZ jsou vloZeny mezi rozdélovacimi mfizkami 4 do standardniho komeréné dodavancho poly-
memiho rameéku 2 s otvory 3 pro pfived a odvod kapaliny. Netkana textilie z funkcionalizova-
nych nanovidken 6 navinutd na polymerni mfizky 5 a polymerni rameek 2 s rozdé€lovacimi
miizkami 4 jsou umistény mezi iontovyménné membrany 1.

Primyslova vyuZitelnost

lontovyménné loze tvofené funkcionalizovanym nanovlaknem fixovanym na nosné miiZce lze s
vyhodou pouzit v membranovych modulech pro elektrodialyzu, jez jsou uréeny pro odsolovéani
roztokfl s vysokym obsahem soli. Nulova gelova difuze zajistuje extrémni rychlost probihajicich
iontovyménnych déju. Fixace na planarnich polymemich mi{zkach vyznamné zvysuje dobu styku
roztoku s iontovévyménnym materidlem a umoziluje tak vy$ii stupei odsoleni v priibéhu jednoho
prichodu modulem. Skute¢nost, Z¢ jako opora je pouZita polymerni mfizka se zvinénym po-
vrchem ma za nasledek zvySeni intenzity promichavani roztoku. Natazeni netkané texiilie tvo-
Fené iontovévyménnym nanovlaknem na polymerni mfizku ma za nasledek vyrazn¢ snizeni hyd-
rodynamického odporu iontovévyménného loZe. Tuto technologii tak lze s Gspéchem pouzit v
procesech upravy pitné vody, vody pro energetické aplikace, vyrobu polovodiéi, farmakochemii,
nebo odstrafovani nezidoucich soli z dillnich vod.

NAROKY NA OCHRANU

1. lontovyménné loze, vyznadujici se tim, Z¢ obsahuje polymemi mfizku (5)
opatfenou netkanou textilii z funkcionalizovaného nanovlakna (6).

2. Tontovyménné loze podle naroku 1, vyznadujici se tim, Ze polymemi miizka
(5) je vyrobena z polyethylenu nebo z polyethylentereftalatu.

3. Tontovyménné loZe podle naroku 1 nebo 2, vyznadujici se tim, Ze polymemi
mfizka (5) opatfena netkanou textilii z funkcionalizovan¢ho nanovlakna (6) je umisténa do po-
lymerniho rdmecku (2) s pfivodnimi a odvodnimi otvory (3) a rozdélovaci mfizkou (4).

4, lontovyménné loze podle naroku 3, vyznadujici se tim, Ze polyethylenovy

rameéek (2) opatfeny polymerni miizkou (5) s netkanou textilii z funkcionalizovanche nano-
vlakna (6) je umistény mezi dvé iontovévyménné membrany (1).

2 vykresy
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Iontovyménné loZe tvofené funkcionalizovanym nanovliknem fixovanym na funkcionali-
zovaném mikrovliknu

Oblast techmky

Technické fedeni se tyka iontovyménného loze, jeZ je pouZivano v jednotkich pro elektrodeioni-
zaci vodnych roziokd. Membranovy modul pro elektrodeionizaci je v diluitovych komorach
opatfen iontovyménnym materidlem, ktery ma za ukol zlepsit transport iontll z jadra roztoku k
povrchu membrén, zvysit vodivost odsolovaného roztoku a na rozhranni katex/anex generovat H”
a OH skupiny, které regeneruji iontovyménny material,

Dosavadni stav techniky

Diluatové komory membranovych modulll pouZivanych k separaci iontd z vodnych roztoki jsou
vyplnény iontovyménnym materidlem. V souéasné dobé je nejéastéji pouZivian iontovyménny
material ve formé perlicek o pruméru 0,3 aZz 0,7 mm. Nevyhodou perlitkovych ionexi je gelova
difuze, jeZ probiha v matenilu ionexu. Vzhledem k faktu, Zze gelova difuze je nejpomale;jsi d&j v
popisovaném procesu iontové vymény, tak je i déjem fidicim. Z tohoto diivodu je snaha o pouzi-
vani perli¢ek s co neymensim primérem. LozZe tvofené perlickovym ionexem vykazuje jisty hyd-
rodynamicky odpor, ktery roste spolu se snizujicim se primérem jednotlivych perli¢ek. Z hledis-
ka hydrodynamického odporu je proto snaha o pouZivani perliCek s co nejvétdim primérem,
které viak vykazuji vyznamnou gelovou difuzi. V pribéhu provozu membranového modulu do-
chéazi k rozmyvéni smésného iontovyménného loZe na oblast s pfevahou anexu s niZ§i hustotou a
katexu s vy$3i hustotou. Dalsi nevyhodou perli¢kovych loZi je nebezpedi vyplavovani perliGek z
vlastni diluatové komory. Z tohoto divodu je snaha o vyvoj jiného iontovyménného ionexu,
ktery by fesil tyto problémy. Problémy s rozplavovanim a vyplavovanim ionexu stejné jako pro-
blémy s hydrodynamickym odporem a gelovou difuzi se podatilo vyfesit pouZitim funkcionali-
zovanych mikrovldken. Tato mikrovlikna vSak maji v porovnani s perli¢kovym ionexem mno-
hem men3i celkovou iontové vyménnou kapacitu na jednotku objemu. Jednou z cest zvySeni
celkové iontovévyménné kapacity na jednotku objemu pfi zachovani vyhod funkcionalizovanych
mikrovlaken je pouziti funkcionalizovanych nanovidken. Funkcionalizovand nanovldkna vyka-
zuji vy3si celkovou iontovévymeénnou kapacitu na jednotku objemu nez funkcionalizovana nano-
vidkna. Nedochédzi u nich k rozplavovani a vymyvani iontovyménného materidlu z diludtovych
komor, Funkcionalizovand nanovlakna jsou dodavana ve formé netkané textilie. Nevyhodou
netkang textilie z funkcionalizovanych nanovlaken je jeji nizkd mechanicka pevnost. Pfi volném
uloZeni do diluatovych komor dochazi k jejimu unaseni protékajicim roztokem a naslednému
zachyceni na sit'ce rozdélovachi. Vznikla vrstva vykazuje vysoky hydrodynamicky odpor.

Podstata technického feseni

Problém s nizkou mechanickou pevnosti se podafilo vyfedit fixovanim netkané textilie z ionto-
vyménncho materidlu na smotek z funkcionalizovaného mikrovlakna. Jedna se o komeréné do-
stupné funkcionalizované mikrovlakno. Smotek mikrovlakna obaleny textilii z funkcionalizova-
neho nanovlakna vypliuje diluatovou komoru po celé jeji Sifce a vy3ce, ale ne po celé jeji délce.
Smotek tvofeny funkcionalizovanym mikrovlaknem typu katex je obalen netkanou textilii =
funkcionalizovaného nanovlakna typu anex. Smotek tvofeny tunkcionalizovanym mikrovlaknem
typu anex je obalen netkanou textilii z funkeionalizovaného nanovlakna typu katex. Jednotlivé
smotky funkcionalizovanych mikrovlaken omotané funkcionalizovnymi nanoviakny jsou stiidaveé
fazeny, tak aby vyplnily celou diluatovou komoru,
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Objasnéni vykrest

Obr. 1 - elni pohled (narys) diluatové komory s jednotlivymi smotky funkcienalizovanych mik-
rovlaken obalenych netkanou textilii z funkcionalizovanych nanovliken fazenych stridavé za
sebe.

Obr. 2 - boéni fez diluatovou komorou s jednotlivymi smotky funkcionalizovanych mikrovlaken
obalenych netkanou textilii z funkcionalizovanych nanovlaken fazenych stfidave za sebe.

Piiklad uskuteénéni technického feseni

Netkana textilie tvofena funkcionalizovanym nanovldknem typu katex 6 je navinuta na smotek
tvofeny funkcionalizovanym mikrovldknem typu anex 5. Netkana textilie tvofena funkcionalizo-
vanym nanoviaknem typu anex 8 je navinuta na smotek tvofeny funkcionalizovanym mikrovlik-
nem typu katex 7. Tyto smotky funkcionalizovaného mikrovldkna typu anex 3 a katex 7 jsou
stiidavé fazeny mezi rozdélovacimi mi{zkami 4 standardniho komeréné dodavaného polymemiho
ramecku 2 s otvory 3 pro piivod a odvod kapaliny. Smotky z funkcionalizovanych mikrovlaken 5
a 7 opatfené netkanou textilii z funkcionalizovanych nanovlaken 6 a 8 v polymernim ramecku 2 s
rozdélovacimi mi{Zkami 4 jsou umistény mezi iontovyménné membrany 1.

Primyslova vyuzitelnost

lontovyménné loze tvotené funkcionalizovanym nanovidknem fixovanym na nosné mrizce lze s
vyhodou pouzit v membranovych modulech pro elektrodialyzu, jez jsou uréeny pro odsolovani
velkych objem( roztok( s vysokym obsahem soli. Nulova gelova difuze zajiStuje extrémni
rychlost probihajicich iontovyménnych dé&ji. Fixace na smotcich z funkcionalizovaného mikro-
vlakna vyznamné zvyduje dobu styku roztoku s iontovévyménnym materiadlem a umoziiuje tak
vy$§i stupeni odsoleni v priibéhu jednoho prichodu modulem, protoZe v tomto pfipade je i nosny
material iontovyménné aktivni. Skute&nost, Ze opora je hydrodynamicky propustnd ma za nasle-
dek zvyseni intenzity promichavani roztoku. Umisténi netkané textilie tvofené iontovévyménnym
nanovlaknem na smotky tvofené funkcionalizovanym mikrovlaknem ma za nasledek vyrazné
snizeni hydrodynamického odporu iontovévyménného loZe. Tuto technologii tak lze s ispéchem
pouZit v procesech dpravy pitné vody, vody pro energetické aplikace, vyrobu polovodici, farma-
kochemii, nebo odstraftovani nezadoucich soli z dilnich vod.

NAROKY NA OCHRANU

1. Tontovymeénné loZe, vyzmadujici se tim, Ze smotky funkcionalizovaného mik-
rovlakna (5, 7) jsou stfidavé umistény do polymerniho ramecku (2} s ptivodnimi a odvodnimi
otvory (3) a rozdélovaci miizkou (4).

2. lontovyménné loze podle naroku 1, vyznaéujici se tim, Zesmotek funkciona-
lizovaného mikroviakna typu katex (7) je opatfen netkanou textilii tvofenou funkcionalizova-
nym nanovlaknem typu anex (8).

3.  Iontovyménné loze podle naroku 1, vyznaéujici se tim, Ze smotek funkciona-
lizovaného mikrovlakna typu anex (5) je opatfen netkanou textilii tvofenou funkcionalizovanym
nanovlaknem typu katex (6).

4. lontovyménné loZze podle naroku 1. vyzmaéujici se tim, Ze polymemirametck

(2) se smotky z funkcionalizovaného mikrovlakna (5, 7) opatfenymi netkanou textilii z tunkcio-
nalizovaného nanovlakna (6, 8) je umistény mezi dvé iontovévyménné memorany (1).
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Zinc oxide/cellulose nanocrystal (ZnO/CNC) hybrids with modulated morphologies were prepared by using bam-
boo CNC as templates via green one-step technique. The effect of pH values on the morphology, microstructure,
thermal stability, antibacterial efficiency and dye absorption kinetics of hybrids were investigated. A possible
mechanism for various hybrid morphologies at different pH values was provided. All the samples exhibited
high antibacterial ratios of 91.4%-99.8% against both Escherichia coli and Staphylococcus aureus. ZnO/CNC8.5
gave quick removal efficiency with high dye removal ratios in methylene blue (MB, 93.55%) and malachite
green (MG, 99.02%), especially >91.47% and 97.85% within 5 min. The absorption capacity could reach up to
46.77 mg/g for MB and 49.51 mg/g for MG. Besides, absorption kinetics showed that the absorption behavior
followed the pseudo-second-order kinetic model (R? > 0.99996). Such ZnO/CNC hybrids show outstanding and
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Morphological modulation
Cationic dye absorption

low-cost adsorbent for efficient absorption of cationic dyes in wastewater treatment field.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade, zinc oxide/cellulose nanocrystal (ZnO/CNC) hy-
brids are well-known as a fast-developing functional material in the in-
terdisciplinary fields due to their prominent applications in
photocatalysts, antimicrobial products, sensor, medical dressings, food
packaging and sustainable functional materials [1-6]. As a renewable
raw material, biodegradable and non-toxic CNC possesses some attrac-
tive characteristics, such as large specific surface area, high aspect ratio,
superior mechanical strength, and so on. In general, dispersion and
compatibility can be identified as two grand challenges for CNC before
their uses in new functional materials. Additionally, CNC is thought to
be less reactive when compared to amorphous cellulose chains and
the uses of only CNC as functional nanomaterials have shown some
drawbacks arising from low antibacterial activity, stability against mois-
ture and ultraviolet (UV) permeability, which can restrict their applica-
tions [7]. However, the hydroxyl groups on CNC surface provide reactive
platforms for chemical modifications and introduction of additional

* Correspondence to: H.-Y. Yu, The Key Laboratory of Advanced Textile Materials and
Manufacturing Technology of Ministry of Education, College of Materials and Textile,
Zhejiang Sci-Tech University, Hangzhou 310018, China.

** Corresponding author.
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0141-8130/© 2019 Elsevier B.V. All rights reserved.

functional groups. Moreover, in order to furnish and exploit the new
functionalities of CNC, ZnO nanoparticles have been incorporated into
CNC products. Recently, ZnO/CNC hybrids have been proposed
[3,6,8,9]. Compared to available metal nanoparticles, ZnO nanoparticles
with relatively cheap cost have non-toxic nature, excellently antibacte-
rial, electrical, photocatalytic, optical performance and various mor-
phologies [10]. All the above performances make ZnO nanoparticles a
good choice for the modification of CNC. Unfortunately, since the size
of the ZnO nanoparticles is small, the surface free energy is high, and
thus nanoparticles are easily agglomerated. The key to the successful
preparation of the well-dispersed ZnO nanoparticles is to select suitable
templates or process conditions [11]. The hybrid combination of CNC as
templates with ZnO nanoparticles has become attractive, the attempts
not only achieve prospect of modifying and functionalizing cellulose
nanocrystals but also overcome the aggregation of ZnO nanoparticles.
Therefore, more attempts have been undertaken on the synthesis of
ZnO/CNC hybrids. A variety of fabrication/hybridization techniques
have been used for the synthesis of ZnO/CNC hybrids, such as precipita-
tion method, in situ solution casting technique and hydrothermal
method [12-14]. CNCs using as template were from different cellulose
sources. Experimental time, temperature, CNC concentration, weight/
mass ratio and pH value were changed to modulate the shape and size
of ZnO nanoparticles. So far, few publications have reported on the
preparation of different morphologies of ZnO/CNC nanohybrids by
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various fabrication methods. Typical morphologies, mechanism for
shape/size and applications of ZnO/CNC hybrids obtained by a variety
of methodologies are summarized in Table 1. Little works for using bam-
boo cellulose nanocrystal as template in modulating ZnO/CNC morphol-
ogies at different pH values were reported.

In our previous reports (Table 1), CNC was extracted from viscose
acetal fibers in a hydrothermal reaction kettle at 110 °C and carboxyl
groups were introduced on CNC surface. Flower-like ZnO/CNC hybrids
were successfully prepared by precipitation method at 110 °C in oil
bath as well as 97.35% of MB dye was decomposed with hybrids after
8 h[13]. Carboxyl groups were introduced on CNC surface and the prod-
ucts demonstrated promising antimicrobial activity for Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli). Besides, Azizi et al. re-
ported that the CNC was prepared by sulfuric acid hydrolysis, and
ZnO/CNC nanocomposites with irregular hexagonal shapes were syn-
thesized in organic solvents at 80 °C and yielded effective antimicrobial
activity [9]. However, the introduction of charged sulfate groups on the
CNC surface compromised the thermostability of the ZnO/CNC nano-
composites. The onsets of thermal degradation of three samples were
found below 230 °C. The above methods exhibited not only higher reac-
tion temperatures but also some organic solvents, which were not effi-
cient and eco-friendly for their commercialization in industrial
applications. Longer degradation time of dye was needed and lower
thermal degradation temperature was found for ZnO/CNC hybrids. The
morphology was lack of diversity for the products. Generally, the unique
performance properties of ZnO/CNC hybrids were dependent on their
morphologies [15-17]. Therefore, there is still a challenge to develop a
simple and environmentally friendly method using solely water in
mild conditions to fabricate ZnO/CNC hybrids with multiple morphol-
ogies, effective antibacterial property and better absorption properties
for wastewater treatment. One-step synthesis technique in this work
has generated a great deal of interest in terms of green synthesis, facile
operation and low temperature process.

In this work, a facile, green one-step synthesis technique was ap-
plied to fabricate ZnO/CNC hybrids at mild temperature of 80 °C using
solely water solvent and bamboo cellulose nanocrystals were used as
the biotemplate. The resulting products exhibited nearly spherical,
thin sheet and flower-like morphologies at different pH values, and
their possible formation mechanism was provided. The effects of differ-
ent ZnO/CNC hybrids morphologies on the microstructure, antimicro-
bial, and dye absorption properties were evaluated. Moreover, the
antibacterial properties against Escherichia coli (E. coli, Gram-negative)

and Staphylococcus aureus (S. aureus, Gram-positive) bacteria were
tested. We here report a detailed study of absorption properties for
methylene blue (MB) and malachite green (MG) on nearly spherical
ZnO/CNC hybrids.

2. Experiment
2.1. Materials

Hydrochloric acid (HCI), citric acid (CsHgO7), sodium hydroxide
(NaOH), zinc chloride (ZnCl,), zinc nitrate hexahydrate (Zn(NOs)
2-6H,0) and MB (CygH;5CIN3S-3H,0) were purchased from Guoyao
Group Chemical Reagent Co. Ltd. (Shanghai, China). MG
(Cs2Hs54N4012) was purchased Shanghai Macklin Biochemical Co. Ltd.
(Shanghai, China). Bamboo powder was supplied by Zhejiang Provincial
Key Laboratory of Chemical Utilization of Forestry Biomass.

2.2. Isolation of CNC

The natural bamboo powder was placed in a plant pulverizer and the
20 mesh sieve components were collected for the preparation of CNC. At
room temperature, the bamboo powder was soaked in a 1 mol/L NaOH
solution for 12 h, then heated for 2 h at 80 °C with magnetic stirring, and
finally washed with distilled water until the pH value kept at about 7 to
obtain a higher purity a-Cellulose. The resulting o-Cellulose (8 g) were
added into 400 mL HCl (6 mol/L)/citric acid (3 mol/L) mixed aqueous
solution (v/v% 9:1). The mixture was heated at 80 °C for 6 h under con-
tinuous mechanical stirring. Upon completion, the obtained suspension
was neutralized with NaOH aqueous solution until the pH value of the
suspension was about 7. The CNC suspension was accumulated by cen-
trifugation (12,000 rpm, 6 min) for three times. Freeze-drying of the
CNC suspension at —40 °C for 48 h resulted in powdery CNC and then
the rod-like CNC was obtained.

2.3. Preparation of ZnO/CNC hybrids

CNC (1 g) was added into Zn (NOs),-6H,0 solution (0.1 mol/L,
16.8 mL), the pH value of mixture was adjusted to 7 by using NaOH so-
lution (0.5 mol/L). Then, the mixture was heated to 80 °C. The NaOH so-
lution (0.1 mol/L) was added dropwise to adjust the pH value to 8.5
under mechanical stirring for 30 min. Subsequently, we washed the sus-
pension by centrifugations with deionized water (12,000 rpm at 10 °C

Table 1
Summary on synthesis methods and morphologies of functional ZnO/CNC hybrids using CNCs as templates.
Method Nanocellulose Morphology Mechanism for shape/size modulated Applications/properties Ref.
source
Precipitation Filter paper CNC Hexagonal shapes Average ZnO size increased by increasing the weight ratio of Antibacterial property [9]
Zn(AC),2H,0 to CNC
Low temperature Bamboo pulp Nanosheets and Nanosheets to nanorods with the increase of carboxyl of Photocatalytic activity [44]

nanorods
Nanoscaled ZnO

precipitation
Reduction and CMC
precipitation

carboxyl of TEMPO-oxidized cellulose
Zn0 nanocomposites compared by two preparation routes

Adsorption and degradation [35]

Bottom-up synthesis ~ Hydroxy-propyl Nanorods with wurtzite  The aspect ratio of nanorods was enhanced with increasing Photocatalytic property [22]
methyl cellulose structure HPMC concentration
Hydrothermal method cellulose Nano and microscale ZnO Nano and microscale ZnO particles were prepared with the  Antibacterial activity [6]
particles increasing of pH
Ultrasonic-assisted in ~ Bacterial cellulose Cauliflower fungus-like ZnO crystalline size were determined by the immersion Antibacterial activity [26]
situ synthesis structure time and ultrasonic treatment time
In situ formation CMC Spherical particles Zn0 nanoparticles size were influenced by zinc nitrate Antibacterial effects [45]
concentration
Single step Seaweed cellulose Flower-like ZnO nanorod Length and diameter of ZnO nanorods depend on the Antibacterial activity [46]
hydrothermal clusters concentration of mineralizer
method
Hydrothermal method MCC Sheet-like ZnO microstructures were modified by the molar ratio to UV-shielding and [8]
microstructures CNC antibacterial performances

Sheet-like and
flower-like morphologies

Hydrothermal method Bamboo power

Morphologies were modulated by different pH values

Antibacterial activity and This
absorption work
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for 20 min) after cooling to room temperature. The resulting material
was termed ZnO/CNC8.5 sample.

In a typical procedure, 0.4 g of CNC and 0.2726 g of ZnCl, were dis-
solved in 40 mL of distilled water under constant stirring. Then, the
pH value of mixture was adjusted to 10.5 and 11.0 by using NaOH solu-
tion (0.5 mol/L) respectively. Finally, the mentioned solutions were
transferred into two 50 mL of Teflon-lined stainless-steel autoclaves,
and hydrothermal growth was carried out at 80 °C for 24 h. After treat-
ment, the resultant autoclaves were rapidly cooled to room tempera-
ture. The resulting products are denoted as ZnO/CNC10.5 and ZnO/
CNC11.0, respectively. The preparation process and mechanism are
shown in Fig. 1.

2.4. Zeta potential test

The zeta potential values of CNC and ZnO/CNC hybrids in water were
measured using a zeta potentiometer (Zetasizer Nano series nano
—Z7590, Malvern, UK). A 2.5 mg/mL aqueous suspension of sample
was prepared and then diluted to a 0.01% aqueous suspension and mea-
sured in triplicate at 25 °C. The average zeta potential values of CNC and
ZnO/CNC hybrids were shown in Table 2.

2.5. Carboxyl content analysis

The carboxyl contents of CNC and ZnO/CNC hybrids were deter-
mined by conductivity titration. The dried sample (0.02 g) was added
to 0.01 mol/L HCl (50 mL) for 24 h. Then, 0.1 mol/L NaOH was added
dropwise to the mixture so that the pH value was in the range of 2.5
to 3.0. Afterward, 0.01 mol/L NaOH was added at a rate of 0.1 mL/min
by using pH stat until pH = 7. Finally, the carboxyl contents of the
samples were determined from the conductivity and pH curves
(Table 2).

2.6. Antibacterial activity determination

The antibacterial property of the samples was assessed by using
Escherichia coli (E. coli, ATCC 25922) and Staphylococcus aureus
(S. aureus, ATCC 27217) as model Gram-negative and Gram-positive
bacteria with qualitative agar disc diffusion method and quantitative
mean colony-forming unit method [18]. The antibacterial ratio was

C,H,0,/HC1

80°C, 6h

53

determined by counting the microorganism colonies or mean colony-
forming units (cfu's) according to the following equation:

(NO_N> x 100

No

First, two precultures of bacterial cells (E. coli and S. aureus) were
mixed with the fluid medium (concentration 1 x 10™%), respectively.
Then the mixed liquid (100 pL) was transferred to the solid medium
in a sterile environment, and the solution was spread by a disinfected
glass rod to cover the surface evenly. The samples (CNC, ZnO/CNC hy-
brids) were fixed on the culture dishes coated with E. coli or S. aureus
and the dishes were put into the incubator to culture for 24 h at 37 °C.
Finally, the inhibition zone was measured. In the mean colony-
forming unit method, fresh precultures with fluid medium (100 pL) of
S. aureus and E. coli were mixed with samples (50 mg) and then set in
the incubator (37 °C) for 12 h. Subsequently, the fluid mediums with
bacterial cells (1 pL) were spread on the plates. Viable microorganism
colonies can be observed after incubation of 15 h at 37 °C.

Antibacterial ratio (%)

(1)

2.7. Absorption experiments

We choose MB and MG as model cationic dyes for wastewater treat-
ment. The absorption experiments were carried out in a batch process
with different initial concentrations of dyes. The known weight
(50 mg) of adsorbent material was added to 50 mL of the dye solutions
with an initial concentration of 20 mg/L to 50 mg/L. The contents were
shaken thoroughly using a mechanical shaker rotating with a speed of
120 rpm. A certain amount of solution (3 mL) was taken out at preset
time intervals and centrifuged to measure the absorbance of the MB
dye in the solution using a UV-vis spectrophotometer.

2.7.1. Absorption studies

The removal (R) percentages of MB/MG were calculated using
Eq. (2), where g. and q; (mg/g) are the amounts of dye absorbed at equi-
librium and time t (min), respectively, following Egs. (3) and (4).
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Fig. 1. Preparation process and formation mechanism of ZnO/CNC hybrids.
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Table 2

Antibacterial activity and other parameters for CNC and ZnO/CNC hybrids prepared under different pH values.

Sample Tss® Carboxyl content Zeta potential Char yield ZnO content Lor Antibacterial ratio

(°0) (mmol/g) (mV) (%) (%) E. coli (%)¢ S. aureus (%)¢
CNC 288.2 1.13 £ 0.09 —324 124 - 225 - -
Zn0O/CNC8.5 267.5 0.77 £ 0.08 —9.9 49.5 371 373 99.6% 91.4%
Zn0O/CNC10.5 312.8 0.75 £ 0.10 -89 67.4 55.0 44.5 99.7% 91.6%
ZnO/CNC11.0 3121 0.74 £+ 0.06 -85 84.1 71.7 51.1 99.8% 92.1%

@ Tsy was calculated from DTG curves.
b L0l (Limiting oxygen index) = 17.5 4 0.4CR [13,29,49] (char yield evaluated at 600 °C).

¢ Antibacterial ratios of S. aureus and E. coli obtained from antibacterial tests.

o= GGV "

m
where Cy, C. and C; represent the initial, equilibrium concentration of
dye solutions (mg/L) and the concentration of dye solution at different
time ‘t’, whereas V and m represent the volume of the solution (L) and
the mass of the used adsorbent (g), respectively.

2.7.2. Absorption kinetics models
Lagergren's pseudo-first-order equation, Ho's pseudo-second-order
equation, and the intraparticle diffusion model were analyzed to study
the time dependence of absorption process and further investigate the
absorption mechanisms. The equations used were as follow:
Pseudo-first-order equation:

ln(qe_Qe) = IHQe_klt (5)
Pseudo-second-order equation:

t 1 t
.t 6
q@ kaxqt q ©
where g, and q; (mg/g) are the amount of dye absorbed at equilibrium
and time t (min), k; (min~!) is the pseudo-first-order rate constant,
k> (g mg~! min~!) is the pseudo-second-order rate constant.

2.8. Characterization of CNC and ZnO/CNC hybrids

The morphologies of CNC and ZnO/CNC hybrids were characterized
by field-emission scanning electron microscopy (FE-SEM, JSM-5610;
JEOL, Japan), with the accelerating voltage parameter as 15 kV at room
temperature. The potassium bromide (KBr) disc method was used to
measure chemical structure via a Fourier-transform infrared (FT-IR)
spectrometer (Nicolet 5700, Thermo Electron Corp) at ambient temper-
ature. The wavenumber of FT-IR was scanned at the range
4000-400 cm™". The optical properties were characterized using UV-
vis spectrophotometer (UV, Hitachi U-4150/3900, Japan). The X-ray
powder diffraction (XRD) analysis was performed for investigation of
crystal phase of the samples. The parameters of the X-ray powder dif-
fractometer (ARL X'RA, Thermo Electron Corp.) are monochromatic Cu
Ko radiation at N = 1.540 56 A in the 26 range 15-80° at a scan rate
of 2 deg/min. The X-ray generator tension and current were 40 kV and
30 mA, respectively. The thermostability was observed on thermogravi-
metric analysis (TGA) analyzer (Pyris Diamond I, PerkinElmer Corp).
The samples (about 3-8 mg) were heated from 30 to 600 °C at the
rate of 20 K/min under dynamic nitrogen atmosphere with a flow rate
of 30 mL/min.

3. Results and discussion
3.1. Morphologies and dimensions

The morphologies of the CNC and the ZnO/CNC hybrids were charac-
terized by using TEM and FE-SEM, respectively (Fig. 2). The shape of

neat CNC was nanorod with the diameter of 10.9 nm and a length of
101.7 nm in Fig. 2a. The pH of the solution was adjusted with NaOH.
The anion OH~ was bonded to the cationic Zn?* to form the monomer
zinc hydroxide Zn(OH), and Zn(OH), dehydrated to form zinc oxide
(ZnO) elementary particles. The shape of the ZnO/CNC hybrids showed
different morphologies for each sample depending on the solution pH in
Fig. 3. As shown in Fig. 2b, the nearly spherical ZnO nanoparticles with
average diameter of 60 nm were obtained at pH 8.5. When pH value
was at 8.5, the OH™ concentration was low, while the concentration of
the carboxylate anion (COO™) from carboxyl groups on the CNC tem-
plate was high. The COO™ competed with OH™ and repelled each
other and thus the COO™ anion of CNC was more dominant to attract
the cationic Zn?* than the OH™ anion. As the OH™ concentration in-
creased (pH = 10.5), the new bonds between Zn(OH), monomers
from two adjacent CNC templates were formed and then dehydrated
to generate ZnO crystals. The ZnO crystals grew continuously, and even-
tually formed a two-dimensional sheet-like structure with the diameter
150-500 nm, the length 120-790 nm and the average thickness of
20 nm in Fig. 2c. Moreover, the surface of the sheet was not smooth
and crossing sheets were assembled into a three-dimensional network
structure. When the OH™ concentration continued to increase (pH =
11.0), a large amount of OH™ and Zn?* to form Zn(OH), monomers.
The new bonds are produced after two Zn(OH), monomer dehydration
to assemble into ZnO nanoparticles along a certain orientation direction,
so many ZnO nanorods with the diameter 120-330 nm and the length
840-2340 nm were easily assembled into flower-like structure based
on CNC template (Fig. 2d). The pH of reaction was shown to have a sig-
nificant effect on the size and structure of the ZnO nanoparticles. Sheet-
like cellulose nanocrystal-zinc oxide nanohybrids were prepared by hy-
drothermal method in our previous work [19]. Hexagonal sheet-like
CNC-ZnO nanohybrid exhibited a smooth surface and the size of ZnO
was smaller compared with this work. Different morphologies were
modulated by different sources of cellulose template. Mechanisms for
modulated morphology/size were different in two works. ZnO micro-
structures were modified with increasing the molar ratio to CNC by
Abdalkarim [8], but the effect on pH values was the dominant mecha-
nism modulating ZnO nanoparticles morphologies in this work. The
morphology and size of ZnO/CNC nanohybrid could significantly influ-
ence in various properties. The COO™ on the surface of CNC template ex-
hibited adsorption on ZnO due to electrostatic attraction. ZnO
nanoparticles formed via in situ growth. More and more fine ZnO nano-
particles aggregated on CNC template as pH values increased. It was ob-
vious that zeta potentials shifted from —9.9 mV to —8.5 mV (Table 2).

3.2. Chemical structures

To understand the chemical structure of ZnO/CNC hybrids, all the
samples were analyzed using FTIR spectroscopy (Fig. 4a). Similar char-
acteristic bands were observed for CNC and ZnO/CNC hybrids, such as
peaks at 3422, 1603 and 1048 cm ™! related to stretching, bending vi-
brations of O—H groups [20,21], and C—0—C stretching of glucose
ring skeletal vibration, respectively [22]. Moreover, compared with
CNC, a new absorption peak at 600-400 cm™' assigned to Zn—O
stretching vibration was found for the ZnO/CNC hybrids [9,23],
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Fig. 2. FE-SEM images of CNC and ZnO/CNC hybrids.

illustrating the successful synthesis of ZnO on the CNC template. Zn—0O pH values, due to changes in size and morphologies of ZnO nanoparti-
peak locations of ZnO/CNC8.5, ZnO/CNC10.5 and ZnO/CNC11.0 were cles. Further, compared to CNC, the in-plane —OH deformation peak po-
463, 433 and 425 cm™ !, respectively. It hints a blue shift in the Zn—0  sition was shifted from 1637 cm™! to 1603 cm™! for ZnO/CNC8.5,
absorption peak was observed for ZnO/CNC hybrids with increasing confirming the interaction between CNC and Zn?* [24]. Also, the band

AR Yo7 R/ iy \9 /on e 80°C, 24h BC 20 R P
/ ,/./ =/ .';.; 2 fiu A \ \ //./ ,‘/ .
[ S e - : pH=10.5 pH mo | % % % A Ao \

"G OUNRN, fo 80°C, 0.5h

/ %
] - “Bin 7
RESTNTY Ay

; "
1 _,‘/ou.n ,,_/uu i w5 zd on \ L )
2w

i

o FAL AR

(znO/CNC11.0) _ .7

Fig. 3. Schematic diagram for the growth of ZnO/CNC nanostructures at different pH.
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Fig. 4. (a) FTIR spectra of CNC and ZnO/CNC hybrids, (b) UV-vis absorbance spectra of CNC and ZnO/CNC hybrids, (c) XRD patterns of CNC and ZnO/CNC hybrids.

intensity of C=0 stretching vibration (1734 cm™!) was decreased for
all the hybrids, which was ascribed to strong interactions between oxy-
gen atoms of CNC carboxyl groups and ZnO nanoparticles. The UV-vis
results show that strong absorption edge before 400 nm and their ab-
sorption of ultraviolet light in the ultraviolet region were found for all
the ZnO/CNC hybrids except CNC (Fig. 4b), which further confirmed
the successful deposition of ZnO nanoparticles onto the CNC in accord
with FTIR results.

3.3. Crystalline structure

The XRD patterns were further used to estimate crystalline structure
of the ZnO/CNC hybrids. The diffraction patterns of the CNCs exhibited
typical cellulose I peaks at 26 = 16.1°and 22.4°attributed to (110) and
(200) planes [25]. Apart from the characteristic peaks of cellulose,
new peaks at 31.9°, 34.5°, 36.3°, 47.7°, 56.8°, 62.9°, 67.9°and 69.3°
were found for the ZnO/CNC samples, assigned to (100), (002), (101),
(102), (110), (103), (112) and (201) planes of the hexagonal
wurtzite-type ZnO [26] in Fig. 4c. This suggests that CNC/ZnO hybrids
were successfully fabricated by using CNC as templates. Table 3 records
the effect of pH values on crystalline size and crystallinities ( y.) of ZnO/

Table 3
Average crystallite size and crystallinity for CNC and ZnO/CNC hybrids prepared under different pH values.
Sample Morphology, size® x® Dsoo Dioo Dooz Dio1
(%) (nm) (nm) (nm) (nm)
CNC Nanorod 61.0 4.0 - - -
Average diameter of 10.9 nm
Average length of 101.7 nm
ZnO/CNC8.5 Near spherical 63.4 - 18.3 175 18.1
Average diameter of 60 nm
ZnO/CNC10.5 Irregular sheet-like 72.0 - 185 274 18.2
150-500 nm in diameter
120-790 nm in length
Average thickness of 10-30 nm
ZnO/CNC11.0 Flower-like 90.1 - 164 28.1 164

120-330 nm in diameter
840-2340 nm in length

2 Morphology and size were recorded from SEM micrographs.
> v.was calculated from the XRD patterns.
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CNC hybrid samples. In addition, ZnO/CNC8.5 with nearly spherical
shape exhibited similar crystalline sizes of 17.5-18.3 nm at three planes,
while other two hybrids showed different crystalline sizes, due to differ-
ent ZnO morphologies (sheet-like and flower cluster shapes). The re-
sults were consistent with SEM morphological changes from nearly
spherical shape to flower cluster (Fig. 2b-d). Moreover, the y. values
of the ZnO/CNC hybrids were higher than that of CNC (61.0%). The y.
values of the hybrids were increased from 63.4% (ZnO/CNC8.5) to
90.1% (ZnO/CNC11.0), indicating more contents of ZnO nanoparticles
in the hybrids (Table 2).

3.4. Thermal stability

The TGA and its derivatives (DTG) curves for CNC and ZnO/CNC hy-
brids are shown in Fig. 5, and the temperature at 5% weight loss (Tsy) is
listed in Table 2. Single thermal degradation peaks with one maximum
degradation temperature were found for CNC and the ZnO/CNC hybrids,
and indeed thermal degradation of cellulose included depolymeriza-
tion, dehydration, and decomposition of glycosyl units at degradation
temperature of 200-400 °C [27,28]. Tsy value of CNC was about 288.2
°C, whereas ZnO/CNC hybrids showed higher Tsy values of
312.8-312.1 °C, indicating that the thermal stability of the hybrids was
better than CNC. Further, both ZnO/CNC11.0 and ZnO/CNC10.5 gave
the better thermal stability than ZnO/CNC8.5, which can be due to
more ZnO contents (84.1% and 67.4%) with strong heat shielding effects.
In the hybrids, the building blocks (ZnO/CNC8.5) were formed by aver-
age 60 nm and near spherical ZnO nanoparticles anchored on the CNC.
This contiguous and ordered structural feature, and the strong interac-
tion between the ZnO and CNC subunits made heat transport much eas-
ier, consequently, resulting in the ZnO/CNC hybrids being decomposed
at a lower temperature [6]. Additionally, limiting oxygen index (LOI)
values of CNC and ZnO/CNC hybrids were calculated from char yield
(CY) based on equation [13,29,47,49] (Table 2) at 600 °C. The LOI values
increased as the char yield increased. The LOI values of all the hybrids
were higher than that of CNC, and they were increased from 37.3 for
Zn0O/CNC8.5 to 51.1 for ZnO/CNC11.0 with increasing pH values. From
above, all the hybrids presented the higher LOI values >21, demonstrat-
ing the great potentials in the fields of excellent flame-resistant mate-
rials. High-performance thermally insulating materials using
renewable cellulose showed excellent combustion resistance and per-
formed better than traditional fossil fuel insulation. Therefore, the
flame-retardant materials with excellent properties based on cellulose
had great potential in the field of building insulation applications [50].

3.5. Antimicrobial properties

The antibacterial activity of the ZnO/CNC hybrids was evaluated
against E. coli and S. aureus with the CNC as control sample. The results
of qualitative disc diffusion method are shown in Fig. 6a and b. Fig. 6a
displayed the antibacterial activities of CNC and ZnO/CNC hybrids
against E. coli. It is observed that CNC had little antibacterial activity
without an inhibition zone. By contrast, ZnO/CNC8.5, ZnO/CNC10.5
and ZnO/CNC11.0 could inhibit the bacterial growth with the inhibition
zone of 8.0, 9.0 and 10.0 mm, respectively. The results indicated the ef-
fective antibacterial activity of ZnO/CNC hybrids against E. coli. This phe-
nomenon clearly indicates that the antibacterial activity was only due to
the presence of ZnO, rather than the individual CNC. Fig. 6b shows the
antibacterial activities of the samples against S. aureus. Compared to
CNC without any inhibition zone, ZnO/CNC8.5, ZnO/CNC10.5 and ZnO/
CNC11.0 gave obvious inhibition zone of 6.0, 6.3 and 6.7 mm, respec-
tively. Furthermore, our results suggest that with the increase of pH
values, the inhibition zone of the ZnO/CNC hybrids gradually increased
for both bacteria. The antibacterial ratios (99.6%, 99.7%, 99.8%) of three
ZnO/CNC hybrids for E. coli were higher than the corresponding values
(91.4%, 91.6%, 92.1%) for S. aureus (Table 2). The antibacterial ratio
was calculated by using the quantitative mean colony-forming unit
method. Our results suggest that the antibacterial ratio demonstrated
a better antibacterial activity of ZnO/CNC hybrids in killing Gram-
negative E. coli. Combined with the above results, the strong antibacte-
rial activity of ZnO/CNC11.0 was demonstrated for both E. coli and
S. aureus due to incorporating excellent antibacterial ZnO nanoflower
clusters and more ZnO concentrations in the hybrids (Table 2). Some re-
searchers consider that it might be responsible by the formation of hy-
drogen peroxide (H,0,) On ZnO surface [30].

3.6. Absorption capacity of MB and MG

Dyes are widely used to color their products in some industries, such
as textiles, dyestuff, paper, and leather. Methylene blue (MB) dye is
harmful to fish and other aquatic organisms, which may be liable to per-
manent injury to human and most aquatic life [31]. Malachite green
(MG) is very dangerous, because it is a typical triphenylmethane dye
and has highly cytotoxic property against mammalian cells [32]. The
present work aims to study a convenient and economic method for
MB and MG removal from wastewater by absorption with low cost
and abundantly available adsorbents. Therefore, ZnO/CNC hybrid as ad-
sorbents was utilized to investigate the dye removal rate for MB and
MG. Fig. 7a shows a comparison of dye removal rate of CNC and ZnO/
CNC hybrids. The dye removal rate of ZnO/CNC10.5 (85.8%) and ZnO/
CNC11.0 (84.3%) was lower than that of CNC, while ZnO/CNC8.5 with
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Fig. 5. TGA (a) and DTG (b) curves of CNC and ZnO/CNC hybrids.
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Fig. 6. Antibacterial ability of CNC and ZnO/CNC hybrids against E. coli. (a) and S. aureus (b).

the best absorption property gave 93.55% dye removal higher than
91.08% for CNC. At the same time, the dye removal ability of the hybrids
decreased with the increase of ZnO content from 37.1% to 71.7 (Table 2),
suggesting more ZnO contents on CNC to slightly weaken their dye ab-
sorption ability. Generally, the higher dye absorption efficiency of ZnO/
CNC hybrids relied on the surface carboxyl group contents, ZnO nano-
particle size and morphology, electrostatic attraction between absor-
bent and the dyes (MB/MG) [33,34]. Indeed, the more carboxyl groups
can provide more active absorption sites to remove the dyes [35]. Com-
pared to other hybrids, ZnO/CNC8.5 with more residual carboxyl groups
have more unsaturated binding sites to absorb the most active dyes,
resulting in high dye removal rate. Similarly, the CNC with more car-
boxyl groups also have better dye removal ability. The zeta potential
of samples was an important influencing factor on the adsorption
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Fig. 7. Dye removal of CNC and ZnO/CNC hybrids (a), sample color change before and after
MB absorption under the ultraviolet light for 4 h (b).

capacity. Both MB and MG were positively charged cationic dyes. Ac-
cording to the zeta potentials of hybrids and CNC, the surface charge
was negative, which might imply that there was a strong electrostatic
interaction between adsorbents and cationic dyes [47,48]. In this
work, CNC from bamboo not only was used to manipulate the morphol-
ogies and dispersion of ZnO nanoparticles but also increased absorption
property of cationic dyes. During the experiments, we also had observed
the degradation capacities of samples to MB dye with continuous stir-
ring under the ultraviolet light for 4 h. The samples adsorbed the dye
quickly, and then the color of the sample hardly changed compared
with that in the normal environment (Fig. 7b). The degradation of hy-
brids to dye was very slow compared with absorption. Therefore, we
focus on the investigation of adsorption property of the samples in
this work. According to the obtained results, ZnO/CNC8.5 was used as
arepresentative adsorbent to study its absorption performance and ab-
sorption mechanism for MB and MG in the subsequent experiments.

3.6.1. Effect of reaction time and initial dye concentration

Fig. 8a-b shows MB and MG removal efficiency for ZnO/CNC8.5 ver-
sus reaction time using various dye concentrations (20, 30,40, 50 mg/L).
The absorption was rapid and the efficiency of removed MB and MG
were increased sharply in the first 2 min. The dye removal efficiency
of MB and MG reached 97.04% and 98.44% within 5 min at concentration
of 20 mg/L. It is particularly worthy to note that it was very rare to ex-
hibit such rapid and excellent absorption performance in such a short
period of time. The increasing trend did not stop until a state of equilib-
rium was acquired at time of 15 min and the removal efficiency reached
98.36% (20 mg/L), 97.61% (30 mg/L), 97.39% (40 mg/L), 93.55%
(50 mg/L) of MB and 99.04% (20 mg/L), 99.00% (30 mg/L), 99.07%
(40 mg/L), 99.02% (50 mg/L) of MG after 60 min, respectively. The
rapid absorption at the initial contact time could be attributed to more
active absorption sites of the negatively charged groups (carboxyl
ions, COO ™) of ZnO/CNC8.5, which can cause attractive forces (electro-
static attractions, van der Waals forces and hydrogen bonding) [36,37]
with positive charge functional groups (quaternary ammonium ion,
NRZ) of MB molecule. In addition, at lower concentration, the number
of the positive charge groups of MB molecules was below the negative
charged groups of adsorbents. Subsequently, the fractional absorption
became independent with increasing initial concentration. More or
less, similar absorption observation for MB and MG was found, while
the ZnO/CNC8.5 adsorbent exhibited better removal efficiency on MG
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dyes absorption. Besides, the removal efficiency of MG increased by
5.47% compared to MB at the same dye concentration. Thus, the ZnO/
CNC8.5 hybrid was efficient absorption materials for anionic dye waste-
water under mild conditions.

Fig. 8c-d shows the effects of different initial concentrations (20 to
50 mg/L) on the absorption capacity of MB and MG onto ZnO/CNC8.5
hybrid with increase of contact time. The initial concentration provided
an important driving force to overcome mass transfer resistances of all
molecules between the aqueous and solid phases [38]. It is easily ob-
served that the absorption capacity of MB and MG onto the adsorbent
drastically increased initially. At lower dye concentrations, almost all
the MB and MG molecules could contact with the active sites on the sur-
face of ZnO/CNC8.5. Nevertheless, the absorption sites would reach sat-
uration at high dye concentrations. The absorption equilibrium of ZnO/
CNC8.5 increased with the increase of MB and MG concentration and
the absorption capacity at the condition of 50 mg/L and room tempera-
ture reached up to 46.77 mg/g for MB and 49.51 mg/g for MG. The re-
sults demonstrated that the actual amount of adsorbed dye per unit
mass of ZnO/CNC8.5 was increased with the MB and MG concentrations.
This was attributed to increasing in the surface loading of MB on the ac-
tive vacancies of the adsorbent, which provided availability of more ab-
sorption sites on ZnO/CNC8.5. Then the absorption was constant,
because the driving force provided by initial dye concentration was
hard to overcome the repulsive forces between the dye molecules on
the ZnO/CNC8.5 as the available absorption sites gradually decreased.
The above results indicated that the ZnO/CNC8.5 hybrid was an effective
adsorbent for cationic dyes.

Furthermore, in comparison with other ZnO absorbents, the excel-
lent absorption capacity of MB by nZORc/BC was documented as much
as 0.01701 mg/g [35]. The efficiency of MB removal by ZnO was 9.20%

in the first 6 min and the maximal MB sorption (7.67 mg/g) occurred
for ZnO within the contact time of 120 min [39]. The adsorption equilib-
rium of ZnO/CNC hybrids can reach up to 46.77 mg/g for MB and
49.51 mg/g for MG within 60 min in this work, which was greater
than most of the ZnO nanocomposite adsorbents.

3.6.2. Absorption kinetics

In order to understand the absorption process, absorption kinetic
study was carried out to understand the absorption mechanism,
which was important for efficiency and performance of the absorption
process. The experimental data of MB and MG absorption on ZnO/
CNC8.5 hybrid was fitted using the pseudo-first-order Eq. (5) and
pseudo-second-order kinetic models Eq. (6). The kq, k3, ge, and calcu-
lated g, o values are shown in Table 4, The values of k; and g, can
be determined from the slope and intercept in the plot of In(qe — qt)

Table 4
Constants and correlation coefficients of pseudo-first order and pseudo-second order ki-
netic models for adsorption of MB and MG onto the ZnO/CNC hybrids.

Gecai(exp) Pseudo-first-order model Pseudo-second-order model

(mgle) o, K R g k (gmg' R
(mg/g)  (min~") (mg/g)  min~")

MB 19672  19.5953 0.10007 0.62565 19.65989 005081 1
2928144 29.09661 0.09224 0.63501 29.25184 0.03413  0.99999
38.95748 38.42449 0.09786 0.75521 38.70999 0.02563  0.99996
4677419 4630889 0.08236 0.62218 46.62042 002137 099997

MG 19.80746 19.75934 0.10281 0.40037 19.77844 005047 1
29.69919 29.56119 0.09356 0.59366 29.62674 0.03366  0.99999
3962801 39.56174 0.11264 051422 39.83367 002522 1
4951134 4932961 0.10726 0.65027 49.6638 002018 1




60
@42
! ZnO/CNCS.5-50mg/L
v —— ZnO/CNCS.5-40mg/L
~ 2.1 —— ZnO/CNC8.5-30mg/L
g.' —— ZnO/CNC85-20mg/L
i
= 0.04
-
=
=211
-4.2 1
1 ] L ] L] L)
0 10 20 . 30 40 50
t(min)
© ,]
§ Zn0/CNC8.5-50mg/L
v ——ZnO/CNC8.5-40mg/L
——ZnO/CNC8.5-30mg/L
o 24 —— ZnO/CNC8.5-20mg/L
T
L 04
2, 0
k=1
p— -
-4
'6 L L} ) L} L] L L]
0 10 20 . 30 40 50
t(min)

Y. Guan et al. / International Journal of Biological Macromolecules 132 (2019) 51-62

(b)
3.00- _
—— ZnO/CNC8.5-50mg/L
—— Zn0/CNC8.5-40mg/L
w—— Z0O/CNC8.5-30mg/L
2.25- —ZnO.’(‘NCﬂ.&lOm:fL
e
T 1504
-
0.75
0.00
0 10 20 30 40 50 60
t(min)
(@)

3.009 —zno/ONC85-50mg/L
——ZnO/CNC8.5-40mg/L
——ZnO/CNC8.5-30mg/L

2254 — ZnO/CNC8.5-20mg/L

N
g
+ 1.50 1
0.75 4
0.00 4
10 20 30 40 50 60
t(min)

Fig. 9. Absorption kinetic models of MB onto the ZnO/CNC8.5 hybrid: (a) pseudo-first order model, (b) pseudo-second-order model; absorption kinetic models of MG onto the ZnO/CNC8.5

hybrid: (c) pseudo-first order model, (d) pseudo-second-order model.

vs t Fig. 9a and c. The g, 4 of the pseudo-first-order model deviated
from the experimental g, for all the samples (from 20 to 50 mg/L).
Moreover, the correlation coefficients R? for the first-order kinetic
model were only above 0.62218 for MB and above 0.40037 for MG.
The values of k, and g,y at various concentrations were obtained
through the intercept and the slope of the linear plots of (t/q;) vs t.
The linear plots of t/q, versus t showed a good fit between experimental
(Ge(exp)) and calculated (ge(cary) values from pseudo-second-order
model (Fig. 9b and d). The R? values for this model were >0.99999 at
all the tested concentrations, which were thus higher than the R®
value obtained from the pseudo-first-order model. For ZnO/CNC8.5 hy-
brid, the g, values of MB and MG were 46.6 and 49.7 mg/g, respectively.
It suggests that the absorption data were well represented by pseudo-

second-order kinetic model, and the absorption capacity values ¢, in-
creased with increase of initial concentration of MB and MG dyes at con-
centrations of 20-50 mg/L.

The FTIR spectra of the ZnO/CNC8.5 before and after the MB and MG
absorption were shown in Fig. 10. The spectra implicated the presence
of various functional groups detected in the surface of ZnO/CNC8.5.
The surface of ZnO/CNC8.5 has abundant hydroxyl groups and the
bands at 3422 cm ™! exhibited a slight displacement (3419 cm™!)
[40], which revealed that O—H played an important role for MB absorp-
tion onto the ZnO/CNC8.5. Furthermore, the absorption peaks at 1593,
1386 and 1324 cm™ !, being assigned to the vibration of aromatic ring,
C—N bond, and CHj3 group for MB, respectively [41] and the sharp ab-
sorption peak at around 1053 cm™! were due to C—O stretching
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Fig. 10. FTIR spectra of ZnO/CNC8.5 before and after adsorption of MB (a) and MG (b).
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vibrations (Fig. 10a). These peaks could be found in the FTIR spectrum of
the ZnO/CNC8.5 after the MB absorption. These results revealed the
presence of various functional groups in MB detected on the absorbent
surface during the absorption. It should be noted that the peaks seem to
be a significant decrease in intensity after MB absorption, which might
be resulted from the interactions between ZnO/CNC8.5 and MB. The
negatively charged surfaces of the adsorbent could provide absorption
sites for electrostatic interaction and hydrogen bonding with cationic
MB dye.

Absorption band at 1613 cm ™! corresponded to the aromatic ring
stretching vibration on MG, which was shifted to 1619 cm ™' for ZnO/
CNC8.5 after absorption. The C=C stretching of the aromatic ring, aro-
matic tertiary amine and tertiary amine C—N stretching vibrations
[42] were shifted from 1587, 1372, 1218 cm™! to 1599, 1384 and
1236 cm ™!, respectively. Furthermore, the intensity decreased after
MG absorption (Fig. 10b). The above drastic differences could well de-
fine the appearance or absorption of MG onto ZnO/CNC8.5 surface.
The peaks at 1632 and 1111 cm ™! corresponding to C=0 and C—O of
citrate carboxylate groups slightly shifted to 1634 cm ™!, 1114 cm ™!
and their intensity decreased a lot, which may be attributed to electro-
static attraction between negative charged carboxylate anion of ZnO/
CNC8.5 and positive charged MG. Additionally, the band between
3200 and 3500 cm ™! was indicative of stretching vibration of N—H
and O—H, the 3241 cm™! peak of N—H was overlapped by
3422 cm™! peak of O—H. Also, the peak at 1034 cm ™' corresponding
to C—O of alcohols slightly shifted to 1036 cm™! [43]. These changes
could be due to hydrogen bonds between —OH of carboxylate groups
on ZnO/CNC8.5 and MG. Besides, the properties of nanoscale effect
and near spherical morphology could make ZnO/CNC8.5 microspheres
contact and absorb MG molecules efficiently. These aspects mentioned
above synergistically contributed to the high absorption capacity and
removal efficiency of ZnO/CNC8.5 for both MB and MG.

4. Conclusions

Various morphologies of ZnO/CNC hybrids (nearly spherical, thin-
sheet and flower-like shapes) were successfully prepared by using bam-
boo CNC as templates. In addition, the effect of pH values on ZnO mor-
phologies and properties of ZnO/CNC hybrids were studied in detail. It
is found that low pH value (8.5) would induce formation of nearly
spherical shape hybrids with an average diameter of about 60 nm be-
cause of low OH™ concentration. Under high pH values (10.5 and
11.0), sheet-like and flower-like hybrids were obtained due to the
large quantity of OH™. Besides, both sheet-like and flower-like hybrids
had high crystallinity and ZnO contents, leading to higher thermal sta-
bility for them. However, spherical ZnO/CNC8.5 hybrids showed smaller
size and more carboxyl groups (low crystallinity), resulting in higher
dye absorption capacity for MB and MG dyes. Thus, ZnO/CNC8.5 as a
representative model sample were chosen to investigate influence of
initial concentration and contact time on dye removal rate and absorp-
tion kinetic studies. The dye absorption was rapid in the first 2 min and
the dye removal rate of MB and MG reached over 91.47% and 97.85%
within 5 min. The absorption kinetics accurately described by the
pseudo-second-order model with high R?. Electrostatic attraction be-
tween carboxyl groups (COO™) and positive charge functional groups
(NRZ) was the main absorption mechanisms for the dye absorption of
hybrids. Therefore, such hybrids with improved properties show great
potential for use as excellent adsorbent of cationic dye in industrial
wastewater.
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1 | INTRODUCTION

The primary purpose of cold weather clothing is to shield the wearer from the extrem-
ities of the external environment. The thermal properties of nanofibers and their
potential applications have tremendous scope and application in this area. The objec-
tive of this study was to investigate the mechanisms of heat transfer through fibrous
insulation where the fiber diameter was less than 1 um. Electrospinning process was
used to produce flexible polyurethane and polyvinylidene fluoride nanofibers embed-
ded with silica aerogel. The thermal and transport behavior of the samples was
evaluated, and results were statistically analyzed. Presence of aerogel particles were
confirmed through microscopic examination. Thermal behavior was investigated by
using thermogravimetric analysis and differential scanning calorimetry. The results
showed that the polyvinylidene fluoride nanofibrous membranes embedded with
aerogel obtained a good thermal stability with lower weight loss than polyurethane
nanofibrous membranes. The glass transition and melting point was not affected by
the aerogel content in the layers, validating that polymers are not miscible. The
increase in duration of electrospinning led to higher web thickness, which resulted
in considerable decrease in air permeability. Considerable improvement of thermal
insulation was observed by increasing the number and the weight per unit area of
both nanofibrous membranes. The results confirmed increase in thermal insulation
by embedding silica aerogel in nanofibrous membranes. With reference to the results,
it could be concluded that nanofibers embedded with aerogel are good for thermal
insulation in cold weather conditions. Thermal insulation battings incorporating nano-
fibers could possibly decrease the weight and bulk of current thermal protective

clothing.

KEYWORDS

aerogel, heat transfer, Nanofibrous membranes, thermal insulation, transport properties

excellent opportunities to research the heat transfer behavior of

Textiles may be considered as human's armor against extremities of
nature. The fabric performance and efficacy has to withstand the test
of extreme climatic conditions. Different fabrics and coating materials
have to be evaluated to improve their thermal properties of textiles.

Recent advances in the technology of producing nanofibers provide

low-density nanofibrous membranes. Understanding heat transfer
through nanofiber structures will allow us to exploit the unique prop-
erties of polymer nanofibers for applications such as improved cold
weather clothing, hand wear, sleeping bags, and tent liners.
Electrospinning is a simple and low-cost method for making polymer

and ceramic fibers with superfine diameters.>* Recently, this

Polym Adv Technol. 2018;1-10.
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technique has gained in acceptance due to the promising properties of
different types of structure and assembled electrospun nanofibers.
Silica aerogel is a highly porous material with pore diameters in the
range of 2 to 50 nm.>® The nanoporous structure of the silica aerogel
having a high porosity above 90% makes the aerogel a highly thermal
insulating materials with a super-low thermal conductivity as low as
0.013 Wm™ 1 KL It is considered to be an effective thermal insulation
material for wide applications in textiles.”” The electrospun
polyvinylidene fluoride (PVDF) nanofibers could improve the mechan-
ical strength and flexibility of the SiO, aerogels while maintaining a
lower thermal conductivity.!° Lightweight and compressible insulation
materials maximize insulating value at a minimum weight. Many prac-
tical applications focus on fibrous materials that have a low fiber vol-
ume fraction (less than 10% fiber for the most part). Heat transfer
through porous media is by conduction, convection, and radiation.
For these types of materials, heat conduction through the solid por-
tion of the matrix (the fibers) is negligible, so it is not necessary to
focus on solid conduction heat transfer. Heat transfer through porous
media is by conduction, convection, and radiation. However, conduc-
tion through the still-air trapped within the insulation is important,
and the thermal conductivity of air, total gas volume fraction, and
thickness of air within the material is required to properly analyze both
radiation heat transfer and convection heat transfer mechanisms.**12
Literature searches on the subject of submicron fibers in thermal insu-
lation reveal a necessity to conduct further fundamental or applied
work by using polymer nanofibers for thermal insulation applications.

In this paper, the mechanisms of heat transfer through fibrous
insulation where the fiber diameter less than 1 um was investigated.
Flexible electrospun nanofibrous membranes embedded with silica
aerogel were produced via electrospinning process by optimizing the
solution and spinning parameters. The electrospun polyurethane
(PUR) and PVDF nanofibrous microstructures were fabricated and
then used to reinforce the SiO, aerogel. The effects of thermal and
transport properties of the electrospun nanofibrous membranes
embedded with SiO, aerogel were evaluated to understand their

potential for thermal insulation applications.

2 | METHODOLOGY

2.1 | Materials

Commercially available hydrophobic amorphous silica aerogels in pow-
der and granular form were procured from Cabot Aerogel Corporation.
The properties of amorphous silica aerogel are given in Table 1.
Polyurethane resin (Larithane AL286, Novotex ltaliana SpA, molecular
weight 2000 g mol™®), PVDF (Solef 1015, molecular weight

TABLE 1 Properties of amorphous silica aerogel

S. No Properties Value Range

1 Particle size range 0.1-0.7 mm

2 Pore diameter ~20 nm

3 Density 1.205 kg/m®

4 Surface chemistry Fully hydrophobic

TABLE 2 Laboratory equipment setup for production of polyure-
thane nanofibrous layer embedded with aerogel

Parameters Specifications
Distance of electrode 175 mm
Wire speed 0.2 mm/s
Substrate speed 15 mm/min

Carriage speed 380-430 mm/s on 500-mm distance

Substrate Spunbond polypropylene
Voltage -10/60 kV

Size of the girder 2 0.7 mm

Air flow 90/100 m*h

Humidity With dry box

573 x 103 g mol™%), and dimethylformamide were used as received
from the CXI lab (Nanocenter, TUL, Czech Republic; Table 2).
Polyurethane is a polymer composed of organic units joined by
carbamate (urethane) links. Polyurethane can be made in a variety of
densities and hardnesses by varying the isocyanate, polyol, or addi-
tives. Thus, it can be produced with a variety of physical properties
by varying its structure, the molecular weight of the segments. It
exhibits extremely high insulating effect. The very low thermal con-
ductivity makes it well suited for applications in outdoor wear for
extreme conditions.® The chemical structure of the PVDF consists
of the repeated monomer. Its complex molecular and crystalline struc-
ture exhibits good hydrophobicity, thermal resistance, and mechanical
strength and can be easily prepared into membranes with versatile

pore structures by electrospinning.'*

2.2 | Solution preparation

The PUR and PVDF were dissolved separately in dimethylformamide
at a concentration of 18 wt%. The solutions were stirred in a magnetic
stirrer for 2 hours at room temperature. Then, silica aerogels in both
powder and granular forms were added to the solution. These
mixtures were stirred again for 3 hours at room temperature prior to
electrospinning. The solution's viscosity was tuned by adjusting the

solution concentration and was then electrospun.

2.3 | Electrospinning using nanospider

Electrospinning was carried out by using nanospider technology as a
modified electrospinning technique, nanospider laboratory machine
NS LAB 5005 from Elmarcos.r.o (Figure $1).}° Electrospinning is
widely accepted as a technique to fabricate submicron polymer fibers.
It is a fiber-forming process, where high voltage is used to create an
electrically charged jet of polymer solution or melt from the needle.
The polymer solidifies as it travels toward the collecting plate, often
producing nanometer scale fibers.'*'? Nanospider is a modified
electrospinning method which requires the use of a high-voltage
electrostatic field to create an electrically charged stream of polymer
solution or melt. The innovative idea of the nanospider is based on
the possibility of producing nanofiber in diameters of 50 to 300 nm

into nonwoven WebS.20
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TABLE 3 Sample details of electrospun polyvinylidene fluoride nanofibrous layer embedded with silica aerogel

Samples

SPUR1
SPUR2
SPUR3
SPUR4
SPUR5

PUR1
PUR2
PUR3
PUR4
PUR5

Type
Aerogel nanofibrous layer with Spunbond PP back up

Aerogel nanofibrous layer

Description (Spun PP + NFA)

I ers
vyg-]nc:ed 1

WILEY-£2

| s

technologies

Areal Density [g/m?]

Thickness [mm]

Only PUR 34.01 (£ 1.71) 0.290 (+ 0.014)
PUR + aerogel (powder) 33.11 (+ 1.65) 0.254 (+ 0.013)
PUR + aerogel (granular) 35.28 (+ 1.76) 0.300 (+ 0.015)
PUR + aerogel (powder) 35.29 (+ 1.65) 0.390 (x 0.020)
PUR + aerogel (granular) 38.58 (+ 1.93) 0.370 (+ 0.019)
Only PUR 6.01 (+ 0.31) 0.083 (= 0.004)
PUR + aerogel (powder) 5.11 (+ 0.26) 0.089 (= 0.005)
PUR + aerogel (granular) 7.28 (£ 0.03) 0.112 (+ 0.006)
PUR + aerogel (powder) 7.29 (+ 0.07) 0.206 (= 0.010)
PUR + aerogel (granular) 10.58 (+ 0.21) 0.248 (+ 0.012)

Note: “+” is the upper and lower 95% confidence interval of the mean. PP, polypropylene; PUR, polyurethane.

24 | Electrospinning of PUR and PVDF nanofibrous
membranes

The prepared solution was placed in a cylinder containing active elec-
trode parallel to collecting electrode. The single wire electrode was
selected to spin the nanofibers shown in Figure S2. The solution was
delivered under the conditions given in Tables 2, 4, and 6. The details
of the PUR and PVDF samples are given in Tables 3 and 5.

The nanofibers were collected on a spunbond polypropylene
fabric substrate. The substrate was chosen to provide mechanical
properties, while the nanofibrous web dominates thermal perfor-
mance. The electrospun nanofibrous membranes were then dried for

2 hours before using it for the tests.

25 |
251 |

The morphology and microstructure of electrospun PUR and PVDF

Characterizations

Scanning electron microscope

nanofibrous layer embedded with silica aerogel were studied by using
a scanning electron microscopy (VEGA TESCAN Inc. USA) at 30 kV.
The densities of the samples were determined by measuring the

weight and volume.

252 |

Alambeta instrument (developed at the technical university of Liberec,

Thermal measurement

Czech Republic) was used to evaluate the comparative thermal prop-
erties of the samples. Alambeta measuring device was used for fast
measuring of transient and steady state thermophysical properties
(thermal insulation and thermal contact properties). The instrument
measures parameters such as thermal conductivity, thermal diffusion
(a), thermal absorption (b), thermal resistance (r), the ratio of maximal
to stationary heat flow density (qmax/gs), stationary heat flow density
at the contact point (gs), and fabric thickness.?® Netzch STA 409
equipment was used for thermogravimetric analysis (TGA). Analysis
was performed within a temperature range of 25 to 450°C at a
heating rate of 10°C/min and N2 atmosphere. Differential scanning
calorimetry (DSC) analysis was conducted by using TA Instruments
MDSC 2920 equipment within a temperature range of 0 to 400°C at
a heating rate of 10°C/min in N2 atmosphere. ASTM D882-95a spec-
ification was followed for strip-cutting samples from a thin sheet. For

each sample composition, 5 specimens were tested.

TABLE 4 Air temperature/humidity and size of the girder
specifications

Samples  Air Temperature and Humidity  Size of the Girder (mm)

PUR1 22.7%/23°C 0.7

PUR2 20.3%/23.6°C 20.7

PUR3 20.8%/23.3°C 20.7

PUR4 23.1%/24.4°C 20.7/2 0.8/ 1.0
23.1%/24.2°C

PURS 23.1%/24.8°C (first layer) 20.9
21.5%/26°C (second layer) 20.9

2.5.3 | Air permeability

FX 3300 air permeability instrument was used to measure the trans-
port property of the samples (Table 4). The principle of the instrument
depends on the measurement of air flow passing through the fabric at
a certain pressure gradient Ap. In this instrument, any part of the fab-
ric can be placed between the sensing circular clamps (discs) without
the fabric destruction. As the fabric fixes firmly on its circumference
(to prevent the air from escaping), the fabric dimensions do not play
any role. The enough space between the clamps and the instrument

frame allows the measurement for large samples.

3 | RESULTS AND DISCUSSION

3.1 | Microstructures of nanofibrous membranes

Figures 1 and 2 show the morphologies and microstructures of
electrospun PUR and PVDF nanofibrous membranes. The different
microstructures could be observed with and without aerogel particles
present which were electrospun from the solutions with the concen-
tration of 18 wt% (Table 5).%°

The electrospun nanofibrous membranes consisted of fibers in the
submicrometer range arranged in a 3D network structure with high
porosity and fully interconnected pores. Through optimization of con-
centration of polymer solution, the average fiber diameter was found
to decrease gradually. The surface morphology of the electrospun
PUR and PVDF fibers largely depends on the polymer solution con-
centration and composition to maintain the suitable viscosity. These
results indicate that the surface morphology and fiber diameter of
the electrospun PUR and PVDF layers are significantly influenced by
the composition of the polymer solution used for electrospinning.

The intact morphology of the nanofibrous membranes embedded with



VENKATARAMAN ET AL.

4_|_ _polyrme
WILEY SRee,
- 10
[—1
—
=
Z 8
9 v=308x+2.04
o R2=0.9906
g
& ¢
=
=
=
&
= 4
=
=
=
3 2
0.03 007 0.11 0.15 0.19 0.23 027
Thickness (Inm)
- 16
[—
-
b
o 18- v=26.764x +2.6879
= R2=0.9277
M 14
E
¢ 13
E
& 12
&
.5 L)
s 1
£
<
= 10
03 0.35 04 045 0.5

Thickness (Inm)

TABLE 5 Sample details of electrospun PVDF nanofibrous layer embedded with silica aerogel

FIGURE 1 Morphology and microstructure
of electrospun polyurethane nanofibrous
membranes embedded with SiO, aerogel from
18 wt% [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 2 Morphology and microstructure
of electrospun polyvinylidene fluoride

nanofibrous membranes

embedded with SiO,

aerogel from 18 wt% [Colour figure can be
viewed at wileyonlinelibrary.com]

Type Samples Description (spun PP + NFA) Areal Density [g/m?] Thickness [mm]

Aerogel nanofibrous layer with Spunbond PP backup SPVDF1 Only PVDF 34.89 (+0.79) 0.48 (+0.045)
SPVDF2 Only PVDF 38.62 (+0.93) 0.32 (+0.036)
SPVDF3 PVDF + aerogel (powder) 34.58 (+2.73) 0.46 (+0.048)
SPVDF4 PVDF + aerogel (powder) 44.00 (£2.38) 0.38 (x0.091)
SPVDF5 PVDF + aerogel (granular) 37.18 (£1.26) 0.41 (+0.025)
SPVDF6 PVDF + aerogel (granular) 39.89 (£1.95) 0.40 (x0.102)

Aerogel nanofibrous layer PVDF1 Only PVDF 6.80 (+0.34) 0.11 (x0.005)
PVDF2 Only PVDF 10.62 (+0.43) 0.20 (+0.012)
PVDF3 PVDF + aerogel (powder) 6.58 (+0.13) 0.17 (+0.065)
PVDF4 PVDF + aerogel (powder) 16.00 (+0.23) 0.05 (+0.025)
PVDF5 PVDF + aerogel (granular) 9.18 (+0.60) 0.19 (+0.033)
PVDF6 PVDF + aerogel (granular) 11.89 (+0.55) 0.23 (+0.015)

Note: “+” is the upper and lower 95% confidence interval of the mean. PP, polypropylene; PUR, polyurethane; PVDF, polyvinylidene fluoride.

aerogel implied that the optimized polymer solution concentration
effectively could improve the strength and the flexibility of the
aerogels (Table 6). It may be due to electrospun nanofibers absorbing
the destructive energy and keeping the integration of aerogel
composite specimens. The second reason was that the diameters of
the nanofibers were around 50 to 250 nm, which is much closer to

the size of holes and particles of the aerogels. Moreover, as the

aerogels were electrospun with PUR and PVDF nanofibers, the

aerogels were separated into large quantity of small areas as shown

in Figures 1 and 2.

3.2 | Influence of aerogel on thermal properties

Thermal conductivity as a function of areal density for PUR and PVDF

electrospun nanofibrous layer embedded with silica aerogel is shown
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TABLE 6 Laboratory equipment setup for production of polyvinylidene fluoride nanofibrous layer embedded with aerogel

Samples Substrate Speed (mm/min) Humidity (%)
PVDF1 30 423

PVDF2 15 47

PVDF3 30 43.5

PVDF4 15 445

PVDF5 30 415

PVDFé6 15 38.5

in Figure 3. The results showed that thermal conductivity of the
electrospun nanofibrous layer decreased with increase in density. This
can be explained by the fact that as the density increases, it makes the
fibrous structure more packed. This causes the mean free path
(distance travelled by a photon before it collides with another fiber

surface®*2%)

for a photon movement to decrease and thus causing a
decrease in the heat transfer because of radiative conduction. When
the density reaches a critical point, the increase in conduction through
solid phase (fibers) and decrease in radiation conductivity result in an
increase in total thermal conductivity.?*2° In fact, in fibrous structures,
the small size of the pores and the complex nature of the air channels
present prevent any heat transfer by convection.?® Moreover, due to
low fiber volume fraction in fibrous insulation materials, heat conduc-
tion through the solid phase (the fibers) is not significant and conduc-
tion through air is usually considered to be the conductivity of still air
that is poor at room temperature. Thus, radiative conductivity is the
prevalent mechanism of conductivity because it has a high porosity
percentage of fibrous structures. By adding a nanofiber web, thermal
conductivity was enhanced noticeably, which may be attributed to
their extremely fine fiber and very high porosity of web. The superfine
fibers in the web have better radiation absorption and extinction
because their higher surface-area-to-volume ratio leads to decrease
in the thermal conductivity. Moreover, smaller pore size between
nanofibers decreases the mean free path for photon movement
resulting in lower radiative energy transfer. This improvement
becomes more significant when bulk density is increased. In high den-
sities, increase in the thermal conductivity of the sample containing
web was diminished. This may be attributed to the presence of nano-
fiber and their natural compact structure that could compensate for
increased thermal conductivity. According to thermal conductivity
graphs in Figure 3, decrease in the average nanofiber diameter leads
to lower limit of conductivity. Higher specific surface of thinner fibers
means more surface area for radiative absorption that result in lower
thermal conductivity.?”

Furthermore, higher porosity of the web with a nanofiber diame-
ter around 250 nm could be the other reason for their lowest thermal
conductivity. The thermal insulating efficiency of fiber-based
insulation is known to increase as the fiber size is reduced.! Another
explanation for reduction in conductivity can be smaller pore size in
the web containing thinner nanofibers leading to lower radiative con-
ductivity. For better understanding of how reduction in fiber diameter
affected porosity of the nanofibers, it is clearly shown in scanning
electron microscopy images in Figures 1 and 2. In this context, it could

be understood that using thinner nanofibers leads to noticeable

Air Temperature (°C) Size of the Girder (mm)

24.2°C 20.7
24.1°C 20.7
24.3°C 20.7
24.3°C 20.7
24.3°C 20.7
24.4°C 212

performance and helps in achieving very low limit of thermal conduc-
tivity. Of particular interest are the results for the 2 nanofiber insula-
tion materials (electrospun PUR and PVDF nanofibrous layer). Both
materials showed excellent reduction in overall heat transfer
compared with standard low-density fibrous insulating materials (at
areal densities above 40 g/m?).

The PVDF nanofibrous layer showed superior insulation at higher
areal density values. Thermal conductivity testing confirmed that
lower fiber diameter tends to increase the thermal resistance of
fibrous insulation materials. However, the nanofiber/aerogel becomes
an effective insulator because the aerogel structure suppresses con-
duction and convection, and the fibers reduce radiation heat transfer
while increasing the strength of the brittle and weak aerogel structure.
Although the combination of aerogel and nanofiber has good thermal
properties, the volume fraction of fiber is fairly high to support and
protect the aerogel matrix. Thus, the aerogel materials cannot achieve
the same thermal conductivity at densities as fibrous insulation. How-
ever, they do achieve better thermal resistance for an equivalent
thickness of material. High porosity of electrospun fibrous mesh is
able to trap air which potentially gives it a good thermal insulation
property. This is confirmed using thermal conductivity tests which
show that lower fiber diameter leads to an increase in thermal
resistance.?® Thermal transfer in porous structure of silica aerogel is
conducted in multiple pathways like (a) heat transfer through the chain
of primary particles forming solid silica network, (b) thermal radiation,
and (c) gaseous molecules occupying the gaps in the porous struc-
ture.??*° The combination of nanofiber and aerogel has demonstrated
superior insulation properties for applications where thickness is of
concern. The large pores sizes in the samples often lead to large pore
volumes porosity which lowered the thermal conductivity. With
respect to high porosity fibrous insulation materials, the combination
of aerogel and nanofiber demonstrated excellent insulation per unit
thickness properties, as shown in Figure 4. Increase in thermal
resistance can be seen to increase with the increase in thickness.
The thermal resistance of electrospun PVDF nanofibrous layer embed-
ded with silica aerogel is higher than electrospun PUR nanofibrous
layer embedded with silica aerogel. The data were examined by one-
way analysis of variance with 95% confidence level. A significant
difference (P < .05) has been observed between the samples.

3.3 | Thermal stability of nanofibrous membranes

The nanofibrous membranes were analyzed by using DSC as shown

in Figure 5. Large differences were observed in the melting
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FIGURE 3 Thermal conductivity vs areal density A, polyurethane
(PUR) samples with spunbond polypropylene; B, electrospun PUR
nanofibrous membranes embedded with silica aerogel); C, electrospun
polyvinylidene fluoride (PVDF) nanofibrous membranes embedded
with silica aerogel backed up with spun bond polypropylene and D,
electrospun PVDF nanofibrous membranes embedded with silica
aerogel

endotherm values. A strong endothermic peak was produced at
around 240°C and 170°C for PUR and PVDF nanofibrous mem-
embedded with which
corresponded to oxidation of the surface hydroxyl groups and evap-

branes and without silica aerogel,
oration of trapped water and alcohol. Polyurethanes are segmented
and can demonstrate different degrees of crystallinity according to
the processing conditions.®! Furthermore, parametric variations in
the electrospinning process (eg, applied voltage and infusion rate)
can also alter the melting temperatures of fibers prepared from the
solution.®2 The level of crystallinity is increased when using the
electrospinning process, going from film to fiber morphology,
resulting in an increase in the T, values.®®

Figure 6 shows the TGA of the pure SiO, aerogel. The weight loss
was observed to decrease gradually from around 50 to 800°C. The
percentage of weight loss was around for 17.9% for powder form sil-
ica aerogel and 21.8% for granular form silica aerogel, respectively. At
around 450°C, there was rapid increase in weight loss of pure silica
aerogel due to evaporation of trapped H,O and alcoholic groups, pro-
duced from the condensation reactions of Si-OH and Si (OC,Hs)
groups. The TG curve declined slowly after 450°C. Around 600°C,
the percentage of weight loss did not reduce because of the structural
water evaporating completely. The observed adsorbed water mass
losses indicate the ability of the aerogels to retain adsorbed water
throughout processing and can result in increased degree of hydro-
phobicity when alkyl and aryl bridges are incorporated in their
microstructures.?’

Figure 7 shows the electrospun PUR and PVDF nanofibrous
membranes with and without SiO, aerogel. Table 7 contains the
results of DSC and TGA results. The onset degradation temperature
of the polymer chain for PVDF is around 400°C, and PUR is around
290°C. On the other hand, PUR nanofibrous membranes embedded
with and without aerogel present considerable weight loss than
PVDF nanofibrous membranes. Above 420°C, the weight loss was
associated with the degradation of the polymer chain structure, in
agreement with previous literature.®*%> The analysis shows that
the blends in the compositions studied have a stability that is closest
to the stability of PVDF, with an intensive weight loss onset at
around 400°C.

The PUR and PVDF nanofibrous membranes embedded with
aerogel demonstrated higher thermal stability at around 300 and
450°C, respectively. The pure aerogel lost around 10% weight at the
temperature range of 350 to 450°C, which may be attributed to the
degeneration of Si-O-C,Hs5 group.

Due to degeneration of PVDF, the electrospun PVDF layers
showed significant weight loss in the temperature range of 400 to
450°C. The weight loss of the PUR nanofibrous membranes embed-
ded with and without aerogel was between 90% and 95% at around
290°C, and PVDF nanofibrous membranes embedded with and with-
out aerogel were between 5% and 17% at around 430°C, respectively.
Therefore, the PVDF nanofibrous membranes showed better stability
than PUR nanofibrous membranes. However, it should be noted that
the PVDF nanofibrous membranes may melt at 172°C, although no
noticeable weight loss exists. Therefore, the PVDF nanofibrous
membranes are suitable for the application in thermal insulation below
172°C.
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FIGURE 4 Thermal resistance vs thickness linear function A, electrospun polyurethane (PUR) nanofibrous membranes embedded with silica
aerogel; B, electrospun PUR nanofibrous membranes embedded with silica aerogel backed up with spun bond polypropylene (PP) linear
function; C, electrospun polyvinylidene fluoride (PVDF) nanofibrous membranes embedded with silica aerogel and D, electrospun PVDF
nanofibrous membranes embedded with silica aerogel backed up with spun bond PP. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Differential scanning calorimetry curves of polyurethane and polyvinylidene fluoride nanofibrous membranes embedded with and
without aerogel [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Thermogravimetric analysis curve of pure silica aerogel [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Thermogravimetric analysis curves of polyurethane and polyvinylidene fluoride nanofibrous membranes embedded with and without
aerogel [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 7 Differential scanning calorimetry and thermogravimetric
analysis results

Melting Degradation Weight
Sample Temperature (°C) Temperature (°C) Loss (%)
PUR1 242.6 293.6 96.80
PUR2 252.3 285.7 89.21
PUR3 245.7 287.3 94.04
PUR4 2434 282.8 89.53
PUR5 247.1 292.9 95.49
PVDF1 170.9 424.9 7.80
PVDF2 172.1 422.1 17.10
PVDF3 171.8 405.7 8.36
PVDF4 171.3 435.3 7.14
PVDF5 171.3 432.7 4.82
PVDF6 172.2 435.7 5.50
3.4 | Transport properties of nanofibrous

membranes

The air permeability of nanofibrous membranes is presented in
Figure 8.
Air permeability is a very important parameter for thermal

insulation of electrospun nanofibrous layer. The influencing factors
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are gas, vapor, and liquid transport through the layers.%® The air
permeability of electrospun nanofibrous membranes is shown in
Figure 6. According to the figures, samples containing PUR nanofiber
with double layer (0.16 and 0.24 mm) showed lower air permeability.
This behavior may be attributed to the finer diameter of PUR nano-
fiber compared with PVDF nanofiber. Lower air permeability implies
reduced air flow through the layers resulting in better thermal
insulation.

As can be seen from the figures, lower air permeability was
achieved by increasing the number of nanofibrous membranes. It
confirmed the relationship of the important parameter to thermal
insulation. Figure 6 shows that sample PUR4, PUR5, and PVDF5 were
impermeable at 100 and 200 Pa. The increased weight as well as
thickness of electrospun nanofiber web reduced air permeability.>?
The PUR samples had low air permeability as compared with PVDF
samples. This may be attributed to fiber diameter and web porosity
of the samples. Thus, the results of air permeability test show that
the relation between thickness and air permeability of nanofibrous
membranes is not linear (Figure 8) but equivalent.>” From the results,
it was also apparent that increase in duration of electrospinning
leads to higher web thickness. This resulted in considerable decrease
in air permeability. For other samples, the decrease was lower but

statistically significant.
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FIGURE 8 Air permeability A, electrospun polyurethane nanofibrous layer embedded with silica aerogel; B, electrospun polyvinylidene fluoride
nanofibrous layer embedded with silica aerogel [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | CONCLUSION

In this work, the thermal behavior of electrospun PUR and PVDF
nanofibrous membranes embedded with silica aerogel was studied.
The results show enhancement in thermal insulation by increasing
the number and the weight per unit area of nanofibrous membranes.
Higher thermal resistance was observed in the case of samples con-
taining PUR and PVDF nanofibrous membranes, which may be attrib-
uted to the low air permeability and fiber diameter. Moreover,
embedding silica aerogel in nanofibrous membranes enhances thermal
insulation confirming superior thermal properties of aerogel. The
weight and thickness of thermal wear can be reduced by using nano-
fiber layers. Thermal behavior investigated by using TGA and DSC
showed the PVDF nanofibrous membranes embedded with aerogel
exhibits better thermal stability with low weight loss as compared with
PUR nanofibrous membranes (Table 7). It was also observed that glass
transition and melting point were not affected by the aerogel content
in the layers. The results show nanofibers to be useful as components
in hybrid battings with high bulk densities. The increase in duration of
electrospinning leads to higher web thickness, which results in consid-
erable decrease in air permeability. Performance gains in existing ther-
mal insulation materials may be possible by incorporating a proportion
of nanofibers into the structure. The electrospun nanofibrous mem-
branes have been found to strengthen the aerogel, the preparation
technique of the electrospun nanofibrous membranes embedded with
aerogel with larger size, and lower thermal conductivity has to be fur-
ther developed. Overall, the elucidation of the relation between trans-
port properties and macrostructures of electrospun nanofibrous
membrane will help to design highly comfortable protective garments.
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Absorbér tepla pro textilni, zejména odévni aplikace

Oblast techniky

Vynalez se tyka absorbéru tepla pro textilni, zejména odévni aplikace, ktery obsahuje alespon jednu
porézni nosnou vrstvu, ve které je ulozen alesponl jeden material s latkovou pfeménou, pficemz
porézni nosna vrstva je alesponl na jednom svém povrchu opatfend kryci vrstvou, ktera je
nepruchozi pro materidl/materialy s latkovou pfeménou ulozeny/ulozené v nosné vrstvé.

Dosavadni stav techniky

Pro ochranu lidského téla proti plisobeni vysokych a nizkych teplot se v soucasné dobé pouzivaji
ruzné textilni materialy, které jsou zaloZené na schopnosti zvysit tepelny odpor prostfedi a omezit
proudéni vzduchu k a od povrchu téla. Oba tyto efekty se podileji na snizeném piestupu tepla mezi
povrchem lidského téla a okolim.

Pro extrémni teplotni vykyvy a také pro zvyseni komfortu odévnich struktur se do textilii aplikuji
tzv. materialy s latkovou pfeménou (PCM — Phase Change Materials), coZ jsou materialy schopné
absorbovat velké mnozstvi energie pii ohfevu a souCasné i vydavat velké mnozstvi energie pii
chlazeni. Jejich fyzikalni podstatou je vhodné zvolena teplota tani (¢i jiného fyzikalniho pfechodu)
s vysokym mernym teplem. Tyto materialy se bézné aplikuji v podobé kapsuli, tj. drobnych kuli¢ek
obalenych ochrannym materialem, nejcastéji polymerem. Tyto kapsule, jejichz rozméry jsou
fadoveé mikrometry ¢i desitky mikrometri se inkorporuji bud’ pfimo do materidlu vlaken, nebo se
riznymi zpisoby ukladaji na jejich povrchu. Obsah materialu/materialii s latkovou pfemeénou
v textilii je pfi téchto postupech pomérné maly — cca jednotky procent z celkové hmotnosti textilie.
To brani redlnému a smysluplnému vyuziti takovych textilii, nebot’ takto nizky obsah
materidlu/materialti s latkovou pieménou nevede k subjektivné pozorovatelnému ucinku
pti ochrané proti vysoké, resp. nizké teploté.

Pfi vyssi koncentraci materidlu/materialii s latkovou preménou, at’ uz dosazené vysokou davkou
kapsuli nebo klasickym napusténim textilie timto/témito materialem/materialy lze dosahnout dobré
absorpce tepla, ale vysledny material neni v praxi vyuZzitelny pro textilni, resp. odévni aplikace,
nebot’ mé& kviali vysokému obsahu materidlu/materiald s latkovou pfeménou (az 60 %) jen
zanedbatelnou prodysnost, velmi nizkou paropropustnost, vysokou tuhost a nizkou stalost v prani;
je extrémné nekomfortni a nekompatibilni s klasickymi textilnimi a odévnimi technologiemi jako
je napf. $iti, apod.

Priklad takového feSeni je popsan napt. v US 20030124318. Tento dokument popisuje tepelnou
bariéru, ktera obsahuje dvé kryci vrstvy, mezi kterymi je ulozeny zakladni material, ve kterém je
ulozeny alespoil jeden material s latkovou pfeménou. Vrstva zdkladniho materidlu je pfitom
rozdelend do nékolika regionti (v ramci kterych je ulozeny stejny nebo odlisny matrial s latkovou
pfeménou), které jsou od sebe vzajemné odd€lené. Toto oddé€leni je v jedné varianté provedeni
realizovano bud’ bariérou, tvofenou libovolnym materidlem nepriichozim pro material s latkovou
pfeménou v kapalném stavu, jako napt. lokdlné zhutnénym zakladnim materialem nebo jinym
neporéznim materidlem, ptipadné spojenim krycich vrstev. Tyto varianty ale vedou k podstatnému
zvySeni tuhosti (zejména v ohybu) tepelné bariéry, a tim ke zhorSeni vlastnosti, které jsou
nejpodstatnéjsi pro textilni, resp. odévni aplikace — zejména splyvavosti (opaku tuhosti) a omaku.
Kwviili tomu neni material popisovany v dokumentu US 20030124318 realné€ pouzitelny v odévnich
aplikacich, napt. jako soucast odévu.

Cilem vynalezu je tak navrhnout absorbér tepla pro textilni, zejména odévni aplikace, ktery by mél
co nejvyssi obsah materiali/materialti s latkovou pfeménou, a pritom byl diky svym mechanickym
vlastnostem vhodné;jsi pro textilni a zejména odévni aplikace.
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Podstata vyndlezu

Cile vynalezu se dosdhne absorbérem tepla pro textilni, zejména odévni, aplikace, ktery obsahuje
alespofi jednu porézni nosnou vrstvu, ve které je ulozen alespon jeden material s latkovou
pfeménou, pfiCemz porézni nosna vrstva je alespon na jednom svém povrchu opatiena kryci
vrstvou, kterd je nepriichozi pro material/materialy s latkovou pfeménou ulozeny/ulozené v nosné
vrstveé, jehoz podstata spocivd v tom, Ze nosna vrstva je nesouvisld a/nebo v ni ulozeny/ulozené
material/materialy s latkovou pfeménou je/jsou usporadan/usporadany do nesouvislé vrstvy,
pfiCemz mezi Utvary nesouvislé nosné vrstvy nebo mezi Gtvary materidlu/materialt s latkovou
pfeménou v nosné vrstvé jsou uspotfaddany volné prostory, které jsou alespoil z jedné strany
prekryté kryci vrstvou, pficemz alespon jedna kryci vrstva je tvofena vrstvou polymernich
nanovlaken s hydrofobni Gpravou. Diky tomu ma tento absorbér velmi dobrou prodysnost pro
vzduch, vybornou paropropustnost a nizkou tuhost a je mozné ho zaclenit to textilnich, napf.
odévnich struktur. Hydrofobni tiprava kryci vrstvy pfitom soucasné brani priniku kapalné vody do
struktury absorbéru a zejména k materialu s latkovou pfeménou v jeho nosné vrstve.

Nosna vrstva je svyhodou tvofend odd€lenymi utvary textilniho materidlu (v¢. utvara
z nanovlaken, s vyhodou polyamidovych) nebo pénového materialu.

V jiné variant¢ miZe byt tvofena porézni smeési textilnich vlaken a materialu s latkovou pieménou.
V ptipadé potieby je nosna vrstva opatfena perforaci.

Vhodnym materidlem s latkovou preménou je polyethylenglykol; pouzit je ale mozné i jiné
materialy s latkovou pfeménou, v¢. parafint.

Pro dosazeni lepsi mechanické ochrany je nosna vrstva s vyhodou opatiend kryci vrstvou na obou
svych povrsich.

Po svém obvodu pak mutze byt ptekryta vrstvou hydrofobniho materialu nebo materidlem alespoii
jedné kryci vrstvy.

Pro zabranéni pruniku kapalné vody do struktury absorbéru a zejména k materialu s latkovou
pfemenou v jeho nosné vrstveé jsou kryci vrstvy s vyhodou opatiené hydrofobni upravou.

Objasnéni vykrest

Na pftilozeném vykresu jsou na obr. 1 a obr. 2 schematicky znazornény fezy dvéma variantami
absorbéru tepla pro textilni, zejména ode€vni aplikace podle vynalezu.

Priklady uskuteénéni vynalezu

Absorbér 1 tepla pro textilni, zejména odévni aplikace podle vynalezu obsahuje alespon jednu
nosnou vrstvu 2, ve které je ulozeny alespon jeden material s latkovou pfeménou. Tato nosna vrstva
2 je ptitom alespont na jednom svém povrchu opatiena kryci vrstvou 3, ktera je neprtichozi pro
material s latkovou pfeménou uloZeny v nosné vrstvé 2 a brani tak, zejména pfi jeho roztaveni a
zatizeni absorbéru 1, jeho tniku. Nosna vrstva 2 je vytvoiena jako nesouvisla a/nebo je/jsou v ni
ulozeny/ulozené material/materidly s latkovou pfeménou uspotadan/usporadany do nesouvislé
vrstvy. Tim se dosahne nejen velmi dobré prodySnosti, vyborné paropropustnosti a nizké tuhosti
absorbéru 1 tepla, ale soucasné je mozné zvysit podil materialu/materialt s latkovou pfeménou
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v jeho nosné vrstvé 2, a to az k 90 % celkové hmotnosti absorbéru 1, coz vede k realné fungujicimu
absorbéru 1 tepla, ktery ma vlastnosti vhodné pro textilni a zejména odévni aplikace.

Jako material s latkovou pfeménou lze pouzit fadu znamych materidld organického i
anorganického ptivodu, pfipadné jejich kombinaci. S ohledem na zapach a toxicitu nékterych
znich se jako nejvhodnéjsi jevi predevsim polyethylenglykoly (PEG). Jejich dalsi vyhodou je
jejich rozpustnost ve vodé a diky tomu snadna zpracovatelnost. Pro ochranu pied velmi nizkymi
teplotami je vhodné pouzit materidl s latkovou pfeménou o relativné nizké teplote pfechodu (tani),
jako napt. PEG 300 s teplotou tani -15 az -10 °C, PEG 400 s teplotou tani 4 az 8 °C apod. Pro
ochranu pted velmi vysokymi teplotami je vhodné pouzit material s latkovou pfemenou o relativné
vysoké teploté prechodu (tani), jako napi. PEG 1450 s teplotou tani 42 az 46 °C, PEG 1500
s teplotou tani 45 az 50 °C, PEG 2000 s teplotou tani 50 az 53 °C, PEG 3000 s teplotou tani 55 az
58 °C, PEG 4000 s teplotou tani 53 az 58 °C ¢i PEG 6000 s teplotou tani 58 az 63 °C apod.
V dalsich variantach Ize pouZit jiné materialy s latkovou pfeménou, jako napt. parafiny, pfipadné
vhodné kombinace vice takovych materialt (na stejné nebo odlisné bazi).

Jako nosnou vrstvu 2 Ize vyuzit riizné vlakenné materialy, s vyhodou materialy s nizkym faktorem
vyplnéni, jako napf. netkanou textilii, tkaninu, pleteninu, vrstvu polymernich nanovlaken apod.,
nebo pé€nové materialy, napi. polyurethanovou nebo jinou pénu apod., ptiCemz material/materialy
s latkovou preménou v kapalném stavu, diky vyborné smacivosti téchto materialli, spontanné
pronikne/proniknou do jejich pord, které vyplni. Takto absorbovany/absorbované
material/materialy s latkovou pfeménou jsou pfitom v takovém nosici, diky jeho velkému
mérnému povrchu a velké plose styku, stabilni jak v tuhém, tak i v tekutém stavu. Jako vyhodné
materialy nosné vrstvy 2 se jevi zejména materialy obsahujici polymerni nanovlakna, resp.
materialy tvofené polymernimi nanovlakny. Vhodnymi polymernimi nanovlakny jsou zejména
polyamidova nanovlakna, jejichz vyhodou je jejich dobrda dostupnost a chemickd i tepelna
odolnost. Nosna vrstva 2 z téchto materialii je pfitom vytvofena jako nesouvisla — je tvoiena
navzéjem oddélenymi utvary stejné nebo odlisné velikosti — viz obr. 1 a/nebo je opatfena perforaci.
Utvary nosné vrstvy 2 piitom mohou byt uspofadany do vhodné pravidelné nebo nepravidelné
matice, pfipadné vzoru.

V jinych variantach provedeni lze jako nosnou vrstvu 2 vyuzit nekompaktni vrstvu materialu
s nerovnomeérnou velikosti a rozlozenim port, jako napt. vrstvou volnych kratkych textilnich
vlaken (napf. bavinény prach), ve které je material/materidly s latkovou pfeménou uspotradan do
nesouvislé vrstvy — viz obr. 2, kdy jim/jimi nejsou vyplnény vSechny pdry nosné vrstvy 2.
Material/materialy s latkovou pfeménou pfitom pii smaceni diky svym vlastnostem primarné
vyplhuje mista s vysokym zaplnénim — tj. mista s vétSi hustotou mensich pori, zatimco mista
s men§im zaplnénim —tj. mista s mensi hustotou vétsich pori zustavaji zcela nebo alespon ¢astecné
nezaplnéna. V ptipadé potieby Ize pozadovaného nesouvislého rozlozeni materialu/materiala ve
struktufe nosné vrstvy 2 dosahnout stalou nebo prechodnou hydrofobizaci a/nebo oleofobizaci
(napt. nanosem teflonu) téch ¢asti nosné vrstvy 2, ve kterych se tento material/materialy nema
ulozit. I takto pfipraveny material 1ze v rdmci nosné vrstvy 2 dale opatfit perforaci a/nebo rozdélit
do navzajem oddélenych utvart.

Volné prostory 4 mezi utvary nosné vrstvy 2, resp. volné péry nosné vrstvy 2 pak poskytuji
absorbéru 1 tepla podle vynalezu velmi dobrou prodysnost pro vzduch, vybornou paropropustnost
a nizkou tuhost, diky ¢emuz je tento absorbér 1 tepla plné kompatibilni s béznymi textilnimi
strukturami i technologiemi pouzivanymi v odévnictvi.

Pro mechanickou ochranu nosné vrstvy 2 a ptipadné i pro zvyseni komfortu uzivani absorbéru 1
tepla podle vynalezu je na alespon jednom povrchu nosné vrstvy 2, s vyhodou vSak na obou jejich
povrsich, ulozena alesponl jedna kryci vrstva 3. Tato kryci vrstva 3 miiZze byt tvofena v podstaté
libovolnym materidlem, ptipadn€é vhodnych kombinaci dvou nebo vice materialii. Kryci vrstva 3
ma charakter kompaktni textilni vrstvy s hydrofobnimi a ptipadné i oleofobnimi vlastnostmi, resp.
s takovou upravou. Vhodnou kryci vrstvou 3 je napt. i vrstva polymernich nanovlaken, s vyhodou
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navic opatfena hydrofobni a pfipadné i oleofobni upravou, napt. ve form¢ hydrofobniho prostiedku
uloZeného v nespojité vrstvé v jeji struktuie zptsobem dle CZ 2011-306, nebo ve formé filmu
vytvoreného plazmatickym nastiikem zptisobem dle CZ 305675 B6 apod. V takovém piipad¢ brani
nosna vrstva 2 pruniku vody k materialu s latkovou pfeménou v nosné vrstvé 2 a absorbér 1 tepla
je diky tomu neprostupny pro vodu v kapalném stavu. Vrstva polymernich nanovldken maze byt
pouzita bud’ samostatné¢, nebo v kombinaci s vrstvou bézné textilie se kterou je spojena pfirozenou
adhezi nebo laminaci.

V pfipad€ potieby je pro zabranéni uniku materidlu/materiald s latkovou vyménou po obvodu
nosné vrstvy 2 mezi krycimi vrstvami 3, nebo pro zabranéni priniku vody do nosné vrstvy 2
mezerou mezi krycimi vrstvami 3, nosnd vrstva 2 na svém obvodu piekrytd vrstvou materialu
s hydrofobnimi vlastnostmi a vhodnou mechanickou a chemickou odolnosti (napt. samolepici
ptipadné zaZehlovaci kryci paskou, ktera se bézn¢ pouziva k ochrané §vii ve sportovnich funkénich
odévech), a/nebo alespon jedna kryci vrstva 3 piesahuje pies obvod nosné vrstvy 2 a je, napf.
prostfednictvim lamina¢nich bodd, spojend s kryci vrstvou 3 uloZenou na opa¢ném povrchu nosné
vrstvy 2 — viz napf. obr. 1, ptipadné jsou kryci vrstvy 3 spojené, napt. prosttednictvim lamina¢nich
bodi po obvodu nosné vrstvy 2 — viz napt. obr. 2. V dalsi varianté je mozné kryci vrstvy 2 propojit
lamina¢nimi body v mistech (alespoii nekterych) volnych prostorti 4 mezi jejimi uvary a/nebo
v mistech perforace nosné vrstvy 2.

Kryci vrstva/vrstvy 3 pfitom mulze/mohou byt snosnou vrstvou 2 spojend/spojeny piimo
materidlem/materidly s latkovou pfeménou, ktery/které v roztaveném stavu (pfi vyrob€ nebo pfi
prvnim pouZiti absorbéru 1 tepla) smaci i material krycich vrstev 3 a po svém zatuhnuti pak tyto
kryci vrstvy 3 spojuje s nosnou vrstvou 2. V piipadé potieby Ize kryci vrstvy 3 s nosnou vrstvou 2
propojit lepenim nebo jinou vhodnou textilni technologii.

Absorbér 1 tepla podle vynalezu ma diky vysokému obsahu materidlu/materialti s latkovou
pfeménou nejen vyrazny tepelny efekt, ale diky své struktuie je jeho pouziti komfortnéjsi a je
kompatibilni s béznymi textilnimi materialy a technologiemi pouzivanymi v odévnictvi. Dalsi jeho
vyhodou je také to, Ze jeho vnitini struktura umoznuje tento absorbér 1 lokaln¢ vytvarovat dle tvaru
lidského téla, coz vede k vétsimu komfortu a lepsimu vyuziti tepelného ucinku materialu/materialti
s latkovou pfeménou.

Priklad 1

Absorbér 1 tepla obsahoval nosnou vrstvu 2 tvofenou vrstvou nanovlaken z polyamidu 6 s plosnou
hmotnosti 10 g/m? a primérem vlaken 180 nm. Na obou plochéch této nosné vrstvy 2 byla ulozena
kryci vrstva 3 tvofena vrstvou nanovlaken z polyamidu 6 s plosnou hmotnosti 4 g/m?, primérem
vlaken 180 nm a plazmaticky hydrofobizovanym povrchem. Jako materidl s latkovou pfeménou se
pouzil PEG 3000, ktery se na nosnou vrstvu 2 aplikoval v roztaveném stavu pii teploté 80 °C,
pficemz zcela zaplnil jeji pory a po svém zatuhnuti spojil nosnou vrstvu 2 s obéma krycimi
vrstvami 3. Celkova plo§na hmotnost takto vytvofeného absorbéru 1 tepla byla 138 g/m?, z &ehoz
bylo 120 g/m?, tj. 87 % tvoteno PEG 3000. Takto vytvoreny absorbér 1 tepla je soudrzny, flexibilni
a mechanicky odolny, ma vSak nulovou prody$nost pro vzduch, nizkou paropropustnost (cca do
20 %) a vysokou tuhost, coz komplikuje jeho realné vyuziti v textilnich aplikacich.

Priklad 2

Na vrstvu nanovldken z polyamidu 6 s plosnou hmotnosti 10 g/m? a primérem vldken 180 nm se
aplikoval PEG 3000 v mnozstvi 120 g/m?, ktery vyplnil jeji pory. Takto upravend vrstva
nanovlaken se rozdélila na ¢tvercové utvary o velikosti cca 5 x 5 mm, které se poskladaly do
matrice s mezerou mezi sousednimi utvary 2 mm, ¢imz se vytvofila nesouvisla nosna vrstva 2. Na
oba povrchy této nosné vrstvy 2 se ulozila kryci vrstva 3 tvofend vrstvou nanovlaken z polyamidu
6 splosnou hmotnosti 4 g/m?, primérem vlaken 180 nm a plazmaticky hydrofobizovanym
povrchem.
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Takto vytvofeny kompozit 1 se na 10 minut vystavil teploté¢ 80 °C, pficemz doslo k roztaveni PEG
3000, ktery pronikl do struktury krycich vrstev 3 a po svém zatuhnuti je propojil s nosnou vrstvou
2. Okraje tohoto absorbéru 1 tepla se nasledn¢ prekryly (stabilizovaly) ochrannou paskou b&zné
vyuzivanou k ochrané §vii ve sportovnich funkénich odévech.

Celkova plosna hmotnost absorbéru 1 tepla byla cca 74,3 g/m?, z &ehoZz bylo 61,2 g/m?, tj. 82,4 %
tvofeno PEG 3000. Takto vytvofeny absorbér 1 tepla je soudrzny, flexibilni a mechanicky odolny,
a pfitom ma diky volnym prostorim 4 mezi Gtvary své nosné vrstvy 2, které ptedstavuji 49 % jeho
plochy, velmi dobrou prodysnost pro vzduch, vybornou paropropustnost (cca 49,4 %), nizkou
tuhost, a diky hydrofobni uprave krycich vrstev 3 i vybornou hydrostatickou odolnost.

Priklad 3

Na viskézovou netkanou textilii s plosnou hmotnosti 70 g/m? se aplikoval PEG 3000 v mnozstvi
280 g/m?, ktery vyplnil jeji pory. Takto upravena textilie se rozdélila na ¢tvercové utvary o
velikosti cca 10 x 10 mm, které se poskladali do matrice s mezerou mezi sousednimi utvary 5 mm,
¢imz se vytvorila nesouvisla nosna vrstva 2. Na oba povrchy této nosné vrstvy 2 se ulozila kryci
vrstva 3 tvofena vrstvou nanovlaken z polyamidu 6 s ploSnou hmotnosti 4 g/m?, primérem vlaken
180 nm a plazmaticky hydrofobizovanym povrchem.

Takto vytvoreny kompozit se na 10 minut vystavil teploté 80 °C, ptfi¢emz doslo k roztaveni PEG
3000, ktery pronikl do struktury krycich vrstev 3 a po svém zatuhnuti je propojil s nosnou vrstvou
2.

Celkova plosna hmotnost takto vytvofeného absorbéru 1 tepla byla 163,6 g/m? z ¢ehoZ bylo
124,4 g/m?, tj. 76,1 % tvoteno PEG 3000. Takto vytvofeny absorbér 1 tepla je soudrzny, flexibilni
a mechanicky odolny, a pfitom ma diky volnym prostorim 4 mezi utvary své nosné vrstvy 2, které
pfedstavuji vice nez 55 % jeho plochy, velmi dobrou prodys$nost pro vzduch, vybornou
paropropustnost (cca 53 %), nizkou tuhost, a diky hydrofobni upravé krycich vrstev 3 i vybornou
hydrostatickou odolnost.

Priklad 4

Na polyesterovou netkanou textilii s plosnou hmotnosti 15 g/m? se aplikoval PEG 1500 v mnozstvi
60 g/m?, ktery vyplnil jeji pory. Takto upravena textilie se rozd&lila na &tvercové ttvary o velikosti
cca 10 x 10 mm, které se poskladaly do matrice s mezerou mezi sousednimi Gtvary 10 mm, ¢imz
se vytvorila nesouvisla nosna vrstva 2. Na oba povrchy této nosné vrstvy 2 se ulozila kryci vrstva
3 tvofena vrstvou nanovlaken z polyamidu 6 s plosnou hmotnosti 3 g/m?, primérem vlaken 200 nm
a plazmaticky hydrofobizovanym povrchem.

Takto vytvoreny kompozit se na 10 minut vystavil teploté 80 °C, pfi¢emz doslo k roztaveni PEG
1500, ktery pronikl do struktury krycich vrstev 3 a po svém zatuhnuti je propojil s nosnou vrstvou
2. Okraje takto vytvoifeného kompozitu se nasledné prekryly (stabilizovaly) ochrannou paskou
bézné vyuzivanou k ochrang $vii ve sportovnich funkénich odévech.

Celkova plosna hmotnost takto vytvofeného absorbéru 1 tepla byla 24,75 g/m?, z &ehoz bylo
15 g/m?, tj. 60,6 % tvoifeno PEG 1500. Takto vytvoteny absorbér 1 tepla je soudrzny, flexibilni a
mechanicky odolny, a pfitom ma diky volnym prostoriim 4 mezi utvary své nosné vrstvy 2, které
predstavuji 75 % jeho plochy, velmi dobrou prodysnost pro vzduch, vybornou paropropustnost
(cca 65 %), nizkou tuhost, a diky hydrofobni Gpravé krycich vrstev 3 i vybornou hydrostatickou
odolnost.
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Priklad 5

Na polyuretanovou pénu s plosnou hmotnosti 108 g/m? se aplikoval PEG 1450 v mnoZstvi
4063 g/m?, ktery vyplnil jeji pory. Takto upravena polyuretanova péna se rozdélila na obdélnikové
utvary o velikosti cca 20 x 10 mm, které se poskladaly do matrice s mezerou mezi sousednimi
utvary 5 mm, ¢imz se vytvorila nesouvisla nosna vrstva 2. Na oba povrchy nosné vrstvy 2 se ulozila
kryci vrstva 3 tvofend vrstvou nanovlaken z polyamidu 6 s plo§nou hmotnosti 4 g/m?, primérem
vlaken 180 nm a plazmaticky hydrofobizovanym povrchem.

Takto vytvoreny kompozit se na 10 minut vystavil teploté 80 °C, pti¢emz doslo k roztaveni PEG
1450, ktery pronikl do struktury krycich vrstev 3 a po svém zatuhnuti je propojil s nosnou vrstvou
2. Okraje takto vytvoieného kompozitu se nasledné prekryly (stabilizovaly) ochrannou péaskou
b&zné vyuzivanou k ochrang $vii ve sportovnich funkénich odévech.

Celkova plosna hmotnost takto vytvoreného absorbéru 1 tepla byla 2232,5 g/m?, z éehoz bylo
2167 g/m?, tj. 97,1 % tvofeno PEG 1450. Takto vytvoteny absorbér 1 tepla je soudrzny, flexibilni
a mechanicky odolny, a pfitom ma diky volnym prostorim 4 mezi utvary své nosné vrstvy 2, které
pfedstavuji cca 46,7 % jeho plochy, velmi dobrou prodySnost pro vzduch, vybornou
paropropustnost (cca 48 %), nizkou tuhost, a diky hydrofobni upravé krycich vrstev 3 1 vybornou
hydrostatickou odolnost.

Ptiklad 6

Na polyuretanovou pénu s plo§nou hmotnosti 104 g/m? se aplikoval PEG 1450 v mnoZstvi
4800 g/m?, ktery vyplnil jeji pory. Takto upravena polyuretanova péna se rozdélila na obdélnikové
utvary o velikosti cca 20 x 10 mm, které se poskladaly do matrice s mezerou mezi sousednimi
utvary 5 mm, ¢imz se vytvorila nesouvisla nosna vrstva 2. Na oba povrchy nosné vrstvy 2 se ulozila
kryci vrstva 3 tvofena vrstvou nanovlaken z polyamidu 6 s plosnou hmotnosti 3 g/m?, primérem
vlaken 200 nm a plazmaticky hydrofobizovanym povrchem.

Takto vytvofeny kompozit se na 10 minut vystavil teploté 80 °C, pti¢emz doslo k roztaveni PEG
1450, ktery pronikl do struktury krycich vrstev 3 a po svém zatuhnuti je propojil s nosnou vrstvou
2. Okraje takto vytvofeného kompozitu se nasledné prekryly (stabilizovaly) ochrannou paskou
bézné vyuzivanou k ochrang $vii ve sportovnich funkénich odévech.

Celkova plo$nd hmotnost takto vytvofeného absorbéru 1 tepla byla 2621,5 g/m?, z éehoz bylo
2560 g/m?, tj. 97,7 % tvoteno PEG 1450. Takto vytvofeny absorbér 1 tepla je soudrzny, flexibilni
a mechanicky odolny, a pfitom ma diky volnym prostorim 4 mezi utvary své nosné vrstvy 2, které
pfedstavuji cca 46,7 % jeho plochy, velmi dobrou prodySnost pro vzduch, vybornou
paropropustnost (cca 48 %), nizkou tuhost, a diky hydrofobni uprave krycich vrstev 3 i vybornou
hydrostatickou odolnost.

Ptiklad 7

BavInény prach se smichal s roztavenym PEG 3000 o teploté 80 °C a z takto vytvotené smési se
vytvofila souvisld tuhd vrstva. Plosnd hmotnost této vrstvy byla 380 g/m? z&ehoz 30 g/m?
ptipadalo na bavinény prach. Takto vytvofena vrstva se rozdelila na ¢tvercové utvary o velikosti
cca 10 x 10 mm, které se poskladaly do matrice s mezerou mezi sousednimi utvary 2,5 mm, ¢imz
se vytvorfila nesouvislad nosnd vrstva 2. Na oba povrchy nosné vrstvy 2 se ulozila kryci vrstva 3
tvofena vrstvou nanovlaken z polyamidu 6 s plosnou hmotnosti 3 g/m? a priimérem vlaken 200 nm.

Takto vytvoreny kompozit se na 10 minut vystavil teploté 80 °C, pfi¢emz doslo k roztaveni PEG
3000, ktery pronikl do struktury krycich vrstev 3 a po svém zatuhnuti je propojil s nosnou vrstvou
2.
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Celkova plosna hmotnost takto vytvofeného absorbéru 1 tepla byla 268,4 g/m?, z ¢ehoz bylo
243,2 g/m?, tj. 90,6 % tvoteno PEG 3000. Takto vytvoteny absorbér 1 tepla je soudrzny, flexibilni
a mechanicky odolny, a pfitom ma diky volnym prostoriim 4 mezi utvary své nosné vrstvy 2, které
predstavuji cca 36 % jeho plochy, velmi dobrou prodysnost pro vzduch, vybornou paropropustnost
(cca 41,6 %) a nizkou tuhost.

Priklad 8

Tuha vrstva tvofena kombinaci bavinéného prachu a PEG 3000 dle ptikladu 7 se opatfila perforaci
kruhovymi otvory o priméru 5 mm, s hustotou 5000 otvorti/m?. Na oba povrchy nosné vrstvy 2 se
ulozila kryci vrstva 3 tvofend vrstvou nanovlaken z polyamidu 6 s plo$nou hmotnosti 4 g/m? a
pramérem vlaken 180 nm.

Takto vytvoreny kompozit se na 10 minut vystavil teploté 80 °C, pti¢emz doslo k roztaveni PEG
3000, ktery pronikl do struktury krycich vrstev 3 a po svém zatuhnuti je propojil s nosnou vrstvou
2.

Celkova plo$nd hmotnost takto vytvofeného absorbéru 1 tepla byla 238,85 g/m?, z ¢ehoz bylo
212,6 g/m?, tj. cca 89 % tvofeno PEG 3000. Takto vytvotfeny absorbér 1 tepla je soudrzny,
flexibilni a mechanicky odolny, a pfitom ma diky volnym prostorim 4 mezi Gtvary své nosné
vrstvy 2, které predstavuji 39 % jeho plochy, velmi dobrou prodysnost pro vzduch, vybornou
paropropustnost (cca 49,4 %) a nizkou tuhost.
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PATENTOVE NAROKY

1. Absorbér (1) tepla pro textilni, zejména odévni aplikace, ktery obsahuje alespoii jednu nosnou
vrstvu (2), ve které je uloZen alespoii jeden material s latkovou pfeménou, pficemz nosna vrstva
(2) je alespon na jednom svém povrchu opatfena kryci vrstvou (3), kterd je neprichozi pro
material/materidly s latkovou preménou ulozeny/uloZzené v nosné vrstvé (2), vyznacujici se tim,
Ze nosna vrstva (2) je nesouvisld a/nebo v ni ulozeny/ulozené material/materialy s latkovou
pfeménou je/jsou uspofaddan/usporadany do nesouvislé vrstvy, pficemz mezi utvary nesouvislé
nosné vrstvy (2) nebo mezi Gtvary materialu/materiald s latkovou pfeménou v nosné vrstve (2) jsou
usporadany volné prostory, které jsou alespon z jedné strany piekryté kryci vrstvou (3), pficemz
alespoii jedna kryci vrstva (3) je tvofend vrstvou polymernich nanovlaken s hydrofobni upravou.

2. Absorbér (1) tepla podle naroku 1, vyznacujici se tim, Ze nosna vrstva (2) je tvoiena
oddélenymi ttvary textilniho nebo pénového materialu.

3. Absorbér (1) tepla podle naroku 2, vyznacujici se tim, Ze navzajem oddélené itvary nosné
vrstvy (2) jsou tvotené polymernimi nanovlakny.

4. Absorbér (1) tepla podle naroku 3, vyznacujici se tim, Ze polymerni nanovlakna jsou
polyamidova nanovlakna.

5.  Absorbér (1) tepla podle naroku 1, vyznacujici se tim, ze nosna vrstva (2) je tvoiend porézni
smési textilnich vlaken a materialu s latkovou pfeménou.

6. Absorbér (1) tepla podle libovolného z narokii 1, 2 nebo 5, vyznacujici se tim, Ze nosna vrstva
(2) je perforovana.

7. Absorbér (1) tepla podle naroku 1 nebo 5, vyznacujici se tim, Ze materidlem s latkovou
pfeménou je polyethylenglykol.

8. Absorbér (1) tepla podle libovolného z ptedchazejicich narokti, vyznacujici se tim, Ze nosna
vrstva (2) je kryci vrstvou (3) opatiend na obou svych povrsich.

9. Absorbér (1) tepla podle naroku 8, vyznacujici se tim, Ze nosna vrstva (2) je po svém obvodu
ptekryta vrstvou hydrofobniho materidlu.

10. Absorbér (1) tepla podle naroku 8 nebo 9, vyznacujici se tim, Ze nosna vrstva (2) je po svém
obvodu piekrytd materidlem kryci vrstvy (3), ktera je propojena s kryci vrstvou (3) na opacném

povrchu nosné vrstvy (2).

11. Absorbér (1) tepla podle naroku 8, vyznacujici se tim, ze kryci vrstvy (3) jsou spojené po
obvodu nosné vrstvy (2).

1 vykres
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Kompozit pro teplotni ochranu, zejména pro chlazeni elektronickych soucastek

Oblast techniky

Vynalez se tyka kompozitu pro teplotni ochranu, zejména pro chlazeni elektronickych soucastek.

Dosavadni stav techniky

Pro ochranu riiznych, napft. elektronickych soucastek, proti pisobeni vysokych teplot (z okoli nebo
zpusobenych ¢innosti dané soucastky) se v souc¢asné dob€ pouzivaji rizné typy aktivnich nebo
pasivnich chladicu. Jejich cilem je zabranit pehfati dané soucastky a tim jejimu poskozeni nebo
zniGeni a udrZet jeji teplotu v relativné tizkém teplotnim intervalu optimalnim pro jeji vykon. Casté
apomeérné rychlé vykyvy teplot téchto soucastek ptitom vyzaduji okamzitou reakci chladice a/nebo
jeho dostatec¢nou tepelnou kapacitu.

Nevyhodou aktivnich chladi¢t je, Ze spolupracuji s teplotnimi Cidly, kterd mohou byt nepfesna,
ptipadné mtze dojit k jejich poskozeni, spotiebovavaji elektrickou energii a vydavaji hluk.

Nevyhodou pasivnich chladi¢ti je zejména potieba jejich predimenzovani pro extrémni ptipady a
nizka flexibilita.

Spole¢nou nevyhodou obou typl chladi¢t je pak to, ze nejsou schopné danou sou¢astku ochranit
pted pisobenim dalSich vlivii omezujicich jeji vykon a zivotnost, jako je nizka teplota nebo
elektromagnetické interference z okoli.

Z dokumentu US 20030124318 je znama tepelna bariéra, kterd obsahuje dvé kryci vrstvy, mezi
kterymi je ulozeny zakladni materidl, ve kterém je uloZeny alespoii jeden material s latkovou
pfeménou. Vrstva zakladniho materialu je ptitom rozdélena do nékolika regionti (v ramci kterych
je ulozeny stejny nebo odlisSny matrial s latkovou pfeménou), které jsou od sebe vzajemné
oddélené. Toto odde€leni je vjedné varianté¢ provedeni realizovano bud’ bariérou tvofenou
libovolnym materidlem neprichozim pro material s latkovou pfeménou v kapalném stavu, jako
napf. lokalné zhutnénym zakladnim materidlem, nebo jinym neporéznim materidlem, pfipadné
spojenim krycich vrstev. Diky této konstrukci mé tato bariéra vysokou tuhost (zejména v ohybu),
kviili ¢emuz neni vhodné pro fadu aplikaci, protoze neni schopna se ptizplsobit tvaru chranéné
elektronické soucastky a/nebo daného prostoru.

Cilem vyndlezu je navrhnout kompozit pro teplotni ochranu, zejména elektronickych soucastek,
ktery by toho byl schopen.

Podstata vynalezu

Cile vyndlezu se dosahne kompozitem pro teplotni ochranu, zejména pro chlazeni elektronickych
soucastek, jehoz podstata spociva v tom, Ze obsahuje alespon jednu porézni nosnou vrstvu, ve které
je ulozen alespon jeden material s latkovou pfeménou, pfi¢emz porézni nosna vrstva je alespon na
jednom svém povrchu opatiena kryci vrstvou, ktera je nepriichozi pro material/materialy s latkovou
pfeménou uloZeny/uloZené v nosné vrstve. Alespoii jedna kryci vrstva je tvofena tepelné vodivym
materialem a je v pfimém kontaktu s nosnou vrstvou.

Vhodnym materialem s latkovou pfeménou je zejména polyethylenglykol nebo parafin.
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Pro zvySeni efektivity je mozné zakomponovat do materialu s latkovou pfeménou nanocastice
a/nebo mikrocastice tepeln¢ vodivého materialu, jejichz pfitomnost zlepSuje piestup tepla vnitini
strukturou kompozitu.

Porézni nosné vrstva je tvofena materidlem s nizkym faktorem vyplnéni — napf. textilii (s vyhodou
netkanou), vrstvou pénového materialu, vrstvou polymernich nanovlaken apod.

Ve vyhodné varianté je porézni nosna vrstva opatiend kryci vrstvou na obou svych povrsich.

Dle uvazované aplikace miize byt alespon jedna kryci vrstva kompozitu tvoiena vrstvou elektricky
vodivého materidlu, jako napt. kovovou folii, ktera mj. chrani danou soucéastku pfed vnéjSim
elektromagnetickym polem, piipadné vrstvou elektricky nevodivého a tepelné vodivého materialu,

jako napf. vrstvou polymernich nanovlaken nebo polymerni folii.

Pro zlepSeni pfestupu tepla mezi jednotlivymi vrstvami kompozitu je vyhodné, pokud je alespoii
jeden povrch porézni nosné vrstvy alespon ¢astecné pokoveny.

Pro nékteré aplikace mtize byt vyhodné, pokud je porézni nosna vrstva nesouvisla, coz usnadiiuje
tvarovani kompozitu, napt. dle tvaru chlazené soucastky, a dosazeni vétsi plochy styku.

Objasnéni vykrest

Na ptiloZzeném vykresu je na obr. 1 schematicky znazornény fez kompozitem pro teplotni ochranu,
zejména pro chlazeni elektronickych soucéstek, podle vynalezu, na obr. 2 vysledek méreni
diferencidlni skenovaci kalorimetrie pro kompozit pro teplotni ochranu podle vynalezu ve variante
s porézni vrstvou opatienou na obou povrsich kryci vrstvou tvotfenou hlinikovou f6lii, na obr. 3
vysledek méfeni diferencialni skenovaci kalorimetrie pro kompozit pro teplotni ochranu podle
vynalezu ve varianté s porézni vrstvou opatfenou na jednom povrchu kryci vrstvou tvoienou
hlinikovou folii a na opacném povrchu hydrofobizovanou vrstvou polyamidovych nanovlaken, a
na obr. 4 vysledek méreni diferencialni skenovaci kalorimetrie pro kompozit pro teplotni ochranu
podle vynalezu ve varianté s porézni vrstvou opatfenou na obou povrsich kryci vrstvou tvofenou
hydrofobizovanou vrstvou polyamidovych nanovlaken. Na obr. 5 jsou kiivky zavislosti teploty
ruznych variant kompozitu podle vynalezu na Case s vyznaCenymi inflexnimi body pfi jejich
ohfevu na desce vyhfaté na teplotu 65 °C a na obr. 6 kiivky zavislosti teploty téchto variant
kompozitu na Case s vyznaCenymi inflexnimi body pfi jejich ohfevu na desce vyhtaté na teplotu
75 °C. Na obr. 7 jsou pak kiivky zavislosti teploty dalSich variant kompozitu podle vynalezu na
¢ase s vyznacenymi inflexnimi body pfi jejich ohfevu na desce vyhtaté na teplotu 75 °C.

Piiklady uskuteénéni vynalezu

Kompozit 1 pro teplotni ochranu, zejména pro chlazeni elektronickych soucastek podle vynalezu
obsahuje alespon jednu porézni nosnou vrstvu 2, v jejiz porech je uloZen alespon jeden material
s latkovou preménou. Tato porézni nosna vrstva 2 je pritom alesponl na jednom svém povrchu
opatiend kryci vrstvou 3, ktera je neprtichozi pro material s latkovou preménou uloZeny v nosné
vrstve 2, a ktera tak pii roztaveni tohoto materialu brani jeho uniku ze struktury nosné vrstvy 2.
Alespon jedna kryci vrstva 3 je tepelné€ vodiva a je v pfimém kontaktu s nosnou vrstvou 2, coz
usnadiiuje prenos tepla do, resp. z porézni nosné vrstvy 2.

Jako material s latkovou pfeménou lze pouzit fadu znamych materiali organického i
anorganického plvodu, piipadné jejich kombinaci. S ohledem na zapach a toxicitu n€kterych
znich se jako nejvhodnéjsi jevi predevsim polyethylengykoly (PEG). Jejich dalsi vyhodou je
rozpustnost ve vodé a diky tomu snadné zpracovatelnost. Pro ochranu pied vysokymi teplotami je
vhodné pouzit material s latkovou pfeménou o vyssi teploté prechodu (t&ni), jako napt. PEG 1450
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s teplotou tani 42 az 46 °C, PEG 1500 s teplotou tani 45 az 50 °C, PEG 2000 s teplotou tani 50 az
53 °C, PEG 3000 s teplotou tani 55 az 58 °C, PEG 4000 s teplotou tani 53 az 58 °C ¢i PEG 6000
s teplotou tani 58 az 63 °C, apod. Naopak pro ochranu pfed nizkymi teplotami je vhodné pouzit
materialy s latkovou pifeménou s nizkou teplotou pfechodu, jako napt. PEG 300 s teplotou tani -15
az -10 °C nebo PEG 400 s teplotou tani 5 °C, apod. V ptipad¢ potieby lze v rdmci nekolika,
pfipadné i jedné nosné vrstvy 2, pro zvySeni flexibility kompozitu 1 pro teplotni ochranu
kombinovat materialy s latkovou pfeménou riizného typu a/nebo s riiznymi teplotami pfechodu.

Dal$im vhodnym materialem s latkovou pfeménou jsou napt. parafiny.

Jako porézni nosnou vrstvu 2 1ze vyuzit rizné vlakenné materialy, napt. ve formé netkané textilie,
tkaniny, pleteniny, vrstvy polymernich nanovldken apod., nebo pénové materialy, napf.
polyuretanovou nebo jinou pénu apod., pficemz materidl/materidly s latkovou pieménou
v kapalném stavu diky vyborné smacivosti téchto materialti spontanné pronikne/proniknou do
jejich pori, které (alespon ¢asteén€) vyplni. Takto absorbovany/absorbované materidl/materialy
s latkovou preménou jsou ptitom v takovém nosici diky jeho velkému mérnému povrchu a velké
plose styku stabilni jak v tuhém, tak i v tekutém stavu. Jako vyhodné materialy porézni nosné
vrstvy 2 se jevi zejména materialy obsahujici polymerni nanovlékna, resp. materidly tvorené
polymernimi nanovlakny. Vhodnymi polymernimi nanovldkny jsou zejména polyamidova
nanovlakna —jejich vyhodou je jejich dobra dostupnost a chemicka i tepelna odolnost. Nosna vrstva
2 z téchto materiald je ptitom s vyhodou souvisla, ale v ptipad¢ potfeby mize byt vytvorena i jako
nesouvisla, kdyz je napf. tvofend navzajem oddélenymi ttvary stejné nebo odlisné velikosti, které
mohou byt uspofadany do vhodné pravidelné nebo nepravidelné matice, pfipadné vzoru, coz
umoziuje snazsi tvarovani kompozitu 1 dle tvaru soucastky, a tim i zvyseni teplosménné plochy.

Pro mechanickou ochranu nosné vrstvy 2 a v ni uloZzeného materialu s latkovou pfeménou je na
alespon jednom povrchu nosné vrstvy 2, s vyhodou vsak na obou jejich povrsich, uloZzena alesponi
jedna kryci vrstva 3. Tato kryci vrstva 3 mtize byt dle potieby tvofena fadou riznych materiald,
ptipadné vhodnych kombinaci dvou nebo vice materialii. Dle uvazované aplikace kompozitu 1 je
alespon jedna kryci vrstva 3 vytvoiena z tepelné a pripadné i elektricky vodivého materialu, kdy
soucasn¢ chrani danou soucastku pred vnéjsim elektromagnetickym polem — takovym materidlem
jsou napt. kovové folie (médéna, hlinikova apod.), nebo ztepelné vodivého, ale elektricky
nevodivého materialu — takovym materialem jsou napt. polymerni félie (napt. polyesterové apod.)
nebo vrstvy polymernich nanovlaken (napt. polyamidovych apod.). Varianta, kdy je kryci vrstva 3
na jednom povrchu porézni nosné vrstvy 2 tvofena tepelné i elektricky vodivym materialem a
souCasné kryci vrstva 3 na opacném povrchu porézni nosné vrstvy 2 tepelné vodivym, ale
elektricky nevodivym materidlem je vhodna pro zajisténi elektrické izolace dané soucastky a
souCasn¢ (diky pfitomnosti elektricky vodivé kryci vrstvy 3) pro jeji ochranu pied
elektromagnetickym zafenim, resp. interferencemi z okoli.

V piipadé pouziti vrstvy polymernich nanovlaken je tato vrstva s vyhodou opatiena hydrofobni a
ptipadne i oleofobni tpravou, napt. ve formé hydrofobniho prostiedku uloZeného v nespojité
vrstve v jeji struktute zpiisobem dle CZ 2011-306, nebo ve forme filmu vytvotreného plazmatickym
nastiikem zpisobem dle CZ 305675 B6, apod., kdy brani priniku vody k materialu s latkovou
pfemeénou v porézni nosné vrstvé 2. Vrstva polymernich nanovldken muize byt pouzita bud
samostatné€, nebo v kombinaci s vrstvou bézné textilie, se kterou je spojend prirozenou adhezi nebo
laminaci.

rrrrr

krycimi vrstvami 3 je nosna vrstva 2 na svém obvodu s vyhodou piekrytd vrstvou materialu
s hydrofobnimi vlastnostmi a vhodnou mechanickou a chemickou odolnosti (ktery miize ale
nemusi byt shodny z materidlem kryci vrstvy/vrstev 3) a/nebo alespon jedna kryci vrstva 3
ptresahuje pfes obvod nosné vrstvy 2 a je, napf., prostiednictvim laminacnich bodt spojena s kryci
vrstvou 3 ulozenou na opa¢ném povrchu nosné vrstvy 2, pfipadné jsou kryci vrstvy 3 spojené, napt.
prostfednictvim laminacnich bodl po obvodu nosné vrstvy 2.
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Kryci vrstva/vrstvy 3 muZe/mohou byt snosnou vrstvou 2 spojend/spojeny piimo
materidlem/materialy s latkovou pfeménou, ktery v roztaveném stavu (pfi vyrobé nebo pfi prvnim
pouziti kompozitu 1) smaci i material krycich vrstev 3 a po svém zatuhnuti pak tyto kryci vrstvy 3
spojuje s nosnou vrstvou 2. V pfipadé potieby vSak lze kryci vrstvy 3 s nosnou vrstvou 2 propojit

lepenim nebo jinou vhodnou technologii dle typu a materialu téchto vrstev.

Pro zlepSeni ptenosu tepla do a ve struktute kompozitu 1 je vyhodné, pokud je alespoii jeden povrch
porézni nosné vrstvy 2 alespon Castecné pokoveny. Dalsiho zlepSeni prenosu tepla se dosdhne
umisténim nanocastic a/nebo mikrocastic tepeln¢ vodivych materialti (zejm. kovil, jako napt. médi,
hliniku, stfibra apod., pfipadné nekovovych materidlt, jako napi. uhliku apod.) do materidlu
s latkovou pieménou ulozené¢ho v porézni nosné vrstvé 2. Mnozstvi téchto castic pfitom
v zavislosti na jejich typu a velikosti s vyhodou odpovida cca 1 az 25 % hmotnosti materialu
s latkovou pfeménou v kompozitu 1, v pripadé potieby vSak mize byt vyssi nebo naopak nizsi.

Struktura kompozitu 1 podle vynalezu umozituje dosahnout vysokého podilu (i vice nez 90 %
hmotn.) materialu/materialti s latkovou pfeménou a diky tomu vyrazného tepelného efektu.

Priklad 1

Kompozit 1 pro teplotni ochranu obsahoval nosnou vrstvu 2 tvoienou vrstvou nanovldken
z polyamidu 6 s plo§nou hmotnosti 20 g/m? a primérem vlaken 180 nm. Na obou plochach této
nosné vrstvy 2 byla uloZena kryci vrstva 3 tvofena hlinikovou folii s plo§nou hmotnosti 50 g/m?.
Jako material s latkovou pfeménou se pouzil PEG 4000, ktery se aplikoval v roztaveném stavu pii
teploté 80 °C, pti€emz zcela zaplnil pory nosné vrstvy 2 a po svém zatuhnuti spojil nosnou vrstvu
2 s obéma krycimi vrstvami 3. Celkovd plosna hmotnost takto vytvofeného kompozitu 1 byla
420 g/m?, z &ehoz bylo 300 g/m?, tj. 71,4 %, tvoieno PEG 4000. Takto vytvofeny kompozit 1 je
soudrzny, flexibilni a mechanicky odolny a ma dobrou tepelnou vodivost a velmi dobré
elektromagnetické stinici vlastnosti.

Priklad 2

Kompozit 1 pro teplotni ochranu obsahoval nosnou vrstvu 2 tvoienou visk6zovou netkanou textilii
s plosnou hmotnosti 47 g/m?. Na obou plochéach této nosné vrstvy 2 byla ulozené kryci vrstva 3
tvofend hlinikovou folii s plo§nou hmotnosti 20 g/m?. Jako material s latkovou pfeménou se pouZil
PEG 1500, ktery se aplikoval v roztaveném stavu pii teploté 80 °C, pficemz zcela zaplnil pory
nosné vrstvy 2 a po své zatuhnuti spojil nosnou vrstvu 2 s obéma krycimi vrstvami 3. Celkova
plo$na hmotnost takto vytvofeného kompozitu 1 byla 387 g/m?, z ¢ehoz bylo 300 g/m?, tj. 77,5 %,
tvoteno PEG 1500. Takto vytvoreny kompozit 1 je soudrzny, flexibilni a mechanicky odolny a ma
dobrou tepelnou vodivost a velmi dobré elektromagnetické stinici vlastnosti.

Na obr. 2 je vysledek méfeni diferencialni skenovaci kalorimetrie (DSC) tohoto kompozitu 1, ze
kterého je zfejmé, ze kompozit 1 vySe popsané konstrukce dokaze pii skupenské zmeéné pohltit
(resp. vydat) cca 123 J/g.

Ptiklad 3

Kompozit 1 pro teplotni ochranu obsahoval nosnou vrstvu 2 tvofenou polyesterovou netkanou
textilii s plosnou hmotnosti 12 g/m? s povrchy pokovenymi vrstvou médi. Na jedné plose této nosné
vrstvy 2 byla ulozena kryci vrstva 3 tvofena hlinikovou folii s plosnou hmotnosti 20 g/m? a na
opa¢né ploSe hydrofobizovana vrstva polyamidovych vldken s plosnou hmotnosti 3 g/m? a
primérem vlaken 200 nm. Jako material s latkovou pfeménou se pouzil PEG 1500, ktery se
aplikoval v roztaveném stavu pii teplot¢ 80 °C, pficemz zcela zaplnil pory nosné vrstvy 2 a po
svém zatuhnuti spojil nosnou vrstvu 2 s obéma krycimi vrstvami 3. Celkova plo$sna hmotnost takto
vytvofeného kompozitu 1 byla 125 g/m?, z ¢ehoz bylo 90 g/m?, tj. 72 %, tvoieno PEG 1500. Takto
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vytvoreny kompozit 1 je soudrzny, flexibilni a mechanicky odolny a ma vybornou tepelnou
vodivost a velmi dobré elektromagnetické stinici vlastnosti.

Na obr. 3 je vysledek méfeni DSC tohoto kompozitu 1, ze kterého je ziejmé, ze kompozit 1 vyse
popsané konstrukce dokaze pti skupenské zméné pohltit (resp. vydat) cca 104 J/g.

Ptiklad 4

Kompozit 1 pro teplotni ochranu obsahoval nosnou vrstvu 2 tvoienou polyesterovou netkanou
textilii s plosnou hmotnosti 12 g/m? s povrchy pokovenymi vrstvou médi. Na jedné plose této
nosné vrstvy 2 byla uloZena kryci vrstva 3 tvofena hlinikovou folii s plosnou hmotnosti 20 g/m?,
opacna plocha byla volnd. Jako material s latkovou pfeménou se pouzil PEG 1500, ktery se
aplikoval v roztaveném stavu pii teploté 80 °C, pficemz zcela zaplnil péry nosné vrstvy 2 a po
svém zatuhnuti spojil nosnou vrstvu 2 s krycimi vrstvami 3. Celkova plosna hmotnost takto
vytvofeného kompozitu 1 byla 122 g/m?, z &ehoz bylo 90 g/m?, tj. 73,7 %, tvoteno PEG 1500.
Takto vytvofeny kompozit 1 je soudrzny, flexibilni a mechanicky odolny a ma vybornou tepelnou
vodivost a velmi dobré elektromagnetické stinici vlastnosti. Vysledek méfeni DSC tohoto
kompozitu 1 byl stejny jako v pfikladu 3 — absence kryci vrstvy 3 tvotené hydrofobizovanou
vrstvou polyamidovych vlaken méfeni v podstaté neovlivnila.

Priklad 5

Kompozit 1 pro teplotni ochranu obsahoval nosnou vrstvu 2 tvoienou polyesterovou netkanou
textilii s plo$nou hmotnosti 15 g/m? s povrchy pokovenymi vrstvou médi. Na obou plochéch této
nosné vrstvy 2 byla ulozend kryci vrstva 3 tvofend hydrofobizovanou vrstvou polyamidovych
nanovlaken s plo§nou hmotnosti 3 g/m? a primérem nanovlaken 200 nm. Jako material s latkovou
pifeménou se pouzil PEG 1500, ktery se aplikoval v roztaveném stavu pii teplote 80 °C, piicemz
zcela zaplnil pory nosné vrstvy 2 a po svém zatuhnuti spojil nosnou vrstvu 2 s obéma krycimi
vrstvami 3. Celkova plo$na hmotnost takto vytvoreného kompozitu 1 byla 81 g/m?, z &ehoz bylo
60 g/m?, tj. 74 % tvofeno PEG 1500. Takto vytvofeny kompozit 1 je soudrzny, flexibilni a
mechanicky odolny a ma vybornou tepelnou vodivost, a pfitom je elektricky nevodivy.

Na obr. 4 je vysledek méfeni DSC tohoto kompozitu 1, ze kterého je ziejmé, Ze kompozit 1 vyse
popsané konstrukce dokaze pti skupenské zméné pohltit (resp. vydat) cca 117 J/g.

Ptiklad 6

Kompozit 1 pro teplotni ochranu obsahoval nosnou vrstvu 2 tvofenou vrstvou polyuretanové pény
s plosnou hmotnosti 108 g/m? Na obou plochéach této nosné vrstvy 2 byla uloZena kryci vrstva 3
tvofena hydrofobizovanou vrstvou polyamidovych nanovldken s plosnou hmotnosti 2,5 g/m? a
pramérem nanovlaken 200 nm. Jako material s latkovou pfeménou se pouzil PEG 1450, ktery se
aplikoval v roztaveném stavu pii teploté¢ 80 °C, pficemz zcela zaplnil pory nosné vrstvy 2 a po
svém zatuhnuti spojil nosnou vrstvu 2 s obéma krycimi vrstvami 3. Celkova plosnd hmotnost takto
vytvofeného kompozitu 1 byla 4176 g/m?, z ehoz bylo 4063 g/m?, tj. 97,3 % tvoieno PEG 1450.
Takto vytvofeny kompozit 1 je soudrzny, flexibilni a mechanicky odolny a ma vybornou tepelnou
vodivost, a pfitom je elektricky nevodivy.

Tento kompozit 1 se uloZil na termostatovanou desku vyhfatou na teplotou 65 °C a infracervenym
bezdotykovym teplomérem se sledovala jeho povrchova teplota. Vysledkem méfeni je ¢as, kdy
doslo k roztaveni PEG 1450 v celém objemu vzoru (i v méfeném povrhu). Dosazeni tohoto stavu
bylo indikovano jako inflexni bod na kfivce zavislosti teploty vzorku na ¢ase. Inflex nastava, pokud
povrchova teplota vzorku dosahne 44 °C, coz je teplota tani pouzitého PEG 1450. V tomto ptipade
doslo k inflexu za 1060 sekund.
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Stejny experiment se nasledné opakoval s termostatovanou deskou vyhfatou na teplotu 75 °C.
V tomto piipadé doslo k inflexu za 460 sekund.

Ptiklad 7

U tif vzorkli kompozitu 1 pro teplotni ochranu podle ptikladu 6 se pfi jejich ptipraveé do jejich
vnitini struktury a do struktury PEG 1450 zakomponovaly médéné mikrocastice o priméru 35 pum
(CuTEC50, dodavatel pkchemie) v mnozstvi 313 g/m?, 625 g/m?, resp. 928 g/m?, tj. 7,7 %, 15,4 %,
resp. 22,8 % hmotnosti PEG 1450.

U takto ptipravenych vzorki se zpiisoby popsanymi v ptikladu 6 méfil ¢as dosaZeni inflexu — viz
tabulka 1.

Tabulka 1
Vzorek | MnoZstvi Podil médénych | Inflex pii teploté | Inflex pii teploté

médénych mikrocastic  vici | termostatované termostatované
mikrocastic PEG 1450 [%] desky 65 °C [s] desky 75 °C [s]
[g/m’]

B 313 7,7 600 460

C 625 15,4 282 290

D 928 22,8 267 190

Ob¢ méfeni prokazala pozitivni u¢inek pfidavku meédénych mikrocastic — diky jejich pfitomnosti
doslo k rychlejsimu roztaveni PEG 1450 (dosazeni inflexu), coZ pii stejném obsahu PEG 1450
v kompozitu 1 znamena, Ze se tepelnd energie v pfitomnosti médénych mikrocéstic absorbovala
rychleji — tj. kompozit 1 této konstrukce je schopen pohltit vice energie za ¢asovou jednotku a je
tedy schopen chranit pied vysokou teplotou efektivnéji nez bez pritomnosti médénych mikroc¢astic.

Na obr. 5 jsou znazornény kiivky zavislosti teploty vzorku kompozitu 1 na Case s vyznaenymi
inflexnimi body pro variantu kompozitu 1 dle ptikladu 6, tj. bez médénych mikrocastic (kiivka A)
a pro vySe popsané varianty kompozitu 1 s riznym obsahem médénych mikrocastic (ktivky B az
D), pfi pouziti termostatované vyhiivané desky vyhraté na teplotu 65 °C.

Na obr. 6 jsou znazornény kiivky zavislosti teploty vzorku kompozitu 1 na ¢ase s vyznacenymi
inflexnimi body pro variantu kompozitu 1 dle ptikladu 6, tj. bez médénych mikrocastic (kiivka A)
a pro vySe popsané varianty kompozitu 1 s riznym obsahem médénych mikrocastic (kiivky B az
D), pti pouZziti termostatované vyhtfivané desky vyhiaté na teplotu 75 °C.

Jako optimalni ddvka médénych mikrogastic ve struktufe kompozitu se tak jevi cca 600 g/m?, resp.
cca 10 az 15 % hmotnost PEG 1450 (tato hodnota se tyka pouzitych mikroc¢éstic, v ptipadé mensich
¢astic mize byt hodnota pro dosazeni stejného nebo srovnatelné¢ho efektu mensi). Piipadna vyssi
davka neni na Skodu, ale inflexni bod uz vyrazné€ neposunuje.

Priklad 8

Kompozit 1 pro teplotni ochranu obsahoval nosnou vrstvu 2 tvofenou vrstvou polyuretanové pény
s plosnou hmotnosti 104 g/m?. Na obou plochéch této nosné vrstvy 2 byla ulozena kryci vrstva 3
tvofena hydrofobizovanou vrstvou polyamidovych nanovliken s plo§nou hmotnosti 3 g/m? a
primérem nanovldken 200 nm. Jako material s latkovou preménou se pouzil PEG 1450, ktery se
aplikoval v roztaveném stavu pii teplot¢ 80 °C, pricemz zcela zaplnil péry nosné vrstvy 2 a po
svém zatuhnuti spojil nosnou vrstvu 2 s obéma krycimi vrstvami 3. Celkova plo$sna hmotnost takto
vytvofeného kompozitu 1 byla 4910 g/m?, z Eehoz bylo 4800 g/m?, tj. 97,8 % tvoieno PEG 1450.
Takto vytvotfeny kompozit 1 je soudrzny, flexibilni a mechanicky odolny a ma vybornou tepelnou
vodivost, a pfitom je elektricky nevodivy.
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Tento kompozit se ulozil na termostatovanou desku vyhtatou na teplotou 75 °C a infratervenym
bezdotykovym teplomérem se sledovala jeho povrchova teplota. Vysledkem méfeni je Cas, kdy
doslo k roztaveni PEG 1450 v celém objemu vzoru (i v méfeném povrhu). Dosazeni tohoto stavu
bylo indikovano jako inflexni bod na kfivce zavislosti teploty vzorku na ¢ase. Inflex nastava, pokud
povrchova teplota vzorku dosahne 44 °C, coz je teplota tani pouzitého PEG 1450. V tomto ptipadé
doslo k inflexu za 535 sekund.

Priklad 9

U ¢tyt vzorkti kompozitu 1 pro teplotni ochranu podle ptikladu 8 se pfti jejich ptiprave do jejich
vnitini struktury a do struktury PEG 1450 zakomponovaly uhlikové mikrocastice o velikosti
100 um (mleté uhlikova vldkna Carbiso™, MF SM45R-100, vyrobce ELG Carbon Fibre, Ltd.) v
mnozstvi 80 g/m?, 160 g/m?, 240 g/m?, resp. 320 g/m?, tj. 1,7 %, 3.3 %, 5,0 % resp. 6,7 %
hmotnosti PEG 1450.

U takto pfipravenych vzorkt se zpisoby popsanymi v ptikladu 6 méfil ¢as dosazeni inflexu — viz
tabulka 2.

Tabulka 2
Vzorek | MnozZstvi Podil médénych | Inflex pfi teploté

médénych mikrocastic  vici | termostatované
mikrocastic PEG 1450 [%)] desky 75 °C [s]
[g/m’]

B 80 1,7 522

C 160 3.3 446

D 240 5,0 411

E 320 6,7 316

Meéfteni prokéazalo pozitivni u€inek pridavku uhlikovych mikrocéstic — diky jejich pfitomnosti doslo
k rychlej§imu roztaveni PEG 1450 (dosazeni inflexu), coz pfi stejném obsahu PEG 1450
v kompozitu 1 znamena, Ze se tepelna energie v pfitomnosti uhlikovych mikrocastic absorbovala
rychleji — tj. kompozit 1 této konstrukce je schopen pohltit vice energie za ¢asovou jednotku a je
tedy schopen chranit pfed vysokou teplotou efektivnéji nez bez piitomnosti uhlikovych
mikrocastic.

Na obr. 7 jsou znazornény kiivky zavislosti teploty vzorku kompozitu 1 na Case s vyznacenymi
inflexnimi body pro variantu kompozitu 1 dle prikladu 8, tj. bez uhlikovych mikroc¢astic (kiivka
A) a pro vyse popsané varianty kompozitu 1 s riznym obsahem uhlikovych mikrocastic (kiivky B
az E), pfi pouziti termostatované vyhiivané desky vyhtaté na teplotu 75 °C.
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PATENTOVE NAROKY

1. Kompozit (1) pro teplotni ochranu, zejména pro chlazeni elektronickych soucastek,
vyznacujici se tim, Ze obsahuje alespoii jednu porézni nosnou vrstvu (2), ve které je uloZen alespon
jeden material s latkovou pfeménou, pfi¢emz porézni nosna vrstva (2) je alespofi na jednom svém
povrchu opatiena kryci vrstvou (3), ktera je neprichozi pro materidl/materialy s latkovou
pfeménou ulozZeny/ulozené v nosné vrstvé (2), pricemz alesponi jedna kryci vrstva (3) je tvotend
tepelné vodivym materidlem a je v pfimém kontaktu s nosnou vrstvou (2).

2.  Kompozit (1) podle naroku 1, vyznacujici se tim, Ze materidlem s latkovou pfeménou je
polyethylenglykol.

3. Kompozit (1) podle naroku 1, vyzna€ujici se tim, Ze materidlem s latkovou pfeménou je
parafin.

4. Kompozit (1) podle libovolného z ptedchéazejicich naroki, vyznacujici se tim, ze v alespon
jednom materialu s latkovou preménou v porézni nosné vrstveé (2) jsou ulozeny nanocéstice a/nebo
mikrocastice tepelné vodivého materialu.

5. Kompozit (1) podle naroku 1 nebo 4, vyznacujici se tim, Ze porézni nosna vrstva (2) je
tvofena textilii nebo vrstvou pénového materidlu.

6. Kompozit (1) podle libovolného z narokti 1, 4 nebo 5, vyznacujici se tim, Ze alespon jedna
porézni nosna vrstva (2) je tvofena vrstvou polymernich nanovlaken.

7.  Kompozit podle naroku 1, vyznacujici se tim, Ze porézni nosna vrstva (2) je kryci vrstvou (3)
opatiend na obou svych povrsich.

8.  Kompozit podle naroku 1 nebo 7, vyznacujici se tim, ze alespon jedna kryci vrstva (3) je
tvofena vrstvou elektricky vodivého materialu.

9. Kompozit (1) podle naroku 1 nebo 7, vyznacujici se tim, ze alespon jedna kryci vrstva (3) je
tvorena vrstvou elektricky nevodivého materialu.

10. Kompozit (1) podle libovolného z narokii 1, 4, 5, 6 nebo 7, vyznaéujici se tim, ze alespon
jeden povrch porézni nosné vrstvy (2) je alespon ¢asteéné pokoveny.

11. Kompozit (1) podle libovolného z narokti 1, 4, 5, 6, 7 nebo 10, vyznaé€ujici se tim, Ze porézni
nosna vrstva (2) je nesouvisla.
7 vykresi
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Obr. 1
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OPTIMIZATION OF MICROPOROUS HYDROPHOBIC MEMBRANES BY ELECTROSPRAYING
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KUCEROVA Klara, MAREK Jaromir, ARUMUGAM Veerakumar

Department of Material Engineering, Faculty of Textile Engineering, Technical University of Liberec,
Czech Republic, EU

Abstract

Polytetrafluoroethylene (PTFE) which is also called as “TEFLON” is a synthetic fluoropolymer of
tetrafluoroethylene that has wide applications due to its differentiating properties. In this study, different PTFE
dispersions for preparation of polytetrafluoroethylene mesoporous active membranes doped by basalt and
carbon particles which were created in high voltage electrostatic field has been studied. The adjusting of
process parameters of common electrospinning system (Nanospider) for preparation of membranes with
tunable porosity created by nanofibrous assembly (electrospinning) and interconnected particles
(electrospraying) has also been investigated. The nanoparticles based on milled basalt and carbon was used
for activation and achieving of special effects. Superhydrophobic Polytetrafluoroethylene (PTFE) microporous
membranes with different surface structures were obtained by controlling operating parameters in the
electrospinning process. The diameters and microstructure of the PTFE microporous membrane were
characterized by scanning electron microscopy. The contact angles on the microporous membranes were
evaluated by static micro-drop observation, and a modified Yang equation was applied to analyze the contact
angles. The superhydrophobic PTFE microporous membranes were also tested for thermal properties. As a
result of this study, optimized PTFE blend solutions were identified. The results also revealed that the specific
surface area was the key factor affecting the contact angles. The thermal properties revealed that thermal
conductivity was higher and thermal resistance was lower for carbon and basalt doped membranes.

Keywords: Teflon, hydrophobic, electrospraying, microporous membrane

1. INTRODUCTION

Polytetrafluoroethylene (PTFE) which is also called Teflon is a synthetic fluoropolymer of tetrafluoroethylene
that has numerous applications. The major application of PTFE is due to the fact that PTFE has excellent
dielectric property [1]. It can be stretched to contain small pores of varying sizes and is then placed between
fabric layers to make a waterproof, breathable fabric in outdoor apparel [2]. It is used widely as a fabric
protector to repel stains on formal school-wear, like uniform blazers [3]. It is also used as a film interface patch
for sports and medical applications, featuring a pressure-sensitive adhesive backing, which is installed in
strategic high friction areas of footwear, insoles, ankle-foot orthosis, and other medical devices to prevent and
relieve friction-induced blisters, calluses and foot ulceration [4]. Electrospinning has been established as a
simple and effective method to produce polymer fibers with diameters at nanometer or submicron scale.
Continuous fibers can be collected in the form of nonwoven fibrous membranes or as aligned yarns [6].
Nanofibers prepared by electrospinning have many superior properties, such as good pore structure and high
surface porosity [6, 7]. Recently, several research groups have proved that the surface energy of materials
was closely related to the surface properties, especially surface roughness [8], which presented a new way to
control material surface wettability. Many theoretical researches on electrospinning process have been done
by many teams and groups [9-11]. At the end of the 1500s, Sir William Gilbert explained the behavior of
electrostatic and magnetic emanation. He found that by affecting the water droplet by electrostatic field, the
water gets cone and hopper shape, and a droplet extrudes from the head of the hopper. This formed
the first process of electro-spraying. Electrospinning can be viewed as a kind of electro-spraying. As with
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electrospraying, the raw material of electrospinning is linked to a high-voltage power supply to enhance the
liquid electrostatic potential [12]. The parameter that has affected morphology, structure, physical and chemical
properties of electrospinning fibers is the distance between nozzle and collector. It has the direct effect on final
fiber properties based on evaporation rate, deposition time and inconsistency interval. The studies show that
by decreasing the distance between nozzle and collector, we have wet electrospinning fiber which has beaded
structure. Also in some fibers the morphology of final fibers has changed from circular shape to flat shape [13].
On the other hand, the study shows that for aqueous polymer dispersion, more distance is needed to dry the
fiber [14].

In this study, optimization of PTFE blend solution was carried out. The surface energy of microporous PTFE
membranes was investigated by static contact angle measurements. The effect of the fibrous structures on
the contact angle of microporous membranes was analyzed. The thermal properties of the samples were also
evaluated and statistically analyzed.

2, METHODOLOGY

Materials

Polytetrafluoroethylene (PTFE) was used as-received without further purification. The PTFE microporous
membranes were prepared based on various compositions of PTFE, organic salt Tetraethylammonium
bromide (TEAB), water, surfactant and doping of carbon/basalt nanofibers. The detailed description of the
samples is shown in Table 1.

Table 1 Description of samples

Sample No. Sample Description

S002 PTFE +TEAB without water

S003 PTFE +TEAB+Carbon without water

S004 PTFE +TEAB+Basalt without water

S005 PTFE +TEAB+Carbon with water

S006 PTFE +TEAB with water

S007 PTFE +TEAB+Basalt+ with water
Methods

Electrostatic spinning is a method of producing superfine fibers with diameters ranging from 10 um down to 10
nm by forcing a polymer melt or a solution through a spinneret by electric field and subsequently drawing the
resulting filaments as they solidify or coagulate [19, 20]. Electrospinning exerts voltage on polymer solution to
get nanofiber which is different from traditional methods. At the beginning, the polymer solution or melt bring
thousands of high voltage. The charged droplet in the capillary was accelerated under the force of electrostatic
force. When the electric force is large enough, the droplet can overcome surface tension to formation of a thin
stream. Due to solvent evaporation in the electric field, nanofibers which are like non-woven mats are collected
in the receiver [21].

Polymer concentration plays a major role in the electrospinning process. Under the same electrospinning
conditions, an increasing polymer concentration usually increases the diameter of the electrospun fibers.
However, Deitzel et al. found that there is often a nonlinear relationship between the solution concentration
and fiber diameter [22]. The reason for this nonlinear relationship can be attributed to the nonlinear relationship
between the polymer concentration and solution viscosity [23].
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Electrospraying (electrohydrodynamic spraying) is a method of liquid atomization by means of electrical forces.
In electrospraying, the liquid at the outlet of a nozzle is subjected to an electrical shear stress by maintaining
the nozzle at high electric potential [24]. The advantage of electrospraying is that droplets can be extremely
small, in special cases down to nanometers, and the charge and size of the droplets can be controlled to some
extent by electrical means, i.e., by adjusting the flow rate and voltage applied to the nozzle. Due to its
properties, electrospraying is considered as an effective route to nanotechnology. The paper considers the
latest achievements in micro and nano thin-film production, including self-assembled nanostructures, in solid
nano-particle generation, and in the formation of micro- and nanocapsules.

Figure 1 Rotating roller electrode, Single wire electrode and Rotating wire electrode (from left to right)

“Nanospider” instrument was used to spin the membranes by electrospraying. The Nanospider electrodes
which have been developed through last ten years of optimization can give big portfolio for electrospraying as
well. Three different electrodes were used to spin the membranes out of which the rotating wire electrode was
suitable for preparing the membranes by electrospraying. Since Polytetrafluoroethylene (PTFE) was insoluble
in water, it was introduced in “particle” form in the solution. The solution prepared was optimized with the
change in concentration of the solution, PTFE composition, organic salt, surfactant, carbon/basalt doping,
relative humidity, conditional temperature, distance of the electrodes and substrate speed. The prepared
solution was taken in the bath and electrosprayed by using rotating wire electrode. The electrosprayed particles
were collected in the polyprolylene spun bond nonwoven fabric. The details of spinning parameters are shown
in Table 2.

Table 2 Spinning parameters

Substrate Voltage Speed of
Sample No. speed 9 electrode In Tent Air
. (kV) .

(mm/min) (ot/min)
S002 static -10/30 5 43.1%/22.3°C 43.3%/22.5°C 48.2%/22°C
S003 static -10/30 5 44%/22.7°C 48%/23.3°C 50.1%/23.1°C
S004 static -10/30 5 42%/23.4°C 47%/22.7°C 50%/22.1°C
S005 static -10/30 5 41.4%/22.6°C 47.7%/22.6°C 51.1%/22.4°C
S006 15 -10/30 5 43.3%/22.4°C 48.9%/22.5°C 49.9%/22.5°C
S007 static -10/30 6 40.8%/22.9°C 45.8%/23°C 50.1%/22.3°C

The microporous membranes with different concentrations were characterized using SEM (VEGA TESCAN
Inc. USA) at 30 kV. The contact angle was measured on a See System E is a portable computer-based
instrument for contact angle measurement and surface energy determination. Deionized water was dropped
onto the sample from a needle on a micro syringe (5 ul) during the test. A picture of the drop was taken a few
seconds after the drop set onto the sample. The contact angles could be calculated by analyzing the shape of
the drop. For thermal measurements, Alambeta was used. All results were statistically analyzed.
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3. RESULTS AND DISCUSSION

Analysis of Microstructures

SEM images of PTFE membranes with different compositions are shown in Figure 2. The electrospinning
parameters have a strong influence on fiber morphology. The concentration of the polymer solution and the
spinning voltage were found to be especially significant. In this study, the effects of concentration and spinning
voltage on fiber morphology for PTFE microporous membrane with different blend ratio were observed.

Figure 2 SEM images of PTFE membranes

Electrospraying influences the microstructure of the microporous membrane where the technique utilizes the
electrical forces for liquid atomization [25]. Droplets obtained by this method are highly charged. The
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advantage of electrospraying is that the droplets can be extremely small (tens nanometers), and the charge
and size of the droplets can be controlled to some extent by electrical means. Motion of the charged droplets
can be controlled by electric field. The deposition efficiency of the charged spray on an object is usually higher
than that for uncharged droplets. The membrane morphologies can be categorized into two main groups:
dense and porous. The dense layer can be amorphous, crystalline (of different structures) or amorphous with
incorporated particles (intrusions). The porous layer can be reticular, grainy, or fractal like. The membrane
morphology depends, on the temperature, the solvent used for spraying, voltage, physical properties of liquid
phase (emulsion, dispersion, solution, density and surface tension), distance of collector from source, doping
agents and the time of solvent evaporation [26].

It can be seen that the viscosity of the solution and the spinnability increased with the increase of concentration
of the solution, which is consistent with other published results [27-30]. When the concentration of the polymer
solution is lower, the fibers tend to form beadlike structures. The change in fiber diameter cane attributed to
the presence of surfactant in the PTFE emulsion. The existence of surfactant in the solution tends to increase
the solution conductivity and decrease the surface tension, thus facilitating the formation of finer fibers [31].

Since surfactant is a part of the PTFE emulsion, the surfactant content changes with solution concentration.
At higher concentration, the effect of surfactant tends to be stable, whereas polymer concentration remains as
the main influencing factor on fiber diameter, with fiber diameter increasing rapidly as polymer concentration
increases. The membranes S002, SO003 and S004 had dispersion of 60% concentration (original solution) with
the range of different relative humidity. Lowering moisture leads to a slightly larger deposit (higher coverage),
but the difference is not substantial.

The membranes S005, S006 and S007 had dispersion of 50% concentration (diluted with water) with the range
of different relative humidity. The samples S003, S004, S005 and S007 were spun with carbon and basalt
nanofibers. The output range of relative humidity i.e., the decreasing RH leads to a bit higher surface layer,
and the difference between 25% a 10% RH is negligible. Diluting the solution does not bring visible change in
process or change in surface layer.

Contact Angle Analysis

The results of the static contact angle measurements are shown in Figure 3. It clearly reveals that the contact
angles of all the microporous membranes are over 90°. The image in Figure 3 presents a water droplet formed
on the PTFE microporous membrane electrospun at 10 to 30 kV. The contact angle increases to 143.2° when
the voltage for the electrospinning increases to 30 KV, as illustrated in Figure 3(c). The high contact angle in
the image clearly reveals the superhydrophobic behavior of the microporous membrane. The curve in
Figure 3 indicates that the contact angle increases with the specific surface area formed by different voltages.
It also, indicates the contact angle for three different wash times (2 mins, 4 mins and 6 mins). 2 mins wash
time showed a better contact angle than the 4 and 6 mins wash time. This phenomenon can be interpreted in
terms of the Young equation and its modification.

(b) (c)
Figure 3 Contact angles of the samples (a) 125.7° (b) 135.3° (c) 143.2°
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Figure 4 Contact angle of PTFE microporous membranes

The Young equation is the common model to describe the contact angle on a surface:

ysv—ysl (1)
ylv

cosO =

Where h is the contact angle, and ysv, ysl and ylv are surface energies for liquid-vapor, vapor-solid, and

solid-liquid interfaces, respectively. Most practical surfaces, however, are rough and heterogeneous to some
extent. Accordingly, different modifications of the Young equation have been proposed to apply to rough
surfaces [32, 33]. In this study, it is assumed that all of the nanofibers under the water drop have contact with
the water. A roughness factor r is the relation between the real area and the projected area. The model of
contact angle for microporous membrane is shown in Figure 4. Thus, the contact angle of a microporous
membrane can be denoted by:

rysv=ysl) rcosf (2)
ylv

The increase in contact angle with voltage is attributed to the change in roughness factor r, as described by

Equation (2). Roughness, however, is so complicated that it is difficult to develop a general method for

roughness measurement.

cosf'=

B="1r 3)
m

yo 5. _mB 4)
Sp Sp

Where Stis the real surface area of microporous membrane, Spis the projected area, B is the specific surface
area, and m represents the mass of a membrane. For a given microporous membrane, the mass m and
projected area Sy are constant and can be easily measured. Consequently, the modified Young Equation (2)
can be derived:

mB
cos@'=rcos =——cosf (5)
V4
It can be seen from Equation (5) that the contact angle, h0, of the membrane depends on the ideal contact
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angle, h, and surface roughness, and the specific surface area plays an important role in the material’s contact
angle. Larger specific surface area leads to higher contact angles.
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Figure 6 Thermal resistance of the microporous membranes

Figure 5 and 6 contains the thermal properties of the samples. We can see from the Figure 5 that S002 has
the lowest thermal conductivity and S005 has the highest thermal conductivity. The thermal conductivity of the
carbon doped membrane (S005) is higher than other membranes. From the Figure 6, it can be seen that the
membrane S006 has highest thermal resistance than other membranes. The thermal resistance of the
membrane S006 is higher due to the higher thickness and also it can be seen from the sample description
(Table 1) that the membrane is diluted with water and concentration is reduced to 50%. This can also attribute
to the higher thermal resistance of the membrane. Compared to other membranes, carbon and basalt doped
membranes have higher thermal conductivity and lower resistance. .

4, CONCLUSION

PTFE microporous membranes were electrospun by optimizing the concentration and processing parameters.
By adjusting the process parameters of common electrospinning system, preparation of membranes with
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tunable porosity was prepared by nanofibrous assembly and interconnected particles (electrospraying). The
surface structures, diameters, and specific surface areas of the electrospun nanofibers were successfully
controlled by altering the electrostatic voltage. SEM observations revealed that when the concentration of the
polymer solution was lower, the fibers tend to form beadlike structure and also the change in fiber diameter
was attributed to the presence of surfactant. The experimental results also proved that the static force applied
on the jet might be the key factor affecting the surface structure, as well as the specific surface area. It was
concluded by the analysis of the modified the Young equation that specific surface area played the most
important role in contact angles of the microporous membrane. The larger specific surface areas resulted in
high contact angles. The thermal properties results reveal that thermal conductivity was higher and thermal
resistance was lower for carbon and basalt doped membranes as compared to other membranes.
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Iontovyménna membrana

Oblast techniky

Vynalez se tyka iontovyménné membrany, kterad obsahuje inertni polymerniho pojivo, ve kterém
jsou uloZené mikrocastice iontovyménné pryskytice o prumeru do 1000 um, které jsou tvoiené
polymerni matrici a iontovyménnymi skupinami.

Dosavadni stav techniky

Iontovyménné, nebo téz ionexové membrany jsou separacni membrany, které ve své struktuie
obsahuji iontovyménné skupiny. Dle polarity téchto skupin se iontovymeénné membrany dé¢li na
katexové membrany, které pii aplikaci elektrického pole propousti kationty a zadrzuji anionty, a
anexové membrany, které pii aplikaci elektrického pole propousti anionty a zadrzuji kationty.
Diky témto vlastnostem se iontovyménné membrany vyuzivaji v riznych elektromembranovych
procesech — hlavn¢ separa¢nich, demineraliza¢nich ¢i koncentra¢nich, jako napf. pfi
elektrodialyze, elektroforéze, elektrodeionizaci apod.

Podle své struktury se pak iontovyménné membrany dale déli na homogenni a heterogenni.
Homogenni iontovyménné membrany jsou tvofené polymernim pojivem s iontovyménnymi
skupinami navazanymi pfimo na jeho polymernim skeletu; heterogenni jsou tvofené inertnim
polymernim pojivem, ve kterém jsou ulozené cCastice, obvykle mikrocastice, iontovyménné
pryskyfice tvofené polymerni matrici s navdzanymi iontovymeénnymi skupinami.

Kvili nedostate¢nym mechanickym vlastnostem iontovyménnych membran se tyto membrany ve
vétSin€ pripadd armuji tkanou nebo netkanou textilii, obvykle z polymernich vlaken.

Nevyhodou stavajicich iontovyménnych membran je zejména jejich nizka schopnost transportu
molekul vody v jiném nez kapalném stavu, ktera omezuje jejich vyuziti pfi separaci plynt. Dalsi
nevyhodou je pak nesourodost materidlu inertniho pojiva a iontovyménné pryskyfice
V heterogennich membranach, ktera znevyhodiiuje vyuziti heterogennich membran oproti
homogennim napf. v Sokové elektrodialyze.

Podstata vynalezu

Vynalez se tyka iontovyménné membrany, ktera obsahuje inertni polymerni pojivo, ve kterém
jsou uloZené mikrocastice iontovymeénné pryskyfice o priméru do 1000 pm tvofené polymerni
matrici s iontovyménnymi skupinami, jejiz podstata spo¢iva v tom, Ze inertni polymerni pojivo
iontovyménné membrany a matrice iontovymeénné pryskyfice obsahuji stejnou monomerni
jednotku, kterou je styren nebo akryl, pticemz hmotnosti pomér iontovyménné pryskyfice a
inertniho pojiva v ramci iontovyménné membrany je 0,1:1 az 1,4:1. Z morfologického hlediska
se tak sice jedna o heterogenni iontovyménnou membranu, protoze je tvorena dvéma slozkami;
z chemického hlediska jde ale homogenni iontovyménnou membranu, protoze polymerni fetézce
jejich slozek jsou tvofeny jednim typem monomeru.

Mikrocastice iontovyménné pryskyfice maji pramér 0,1 az 1000 pm, s vyhodu pak 0,2 az 100
pm.

Nejvyhodnéjsi kombinace vlastnosti iontovyménné membrany se pak dosahuje pii poméru
iontovyménné pryskyfice a inertniho polymerniho pojiva v rdmci iontovyménné membrany 0,2:1
az 0,8:1.
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Ve vyhodném provedeni katexové membrany je inertnim pojivem této membrany polystyren a
iontovyménnou pryskyfici styrenova iontovyménna pryskyfice se sulfonovymi iontovyménnymi
skupinami, jako napf. iontovyménna pryskyfice tvofena matrici z poly(styren-co-divinylbenzenu)
se sulfonovymi iontovyménnymi skupinami, které jsou soucasti monomerni jednotky kyseliny
styrensulfonové.

Stejné inertni pojivo 1ze v kombinaci se styrenovou iontovyménnou pryskyfici se siln¢ bazickou
kvarterni amoniovou skupinou nebo slabé bazickou tercidrni aminovou skupinou pouzit i v ramci
anexové membrany

U jiného provedeni anexové membrany je inertnim pojivem iontovyménné membrany akryl a
iontovyménnou pryskyftici je akrylova iontovyménnd pryskyfice se siln€¢ bazickou kvarterni
amoniovou skupinou nebo slabé bazickou terciarni aminovou skupinou, jako napf. iontovyménna
pryskyfice tvofend matrici z polymethylmethakrylatu se silné bazickymi kvarternimi
amoniovymi iontovyménnymi skupinami, jako napf. benzyltrimethylamoniovymi nebo
benzyldimethylethanolovymi skupinami.

Pro zlepSeni mechanickych vlastnosti iontovyménné membrany miize byt jeji inertni polymerni
pojivo alespori ¢astecné sitované.

Ze stejného diivodu mize byt iontovyménna membrana armovana tkanou nebo netkanou textilii
uloZzenou na alesponlt jednom povrchu a/nebo alespon ¢aste€né v inertnim polymernim pojivu
iontovyménné membrany.

Pro zvySeni pruznosti muze inertni polymerni pojivo iontovyménné membrany obsahovat
ptidavek do 10 % hmotnostnich elastomeru, pfipadné smési alesponi dvou elastomerd.

Objasnéni vykresa

Na ptilozenych vykresech je na obr. 1 schematicky znazornén prifez iontovyménnou membranou
podle vyndlezu, na obr. 2a pak SEM snimek jednoho povrchu katexové membrany podle
vynalezu v prvni varianté provedeni pii zvétSeni 500x, na obr. 2b SEM snimek opac¢ného povrchu
této katexové membrany pti zvétSeni 500x, na obr. 3a SEM snimek jednoho povrchu katexové
membrany podle vynalezu ve druhé varianté provedeni pfi zvétSeni 250x, na obr. 3b SEM snimek
opacného povrchu této katexové membrany pii zvétSeni 250x, na obr. 4a SEM snimek jednoho
povrchu katexové membrany podle vynalezu ve tfeti varianté provedeni pifi zvétSeni 1000x, na
obr. 4b SEM snimek opacného povrchu této katexové membrany pii zvétseni 250x, na obr. Sa
SEM snimek jednoho povrchu katexové membrany podle vynalezu ve Ctvrté varianté provedeni
pii zvétseni 250x, na obr. 5b SEM snimek opa¢ného povrchu této katexové membrany pii
zvétSeni 250x, na obr. Sc graf efektivity transportu vlhkosti pro tuto variantu katexové membrany
za riznych podminek, na obr. 6a SEM snimek jednoho povrchu katexové membrany podle
vynalezu v paté varianté provedeni pti zvétSeni 250x, na obr. 6b SEM snimek opacného povrchu
této katexové membrany pii zvétSeni 250x a na obr. 6¢ graf efektivity transportu vlhkosti pro tuto
variantu katexové membrany za riiznych podminek.

Priklady uskuteénéni vynalezu

Iontovyménna membrana 1 podle vynalezu je tvofena inertnim polymernim pojivem 2, napf. ve
formé plosné vrstvy, které tvofi nosny material této membrany 1, a ve kterém jsou ulozené
mikrocastice 3 mleté iontovyménné pryskyfice o pruméru do 1000 um tvofené polymerni
matrici, na které jsou navdzané iontovymeénné skupiny. Tloustka plo$né vrstvy polymerniho
pojiva 2, a tim i celé iontovyménné membrany 1 je obvykle, dle pfedpokladaného vyuziti, cca 0,1
az 1 mm, avSak vpfipadé potfeby miize byt mensi nebo i ve&tsi. Primér mikrocastic 3
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iontovyménné pryskyfice je obvykle 0,1 az 1000 um, s vyvhodou pak 0,2 az 100 um. Na zaklad¢
provedenych experimentl se ukazalo, ze ve druhém piipadé se median priméru mikrocastic 3
iontovyménné pryskytice pohybuje nejcastéji mezi 10 a 20 pm.

Hmotnostni pomér iontovyménné pryskyfice a inertniho polymerniho pojiva 2 Vramci
iontovyménné membrany 1 je 0,1:1 az 1,4:1. Pfi niz§im obsahu iontovyménné pryskyfice jiz
iontovyménna membrana 1 nedosahuje potfebné kapacity, pii vys§im obsahu je velmi kiehka a
nevhodna pro manipulaci. Pfi poméru iontovyménné pryskyfice a inertniho polymerniho pojiva 2
vys§§im nez 1,4:1 neni zpravidla mozné membranu 1 sejmout z podkladu, na kterém se vytvofila.

Dle provedenych experimentt se nejvhodnéjsi kombinace vlastnosti iontovyménné membrany 1,
tj. jeji kapacity a schopnosti transportovat vlhkost dosdahne pifi hmotnostnim poméru
iontovyménné pryskyfice a inertniho polymerniho pojiva 3 cca 0,2:1 az 0,8:1. To je dano
zejména tim, Ze iontovyménna membrana 1 dosahuje ponékud piekvapiveé nejvyssi kapacity pii
poméru iontovyménné pryskyfice a inertniho polymerniho pojiva 3 cca 0,6:1 a pfi dalSim
zvySovani podilu iontovyménné pryskyfice jeji kapacita klesd, a také tim, Ze schopnost
iontovyménné membrany 1 transportovat vihkost roste nejvyraznéji do poméru iontovyménné
pryskyfice a inertniho polymerniho pojiva 3 cca 0,3:1, poté jiz je jeji narlst v podstaté
zanedbatelny.

Podstatou iontovyménné membrany 1 podle vynalezu je to, ze jeji inertni polymerni pojivo 2 a
matrice iontovyménné pryskyfice jsou tvorené chemicky stejnym materialem, resp. obsahuji
stejnou monomerni jednotku, jako napf. styren, akryl, apod. Z morfologického hlediska je tato
iontovyménnd membrana 1 heterogenni, protoze je tvofena dvéma slozkami; z chemického
hlediska je ale homogenni, protoze polymerni fetézce jejich sloZzek jsou tvofeny jednim typem
monomeru. V disledku této materialové kombinace dosahuje iontovyménna membrana 1 podle
vynalezu vyhodnéjsi kombinace vlastnosti nez stavajici heterogenni iontovyménné membrany,
diky ¢emuz je vhodna napt. pro nové typy elektromembranovych procest, které vyzaduji udrzeni
patficného tlaku mezi jednotlivymi komorami, jako je napft. Sokova elektrodialyza. Kromé toho je
tato iontovyménna membrana neporézni, a tedy neprostupna pro plyny (vzduch), ale soucasné je
schopna na zéaklad¢ chemickych procesi transportovat vlhkost, coz umoznuje jeji vyuziti napi.
pro upravu ¢i separaci plynt, napt. v rekuperacnich vymeénicich tepla. Predstavitelem takového
vyméniku mize byt entalpicky vymeénik tepla dle EP 3237807.

Ptikladem iontovyménné membrany 1 podle vynalezu je katexova membrana 1, jejimz inertnim
pojivem 2 je polystyren (nizko az vysokomolekularni) a jejiz iontovyménnou pryskyfici je
styrenova iontovymeénna pryskyfice se sulfonovymi iontovyménnymi skupinami, jako napf.
iontovyménna pryskyfice tvofena matrici z poly(styren-co-divinylbenzenu) se sulfonovymi
skupinami kyseliny styrensulfonové.

Jinym piikladem iontovyménné membrany 1 podle vynalezu je anexova membrana 1, jejimz
inertnim pojivem 2 je akryl a jejiz iontovyménnou pryskyfici je akrylova iontovymeénna
pryskytice se siln€¢ bazickou kvarterni amoniovou skupinou nebo slabé bazickou terciarni
aminovou  skupinou, jako  napf. iontovyménnd  pryskyfice  tvofena  matrici
z polymethylmethakrylatu s benzyltrimethylamoniovymi nebo benzyldimethylethanolovymi
iontovyménnymi skupinami.

Dalsim ptikladem iontovyménné membrany 1 podle vynalezu je pak napf. anexova membrana 1,
jejimz inertnim pojivem 2 je polystyren (nizko az vysokomolekularni) a jejiz iontovyménnou
pryskyfici je styrenova iontovyménna pryskyfice se siln€ bazickou kvarterni amoniovou
skupinou nebo slabé bazickou terciarni aminovou skupinou, jako napf. styrenova iontovyménna
pryskyfice tvoiena matrici z poly(styren-co-divinylbenzenu) s benzyltrimethylamoniovymi nebo
benzyldimethylethanolovymi iontovyménnymi skupinami.
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V ptipadé€, Ze mechanické vlastnosti iontovyménné membrany 1 neodpovidaji pozadavkim jejiho
piedpokladaného pouziti, je mozné je upravit vhodnou modifikaci inertniho polymerniho pojiva
2. Pro zvyseni pevnosti a soudrznosti iontovyménné membrany 1 je mozné jeji pojivo 2 alespon
CasteCn¢ sitovat, pfiCemz napf. vhodnym sitovacim Ccinidlem pro styrenové pojivo je
paraformaldehyd. Pro zvySeni pruznosti iontovyménné membrany 1 je mozné b&hem jeji vyroby
K jejimu inertnimu polystyrenovému pojivu 2 pridat pfidavek do 10 % hmotnostnich elastomeru,
jako napf. polyethylenu, polypropylenu apod. piipadné smési alespon dvou elastomerd.

Namisto téchto modifikaci, nebo v kombinaci s alespoii nékterou z nich mtze byt také vyhodné
armovat iontovyménnou membranu 1 alesponi jednou vrstvou tkané nebo netkané textilie,
s vyhodu z polymernich vlaken, vyhodnéji z polymernich vldken obsahujicich stejny monomer,
jako inertni pojivo 2 membrany 1, uloZenou na alespon jednom povrchu a/nebo alesponi ¢asteéné
V inertnim polymernim pojivu 2 této iontovyménné membrany 1.

Pro vyrobu iontovyménné membrany 1 podle vynalezu pak lze pouzit libovolny znamy postup
pro vyrobu téchto membran.

Nize je pro ndzornost popsano Sest konkrétnich piikladti katexové membrany 1 a tfi ptiklady
anexové membrany podle vynalezu, v¢. postupu jejich vyroby. Na obr. 2a az 6b jsou pak SEM
snimky povrchu téchto katexovych membran a na obr. 5¢ a 6¢ grafy efektivity transportu vihkosti
pro posledni dvé varianty této katexové membrany 1 za riznych podminek.

Priklad 1

Rozpusténim polystyrenu v toluenu pii laboratorni teploté¢ (22 °C) se vytvofil 20% roztok
polystyrenu, ktery se 24 hodin michal. Po uplynuti této doby, kdy mél tento roztok medovou
konzistenci, se do né&j pfidaly mleté mikrocastice poly(styren-co-divinylbenzenu) se sulfonovymi
skupinami kyseliny styrensulfonové o priméru 0,2 az 100 um, v poméru vaci polystyrenu
vroztoku 0,2:1. Po dokonalém smichani vSech slozek se takto vytvofend smés vylila na
sklenénou desku o velikosti 1,2 m x 0,5 m, pomoci pojizdného zafizeni s nerezovou stérkou se
rozprostiela po celé jeji plose do rovnomérné vrstvy a nechala se 24 hodin pfi laboratorni teploté
schnout. Poté se vytvotrena vrstva z této desky sejmula a nechala se dalsi 2 hodiny doschnout.

Timto zplisobem se pfipravila poddajna katexovd membrana s kapacitou 0,74 mval/g a
efektivitou transportu vlhkosti az 22 %.

Na obr. 2a je SEM snimek povrchu této katexové membrany, ktery byl v kontaktu se sklenénou
deskou, pii zvétseni 500x, na obr. 2b pak SEM snimek jejiho opacného povrchu pii zvétSeni
500x, ze kterych je ziejmé, Ze tato katexova membrana je zcela neporézni a neprodysna.

Priklad 2

Rozpusténim polystyrenu v toluenu pfi laboratorni teploté (22 °C) se vytvofil 20% roztok
polystyrenu, ktery se 24 hodin michal. Po uplynuti této doby, kdy mél tento roztok medovou
konzistenci, se do n&j pfidaly mleté mikrocastice poly(styren-co-divinylbenzenu) se sulfonovymi
skupinami kyseliny styrensulfonové o praméru 0,2 az 100 pm, v poméru vuéi polystyrenu
vroztoku 0,4:1. Po dokonalém smichani vSech slozek se takto vytvofena smés vylila na
sklenénou desku o velikosti 1,2 m x 0,5 m, pomoci pojizdného zafizeni s nerezovou stérkou se
rozprostiela po celé jeji plose do rovnomérné vrstvy a nechala se 24 hodin pfi laboratorni teploté
schnout. Poté se vytvotfena vrstva z této desky sejmula a nechala se dalsi 2 hodiny doschnout.

Timto zptsobem se pfipravila poddajnd katexova membrana s kapacitou 1,26 mval/g a
efektivitou transportu vlhkosti az 54 %.
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Na obr. 3a je SEM snimek povrchu této katexové membrany, ktery byl v kontaktu se sklenénou
deskou, pii zvétSeni 250x, na obr. 3b pak SEM snimek jejiho opa¢ného povrchu pii zvétSeni
250x, ze kterych je zfejmé, Ze tato katexova membrana je zcela neporézni a neprodysSna.

Priklad 3

Rozpusténim polystyrenu V toluenu pti laboratorni teploté¢ (22 °C) se vytvoril 25% roztok
polystyrenu, ktery se 24 hodin michal. Po uplynuti této doby, kdy mél tento roztok medovou
konzistenci, se do n&j pridaly mleté mikrocastice poly(styren-co-divinylbenzenu) se sulfonovymi
skupinami kyseliny styrensulfonové o priméru 0,2 az 100 pm, v poméru vuci polystyrenu
vroztoku 0,6:1. Po dokonalém smichani vSech slozek se takto vytvofend smés vylila na
sklenénou desku o velikosti 1,2 m x 0,5 m, pomoci pojizdného zafizeni s nerezovou stérkou se
rozprostiela po celé jeji plose do rovnomérné vrstvy a nechala se 24 hodin pfi laboratorni teploté
schnout. Poté se vytvotrena vrstva z této desky sejmula a nechala se dalsi 2 hodiny doschnout.

Timto zptsobem se piipravila poddajna katexova membrana s kapacitou 1,74 mval/g a
efektivitou transportu vlhkosti az 51 %.

Na obr. 4a je SEM snimek povrchu této katexové membrany, ktery byl v kontaktu se sklenénou
deskou, pri zvétseni 1000x, na obr. 4b pak SEM snimek jejiho opacného povrchu pii zvétSeni
250x, ze kterych je ziejmé, Ze tato katexova membrana je zcela neporézni a neprodysna.

Priklad 4

Rozpusténim polystyrenu v toluenu pii laboratorni teploté (22 °C) se vytvofil 25% roztok
polystyrenu, ktery se 24 hodin michal. Po uplynuti této doby, kdy mél tento roztok medovou
konzistenci, se do né&j pfidaly mleté mikrocastice poly(styren-co-divinylbenzenu) se sulfonovymi
skupinami kyseliny styrensulfonové o priméru 0,2 az 100 um, v poméru vaci polystyrenu
vroztoku 0,8:1. Po dokonalém smichani vSech slozek se takto vytvofend smés vylila na
sklenénou desku o velikosti 1,2 m x 0,5 m a pomoci pojizdného zafizeni s nerezovou stérkou se
rozprostiela po celé jeji plose do rovnomérné vrstvy a nechala se 24 hodin pfi laboratorni teploté
schnout. Poté se vytvotrena vrstva z této desky sejmula a nechala se dalsi 2 hodiny doschnout.

Timto zplisobem se pfipravila poddajna katexovd membrana s kapacitou 1,53 mval/g a
efektivitou transportu vlhkosti az 52 %.

Priklad 5

Rozpusténim polystyrenu v toluenu pfi laboratorni teploté (22 °C) se vytvoril 30% roztok
polystyrenu, ktery se 24 hodin michal. Po uplynuti této doby, kdy mél tento roztok medovou
konzistenci, se do né&j pridaly mleté mikro¢astice poly(styren-co-divinylbenzenu) se sulfonovymi
skupinami kyseliny styrensulfonové o priméru 0,2 az 100 pum, v poméru vaci polystyrenu
vroztoku 1,1:1. Po dokonalém smichani vSech slozek se takto vytvofenda smés vylila na
sklenénou desku o velikosti 1,2 m x 0,5 m, pomoci pojizdného zafizeni s nerezovou stérkou se
rozprostiela po celé jeji plose do rovnomérné vrstvy a nechala se 24 hodin pfi laboratorni teploté
schnout. Poté se vytvotrena vrstva z této desky sejmula a nechala se dalsi 3 hodiny doschnout.

Timto zpusobem se pfipravila poddajna katexovd membrana s tloustkou 0,12 mm, kapacitou 4,28
mval/g a efektivitou transportu vlhkosti az 55 %.

Na obr. 5a je SEM snimek povrchu této katexové membrany, ktery byl v kontaktu se sklenénou
deskou, pri zvétSeni 250x a na obr. 5b pak SEM snimek jejiho opa¢ného povrchu pii zvétSeni
250x, ze kterych je ziejmé, Ze tato katexova membrana je zcela neporézni a neprodysna. Na obr.
Sc¢ je pak graf efektivity transportu vlhkosti pro tuto variantu katexové membrany za riznych
podminek.
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Priklad 6

Rozpusténim polystyrenu v toluenu pii laboratorni teploté (22 °C) se vytvoril 30% roztok
polystyrenu, ktery se 24 hodin michal. Po uplynuti této doby, kdy mél tento roztok medovou
konzistenci, se do n&j pridaly mleté mikrocastice poly(styren-co-divinylbenzenu) se sulfonovymi
skupinami kyseliny styrensulfonové o priméru 0,2 az 100 pm, v poméru vici polystyrenu
vroztoku 1,2:1. Po dokonalém smichani vSech slozek se takto vytvofend smés vylila na
sklenénou desku o velikosti 1,2 m x 0,5 m, pomoci pojizdného zafizeni s nerezovou stérkou se
rozprostiela po celé jeji plose do rovnomérné vrstvy a nechala se 24 hodin pii laboratorni teploté
schnout. Poté se vytvotena vrstva z této desky sejmula a nechala se dal$i 3 hodiny doschnout.

Timto zpisobem se pfipravila poddajnad katexovd membrana s tloustkou 0,35 mm, kapacitou
1,03 mval/g, efektivitou transportu vlhkosti az 61 %.

Na obr. 6a je SEM snimek povrchu této katexové membrany, ktery byl v kontaktu se sklenénou
deskou, pii zvétseni 250x, na obr. 6b pak SEM snimek jejiho opacného povrchu pii zvétSeni
250x, ze kterych je ziejmé, ze tato katexova membrana je zcela neporézni a neprody$na. Na obr.
6¢ je pak graf efektivity transportu vlhkosti pro tuto variantu katexové membrany za riznych
podminek.

Ptiklad 7

Rozpusténim polymethylmethakrylatu v dimethylformamidu pfi laboratorni teploté (22 °C) se
vytvofil 20% roztok polymethylmethakrylatu, ktery se 24 hodin michal. Po uplynuti této doby,
kdy mél tento roztok medovou konzistenci, se do n¢&j pridaly mleté mikrocastice
polymethylmethakrylatu s benzyltrimethylamoniovymi iontovyménnymi skupinami o priméru
0,2 az 100 pm, v poméru vici polymethylmethakrylatu v roztoku 0,6:1. Po dokonalém smichani
vSech slozek se takto vytvotfend smes vylila na sklenénou desku o velikosti 1,2 m x 0,5 m,
pomoci pojizdného zafizeni s nerezovou stérkou se rozprostiela po celé jeji plose do rovnomérné
vrstvy a nechala se 24 hodin pii laboratorni teploté schnout. Poté se vytvotrena vrstva z této desky
sejmula a nechala se dalsi 2 hodiny doschnout.

Timto zplisobem se pfipravila poddajna anexova membrana s kapacitou 1,124 mval/g a
efektivitou transportu vlhkosti az 37,3 %.

Priklad 8

Rozpusténim polymethylmethakrylatu v dimethylformamidu pfi laboratorni teploté (22 °C) se
vytvoril 30% roztok polymethylmethakrylatu, ktery se 24 hodin michal. Po uplynuti této doby,
kdy mél tento roztok medovou konzistenci, se do n¢&j pridaly mleté mikrocastice
polymethylmethakrylatu s benzyldimethylethanolovymi iontovyménnymi skupinami o primeru
0,2 az 100 pm, v poméeru vici polymethylmethakrylatu v roztoku 1:1. Po dokonalém smichani
vSech slozek se takto vytvoifena smes vylila na sklenénou desku o velikosti 1,2 m x 0,5 m,
pomoci pojizdného zatizeni s nerezovou stérkou se rozprostiela po celé jeji plose do rovnomérné
vrstvy a nechala se 24 hodin pii laboratorni teplot€ schnout. Poté se vytvofena vrstva z této desky
sejmula a nechala se dal$i 3 hodiny doschnout.

Timto zplsobem se pfipravila poddajnd anexova membrana s kapacitou 1,562 mval/g a
efektivitou transportu vlhkosti az 44,3 %.

Ptiklad 9

Rozpusténim polystyrenu v toluenu pti laboratorni teploté¢ (22 °C) se vytvoril 20% roztok
toluenu, ktery se 24 hodin michal. Po uplynuti této doby, kdy mél tento roztok medovou
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konzistenci, se do né& pifidaly mleté mikrocastice poly(styren-co-divinylbenzenu) s
benzyltrimethylamoniovymi iontovyménnymi skupinami o pruméru 0,2 az 100 um, v poméru
vici polystyrenu v roztoku 0,8:1. Po dokonalém smichani vSech slozek se takto vytvofena smes
vylila na sklenénou desku o velikosti 1,2 m x 0,5 m, pomoci pojizdného zatizeni s nerezovou
stérkou se rozprostfela po celé jeji plose do rovnomérné vrstvy a nechala se 24 hodin pfi
laboratorni teploté schnout. Poté se vytvofena vrstva z této desky sejmula a nechala se dalsi 2
hodiny doschnout.

Timto zplsobem se pfipravila poddajnd anexova membrana s kapacitou 1,249 mval/g a
efektivitou transportu vlhkosti az 40,4 %.

Prumyslova vyuzitelnost

Iontovyménna membréna podle vyndlezu je pouzitelnd v elektromembranovych procesech, v¢.
Sokové elektrodialyzy. Kromé toho jeji neporézni a chemicky charakter sou¢asné umoziiuji také
jeji pouziti pro upravu ¢i separaci plynt, napi. v rekuperacnich vyménicich tepla. Pfedstavitelem
takového vyméniku mize byt napt. entalpicky vyménik tepla dle EP 3237807.

PATENTOVE NAROKY

1. Iontovyménna membrana (1), ktera obsahuje inertni polymerni pojivo (2), ve kterém jsou
ulozené mikrocastice (3) iontovymeénné pryskyfice o priméru do 1000 pm tvofené polymerni
matrici s iontovyménnymi skupinami, vyznacujici se tim, Ze inertni polymerni pojivo (2)
iontovyménné membrany (1) a matrice iontovyménné pryskyfice obsahuji stejnou monomerni
jednotku, kterou je styren nebo akryl, pfi¢emz hmotnostni pomér iontovyménné pryskyfice a
inertniho polymerniho pojiva (2) v ramci iontovyménné membrany (1) je 0,1:1 az 1,4:1.

2. Jontovyménna membrana (1) podle naroku 1, vyzmacujici se tim, Ze mikrocastice (3)
iontovyménné pryskytice maji primér 0,2 az 100 pm.

3. lontovyménna membrana (1) podle naroku 1, vyznacujici se tim, ze hmotnostni poméer
iontovyménné pryskyftice a inertniho polymerniho pojiva (3) v rdmci iontovyménné membrany je
0,2:1 az 0,8:1.

4. Tontovyménna membrana (1) podle naroku 1, vyznacujici se tim, Ze inertnim pojivem (2)
iontovyménné membrany (1) je polystyren a iontovyménnou pryskyfici je styrenova
iontovyménna pryskyftice se sulfonovymi iontovyménnymi skupinami.

5. lontovyménna membrana (1) podle naroku 1 nebo 4, vyznacujici se tim, Ze styrenova
iontovyménna pryskyfice je tvofend matrici z poly(styren-co-divinylbenzenu) a sulfonové
iontovyménné skupiny jsou soucasti monomerni jednotky kyseliny styrensulfonové.

6. lontovyménna membrana (1) podle naroku 1, vyznacujici se tim, Ze inertnim pojivem (2)
iontovyménné membrany (1) je polystyren a iontovyménnou pryskyfici je styrenova
iontovyménna pryskyftice se silné bazickou kvarterni amoniovou skupinou nebo slabé bazickou
terciarni aminovou skupinou.



10

15

20

25

Cz 307917 B6

7. lontovyménna membrana (1) podle naroku 1 nebo 6, vyznacujici se tim, ze polystyrenova
iontovyménna pryskyfice je tvofena matrici z poly(styren-co-divinylbenzenu) a silné bazické
kvarterni amoniové iontovyménné skupiny jsou skupiny benzyltrimethylamoniové nebo
benzyldimethylethanolové.

8. Iontovyménna membrana (1) podle naroku 1, vyznacujici se tim, Ze inertnim pojivem (2)
iontovyménné membrany (1) je polymethylmethakrylat a iontovyménnou pryskyfici je akrylova
iontovyménnd pryskyftice se silné bazickou kvarterni amoniovou skupinou nebo slabé bazickou
terciarni aminovou skupinou.

9. Iontovyménna membrana (1) podle naroku 1 nebo 8, vyznacujici se tim, Ze akrylova
iontovyménnd pryskyfice je tvofend matrici z polymethylmethakrylatu a siln€ bazické kvarterni
amoniové  iontovyménné  skupiny jsou skupiny  benzyltrimethylamoniové  nebo
benzyldimethylethanolové.

10. Tontovyménna membrana (1) podle libovolného z pfedchazejicich narokil, vyznacujici se
tim, Ze inertni polymerni pojivo (2) je alespoi Caste¢né sitované.

11. Iontovyménna membrana (1) podle libovolného z ptedchazejicich naroki, vyznacdujici se
tim, Ze je armovana tkanou nebo netkanou textilii uloZzenou na alespoii jednom povrchu a/nebo
alesponi ¢astecné v inertnim polymernim pojivu (2) iontovyménné membrany (1).

12. JTontovyménna membrana (1) podle libovolného z ptedchazejicich narokd, vyznacujici se
tim, Ze inertnim polymerni pojivo (2) obsahuje ptidavek do 10 % hmotnostnich elastomeru,

ptipadné smési alespoii dvou elastomerti.

7 vykrest
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