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SUMMARY

The main goal of this thesis was to develop sustainable and biodegradable flame retardant (FR),
as well as multifunctional FR/antimicrobial (AM), finishing of cotton by means of an emerging
technique called layer-by-layer (LbL) deposition as a response to technological drawbacks of
current commercial FR and multifunctional wet finishing processes. Those are high amounts of
conventionally applied chemicals, emission of toxic and cancerogenic formaldehyde during
production or product life cycle, loss of tensile strength of FR-treated cotton fabrics, and a large
number of process steps at high temperatures, which require high water and energy
consumption. Additionally, the current Pyrovatex® process 1s less compatible with
antibacterial finishes, so it is challenging to fulfill commercial requirements for FR/AM cotton,
such as limiting oxygen index (LOI) values of > 28%, self-extinguishing in vertical
flammability test (VFT) and 100% bacteria reduction at the same time. In this thesis, a
conventional treatment that usually requires the addition of very high amounts of different FR
compounds has been replaced with an environmentally friendlier treatment. LbL deposition
uses the ability of polyelectrolyte aqueous solutions to build charged layered assemblies
attracted by weak electrostatic forces on the surface of chemically bleached cotton, with slight
influence on mechanical properties of treated cotton fabric and at temperatures below 100 °C.
Additionally, by means of LbL deposition, cotton was successfully functionalized with FR and
AM agents by using only chemicals from renewable sources such as cereals, legumes, and
crustaceans waste or minerals.

In this thesis, several environmentally friendly and low-cost agents from renewable sources
have been used for LbL: cationic branched polyethyleneimine solution (BPEI, 5 wt%), anionic
phytic acid salts solution (PA, 2 wt%, pH 4), cationic chitosan solution (CH, 0.5 wt%, pH 4),
and copper (II) sulfate pentahydrate (CuSO4 x SH>O, 2 wt%) to reduce the flammability of
cotton and achieve additional antimicrobial properties. BPEI has been used as a prime layer for
better adhesion to cotton. Cotton has been alternately immersed into anionic PA and cationic
CH-urea (U) solutions until the desired number of bilayers (BL) has been reached. Each
deposition step was followed by rinsing in deionized water (DI) to remove all unbound
polyelectrolytes. The final step was the immersion into CuSO4 x SH>O solution to increase AM
properties.

The LbL deposited cotton fabric self-extinguished in VFT with the LOI values ranging from

24.5 to 28.0% with 17.3—19.0% of add-ons compared to a conventional process, where the add-



on ranges from 20.0-25.0%. For comparison, add-on of non-durable FR finishes such as boric
acid/borax, is ~ 10%, and diammonium phosphate/ammonium sulfamate is ~ 15%.
Furthermore, the Pyrovatex® process, which requires about 350 g/l of different agents, was
replaced by a more environmentally friendly treatment using agents in a concentration usually
< 100 g/l with a slight influence on the mechanical properties of the treated cotton fabric (up to
+ 14 % change in break strength) at temperatures below 100 °C. In comparison, the Pyrovatex®
process reduces the breaking strength by 20-25%, while non-durable FR agents generally
reduce the breaking strength.

The microscale combustion calorimeter (MCC) values showed a peak heat release rate (pHRR)
reduction of 50.9-61.8% and a total heat release rate (THR) reduction of 54.3-70.3%, compared
with untreated cotton.

Thermogravimetric (TGA) analysis showed the reduction of the first decomposition
temperature peak (T1) of 57-66 °C relative to untreated cotton and an increase of char yield (%)
at Ty from ~ 43-46% for untreated to ~ 56-63% for FR treated cotton fabric.

The post-burn char mainly contains carbon, oxygen, phosphorus, nitrogen (and copper) as
measured by energy-dispersive X-ray spectroscopy (EDS) analysis.

SEM analyses confirmed N-P intermediates, produced by PA and CH-U upon heating, which
phosphorylate cellulose at a temperature below 350—400 °C by producing intumescent char,
which acts as a physical barrier that blocks heat and oxygen to the polymer surface. The addition
of Cu®" metal ions further catalyzes cellulose phosphorylation. At the same time, generated
non-flammable gases dilute the concentration of the combustible gases and absorb heat, causing
the bubbling effect.

The FR/AM nanocoating also reduced Gram-negative K. pneumoniae and Gram-positive S.
aureus bacteria by almost 100%.

Using LbL deposition proved to be an alternative and efficient FR and AM treatment applying
environmentally benign compounds from renewable sources in very low concentrations for non
durable purposes only. With the wider availability of biodegradable chemicals from renewable
sources at lower costs and improving wash durability, LbL deposition has the potential to
become an industrially feasible solution for FR or multifunctional FR/AM functionalization of
cotton. Future research will be expanded to the improvement of wash durability as well as dye

compatibility with conventional dyeing/printing processes.

KEYWORDS: layer-by-layer, cotton, flame retardant finishing, antimicrobial finishing, phytic

acid, environmentally friendly finishing
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SAZETAK

Tekstilna industrija jedna je od vodec¢ih svjetskih industrija ¢iji proizvodi obuhvaéaju gotovo
svaki aspekt svakodnevnog Zivota s razli¢itim proizvodima jer se mogu koristiti u modi, zabavi,
medicini, transportu, sportu 1 wellnessu, kuc¢anstvu, poljoprivredi 1 vojsci. Najveéi trzisni udio
od 52 % ukupne svjetske proizvodnje vlakanaje je u 2020. imao poliester (PES). Drugo
najprodavanije vlakno u svijetu bio je pamuk s udjelom od 24 %, treée mjesto je pripalo
poliamidu (PA 66) s udjelom od 5 %, dok na sva ostala vlakna otpada 19 %. Tekstilna industrija
je jedan od najvecih zagadivaca okoliSa pocevsi od uzgoja biljke, preko procesa proizvodnje
vlakana, predenja, bojanja, tiska 1 zavrSne obrade tkanina u kojima se koristi ogromna koli¢ina
fosilnih goriva, toksi¢nih kemikalija, vode 1 elektricne energije. Europska komisija je 2020.
izdala novi akcijski plan kruznog gospodarstva za ¢i§¢u 1 konkurentniju Europu sa naglaskom
na razvoj mjera kojima se s jedne strane poti¢u potrosaci da upotrebljavaju odrzive tekstilne
materijale proizvedene iz sekundarnih sirovina ili nastale recikliranjem, a s druge se stranc
poti¢u proizvoda¢i da smanjuju upotrebu toksi¢nih kemikalija u proizvodnim procesima
upotrebom ekoloski prihvatljivijih kemikalija ili uvodenjem novih zelenih tehnologija. Ovaj
doktorski rad bavi se problematikom upotrebe velikih koli¢ina kemikalija u postupcima mokre
obrade pamuénih tekstilija obradenih usporiva¢ima gorenja (engl. flame retardant — FR) i
multifunkcionalnim FR/antimikrobnim (AM) obradama primjenom inovativne tehnike visoko
ucinkovite obrade pod nazivom ,,sloj-po- sloj (engl. layer-by-layer — LbL) naslojavanje uz
primjenu alternativnih kemikalija iz biljnih/Zivotinjskih 1 mineralnih izvora.

Pamuk pripada skupini biljnih celuloznih vlakana, te se sastoji od celuloze (~ 94,0 %), proteina
(~ 1,3 %), anorganskog pepela (~ 1,2 %), pektina (~ 0.9 %), jabucne, limunske 1 drugih
organskih kiselina (~ 0,8 %), voska (~ 0,6 %), ukupnog Secera (~ 0,3 %) 1 ostalog (~ 0,9 %).
Celuloza (CsH100s)n je polimer nastao polikondenzacijom anhidro—d—glukopiranoznih jedinica
u konfiguraciji 4C; lanca povezanih B-I,4-glukozidnim vezama u Kkristalnoj strukturi sa
stupnjem polimerizacije (DP) od 1.000-30.000. U svakoj jedinici anhidroglukoze unutar
molekule celuloze postoje tri reaktivne hidroksilne skupine (primarna skupina na C6 i dvije
sekundarne grupe na C2 1 C3 grupama) smjestene u ravnini prstena. Ove hidroksilne skupine (-
OH), atomi kisika d-glukopiranoznog prstena (-O-) 1 glikozidna veza (-O-) medusobno djeluju
unutar lanca ili s drugim celuloznim lancem tvoreéi intramolekulame 1 intermolekularne
vodikove veze (H-veze), koje su odgovorne za snaznu interakciju izmedu celuloznih lanaca. U
amorfnim dijelovima celuloze, kao 1 na povrsini vlakana, ove negativno nabijene -OH 1 -O-
funkcionalne skupine odgovorne su za H-vezivanje molekula vode, kao i za adsorpciju
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pozitivno nabijenih molekula koje privlace slabe elektrostatske sile. Zbog visoke reaktivnosti
funkcionalnih skupina -OH 1 -O- u molekuli celuloze, moze do¢i i do nekoliko kemijskih
reakcija kao $to su: supstitucija (esterifikacija, eterifikacija), deoksihalogenacija, oksidacija,
kisela hidroliza, oksidativno cijepanje, oksidacija u karboksilne skupine, redukcija u alkohol
i/ili formiranja radikala. Funkcionalne skupine su odgovorne za visoku propusnost vlage i vode,
kao 1 za visoku zapaljivost. S jedne strane pamuk je ugodan za noSenje, ali je sklon rastu
bakterija. Zbog toga je pamucne tkanine namijenjene za radnu i zaStitnu odjecu potrebno
obraditi usporivaima gorenja, a one koje se upotrebljavaju u domacinstvima, ugostiteljskim
objektima ili ustanovama za medicinsku skrb 1 njegu, poZeljno je 1 dodatno obraditi
antimikrobnim sredstvima. Na trzi§tu postoje postojane i nepostojane obrade protiv gorenja.
Postojane se temelje na organo-fosfornim spojevima kod kojih je prisutan sinergizam dusika i
fosfora, s minimalnim udjelom fosfora od 1 — 3%. To su N-metiloldialkilfosfonopropionamidi
(tzv. Pyrovatex® postupak) i (hidroksimetil)fosfonijev klorid (THPC)/urea (tzv. Proban®
postupak). Tipi¢na Pyrovatex® receptura sastoji se od oko 350 g/ razli¢itih kemikalija (N-
metiloldialkilfosfonopropionamida, melaminske smole, omekSivaca, kiselog katalizatora 1
sredstva za kvaSenje). Pyrovatex® postupak se sastoji od nekoliko proizvodnih koraka:
impregnacija tkanine, suSenje, umrezavanje na 170 °C, neutralizacija u luznatom mediju,
nekoliko ciklusa pranja u vodi i ponovno susenje, $to zahtijeva velike kolic¢ine vode i elektri¢ne
energije. Slobodni formaldehid se oslobada za vrijeme umreZavanja na temperaturama ve¢im
od 140 °C. IzloZenost formaldehidu udisanjem, dermalnim kontaktom 1 kontaktom o¢ima
dovodi do o$teéenja organa, a moze uzrokovati karcinom nazofarinksa, pluénu fibrozu,
teratogenost, neurotoksi¢nost itd. Pamu¢na tkanina obradena Pyrovatexom® dobiva na masi 20
— 25 %, dok istovremeno gubi na vla¢noj ¢vrstoci 20 — 25 % 1 na prekidnoj sili do 50 %. Kod
Pyrovatex® postupka moguée je istovremeno pamuénu tkaninu obraditi 1 FR i
vodoodbojnim/uljeodbojnim obradama, no vrlo je tesko istovremeno posti¢i FR i AM obradu
zbog razliCite prirode vezivanja, odnosno mehanizma djelovanja usporivaca gorenja i
antimikrobnih sredstava. Tzv. Proban® postupak se uglavnom Koristi na ameri¢kom trzistu, te
se sastoji od nekoliko koraka: impregnacija pamucne tkanine otopinom ili pjenom THPC/uree
kompleksa u prisutnosti sredstva za kvaSenje 1 omekSavanje, suSenje, umreZavanje
amonijakom, oksidacija polimera u poli(fosfinoksid) u razrijedenoj kupelji hidrogen peroksida,
nekoliko ciklusa pranja u vodi i suSenje na kraju postupka. Za razliku od Pyrovatex® postupka,
u potonjem se umreZeni polimer ne veZze na molekulu celuloze, ve¢ se umrezeni polimer
medusobno prozima unutar strukture mikrofibrilarne celuloze. Za Proban® postupak je

potrebna specijalizirana jedinica za umrezavanje amonijakom. IzloZzenost amonijaku
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udisanjem, dermalnim kontaktom i kontaktom o¢ima dovodi do ozljeda roznice 1 opeklina na
kozi, kroni¢ne plucne bolesti, a moze izazvati i neurotoksi¢nost. Postojani usporivaci gorenja
su vezani za celulozu ¢vrstim kovalentnim vezama (Pyrovatex®) ili su umreZeni unutar
mikrofibrilarnih struktura celuloze (Proban®) kako se ne bi otpustali tijekom zivotnog ciklusa
proizvoda. U komercijalne nepostojane obrade protiv gorenja spadaju dinatrijev tetraborat ili
boraks (Na;B4sO7 x 10H»0), amonijev polifosfat ((NH4);PO4), diamonijev fosfat
((NH4)SOsNH2), amonijev sulfamat (NH4)SO3NH2) i amonijev bromid (NH4Br).
Antimikrobni spojevi namijenjeni pamuku ne bi smjeli biti vezani za celulozu &vrstim
kovalentnim vezama jer se na taj nac¢in ne mogu kontrolirano otpustati u prisutnosti vlage, te
time usporavati rast bakterija. Antimikrobna sredstva koja se Kkoriste u postupcima mokre
obrade pamuka najce$¢e su kvaternarni amonijevi spojevi, limunska kiselina, metalne
(nano)cestice (1 soli), prirodni polimeri (npr. kitozan), ekstrakti razli¢itih biljnih eteri¢nih ulja
itd.

Kako bi se prevladali gore navedeni tehnoloski nedostaci obrada protiv gorenja kao i
multifunkcionalnih FR/AM obrada pamuc¢nih tkanina, javila se potreba za uvodenjem novih
ekoloski povoljnijih sredstava, ali 1 metoda kao Sto su npr. sol-gel, UV obrade, obrade plazmom,
te LbL naslojavanje.

LbL naslojavanje je postupak uranjanja pamucne tkanine naizmjeni¢no u otopine pozitivno i
negativno nabijenih polielektrolita do postizanje Zeljenog broja dvoslojeva (BL), troslojeva
(TL) ili Eetveroslojeva (QL) razli¢itih funkcionalnosti. Izmedu svakog uranjanja u suprotno
nabijene polielektrolite tkanina se ispire u deioniziranoj vodi (DI). Interakcija izmedu slojeva
suprotnih naboja prvenstveno je uzrokovana slabim elektrostati¢kim silama, ali 1 na
interakcijama donor/akceptor, donor/akceptor H-vezi, kovalentnim vezama, n-nt interakcijama
i stereo kompleksnim formacijama. Kod konvencionalnog LbL naslojavanja, slojeve suprotnog
naboja privlae slabe elektrostatske sile polielektrolita topivih u vodi, polianiona i polikationa
s jednom nabijenom grupom po monomernoj jedinici, ali 1 polimeri koji mogu tvoriti H-veze.
Ove veze su osjetljive na uvjete okolisa i formirani slojevi se iz tog razloga lako razbijaju. Za
formiranje trajnih slojeva koriste se koordinacijski polimeri koji mogu formirati organsko-
anorganske hibridne viSeslojne strukture. Ove slozene strukture mogu se¢ dalje podvrgnuti
postkemijskim reakcijama, kao $to su UV ili toplinsko umreZavanje. Nekonvencionalne metode
LbL naslojavanja obi¢no ukljucuju dva koraka. Prvi korak je formiranje supramolekularnog
kompleksa na temelju razlicitih interakcija (elektrostatskih, vodikovih ili n-m kompleksa, blok
kopolimernih micela) u rasutom stanju. U drugom koraku, supramolekularmni kompleks se

koristi kao gradevni blok za sastavljanje LbL struktura. Kemijski bijeljeni pamuk posjeduje
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negativno nabijene skupine sposobne za interakciju s pozitivno nabijenim (makro)molekulama
slabim elektrostatskim silama 1 H-vezama, $to ga ¢ini odli¢nim supstratom za LbL naslojavanje.
Zbog visoke reaktivnosti -OH skupine takoder mogu formirati organsko-anorganske hibridne
viSeslojne strukture, kao 1 supramolekularne komplekse kovalentnim vezanjem, mn-n
interakcijama i stereokompleksnim formacijama.

Glavni cilj ove doktorske dizertacije bio je razviti alternativnu vatrootpornu /ili
multifunkcionalnu FR/AM obradu namijenjenu pamuc¢nim tkaninama uz pomo¢ nove tehnike
koja se naziva sloj-po-sloj (LbL) naslojavanje uz koristenje sredstava iz obnovljivih izvora
U ovom radu koristena su ekoloski prihvatljiva sredstava za LbL naslojavanje pamuka: fitinska
kiselina (PA) 1 kitozan (CH). Dodatno su koristeni razgranati polietilenimin (engl. branched
polyethylenimine - BPEI), urea (U) i bakrov (1I) sulfat pentahidrat (CuSO4 x 5H»O) kako bi se
smanjila zapaljivost pamuka 1 postigla viSenamjenska FR/AM svojstva. PA soli kelatirajuca su
sredstva bogata fosforom (P ~ 28 % Mw) koje se dobivaju iz biljnih/sjemenskih izvora
(mahunarke, Zzitarice, uljarice, pelud i orasasti plodovi). Lako apsorbiraju visevalentne metale
stvaraju¢i netopive komplekse. PA soli se koriste kao dodatak prehrani, pa je njihova upotreba
sigurna za zdravlje. CH je prirodni linearni polisaharid koji se sastoji od nasumicno
rasporedenog  B-(1-4)-vezanog D-glukozamina (deacetilirana jedinica) 1 N-acetil-D-
glukozamina (acetilirana jedinica). CH je izabran zbog S$iroke dostupnosti jer se nalazi u
egzoskeletu Skampa, rakova, kukaca 1 stijenkama gljiva. MoZe se otopiti samo u kiselom mediju
(pH ~ 4), zbog pKa vrijednosti amino skupine od 6,5. Stupanj deacetilacije hitina kao 1
protoniranje amino skupina smjestenih na C-2 poziciji D-glukozamina daju molekuli CH
pozitivan naboj, §to je ¢ini dobrim sredstvom za LbL naslojavanje. Budu¢i da je bogat ugljikom
(C) 1 dusikom (N), CH je potencijalno sredstvo za pjenjenje u bubreé¢im obradama protiv
gorenja, ako je vezan na fosforne (P) spojeve koji generiraju fosfonsku kiselinu kod
zagrijavanja. S druge strane CH je dobro poznato sredstvo za kelatiranje, kao 1 antimikrobno
sredstvo, pa se u svrthu LbL naslojavanja pamuka, pozitivno nabijena otopina CH moze
pomijesati sa spojevima male molekularne mase kao npr. urea (U) ili solima bakra (Cu®") kako
bi se poboljsala FR svojstva pamuka, te istovremeno postigla 1 antibakterijska svojstva. BPEI
je viskozan kationski polimer topiv u vodi i bogat dusikom (N) koji osim primamih i
sckundarnih posjeduje 1 tercijarne amino skupine. Kationski naboj BPEI-a omogucuju
protonirane amino skupiname (NH*, NH?*, NH*"), koje snazno stupaju u interakciju s negativno
nabijenim polimerima. Kao kationski polimer bogat duSikom, BPEI se koristi u LbL

naslojavanju pamuka kao temeljni sloj za bolje prianjanje na pamuk ili kao alternativa za
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komercijalne organofosforne usporivace gorenja ukoliko se kombinira sa sredstvima na bazi
fosfora (P) s kojim djeluje sinergisticki. Urea (U) je bezbojna netoksi¢na molekula topiva u
vodi 1 bogata dusikom. Bakrov (II) sulfat pentahidrat (CuSO4 x SH20) odnosno modra galica
je medu najstarijim koriStenim antimikrobnim sredstvima, ali zbog svoje karakteristicne plave
boje nije Siroko koriSten za obrade tekstilnih materijala. Bakar se i danas koristi u dermatologiji
kao sredstvo za njegu koze protiv iritacije zbog visoke osjetljivost mikroorganizama na bakar.
U ovoj doktorskoj dizertaciji pamuk je prvo uronjen u kationsku otopinu BPEI (5 wt%) koji je
temeljni sloj za bolje prianjanje sredstava na pamuk. Pamu¢na tkanina je zatim naizmjeni¢no
uronjena u anionsku PA (2 wt%, pH 4) 1 kationsku otopinu CH-U (u 0,5 wt% CH otopinu
dodano je 10 wt% U, pH 4) dok se ne postigne Zeljeni broj dislojeva (BL). Nakon svakog koraka
naslojavanja slijedilo je ispiranje u DI kako bi se uklonili svi nevezani polielektroliti. Na kraju
LbL naslojavanja pamucna tkanina je uronjena u otopinu CuSOs x SH>0 (2 wt%).

Masa svih uzoraka izmjerena je nakon suSenja na 80 °C tijekom 24 sata, prije i nakon LbL
naslojavanja, kako bi se izratunao maseni prirast (%).

Zapaljivost uzoraka je izmjerena ispitivanjem gorivosti vertikalnim testom prema ASTM
D6413/D6413M-15 normi 1 u uredaju za ispitivanje grani¢nog indeksa kisika (LOI, %) prema
ISO 4589-2:2017 normi.

Toplinska svojstva kao Sto su brzina oslobadanja topline (pHRR, W/g) i ukupna brzina
oslobadanja topline (THR, J/g) ispitana su na mikrokalorimetru za sagorijevanje (engl.
microscale combustion calorimeter - MCC) zagrijavanjem od 75-650 °C (brzina zagtijavanja
od 1 ° C/min) u smjesi plinova koja se sastoji od 20 % O2 1 80 % N> prema ASTM D7309-19a
normi A.

Termogravimetrijskom analizom (engl. thermogravimetric analysis - TGA) je mjeren gubitak
mase (%) tijekom Kontroliranog zagrijavanja od 50 do 850 °C pri 30 °C/min u zraku. Iz
osnovnih podataka su dalje izvedene derivativne termogravimetrijske krivulje (engl. derivative
thermogravimetric DTG curves).

Analiza razvijenih plinova (engl. evolved gas analysis - EGA) nastalih tijekom zagrijavanja
uzoraka ispitana je primjenom FT-IR spektrometra (engl. Fourier-transform infrared — FT-IR)
s TG-IR suceljem (engl. thermogravimetric — infrared — TG-IR) u apsorbanciji, u rasponu

valnih duljina 4000-450 cm !, razlu&ivosti 4,0 cm !

1 s intervalom zagrijavanja od 27 minuta.
Spektri su analizirani putem softvera PerkinElmer Spectrum 100 v 6.3.5 uz automatsku
korekciju bazne linije 1 normalizaciju prema sljede¢im parametrima maksimuma apsorpcijskih
vrpca: granica ordinate 1.5 A, poéetak valne duljine 4000 cm™!, kraj 450 cm™, automatska nulta

tocka 2318 cm™'.
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Morfologija uzoraka, prije 1 nakon ispitivanja gorivosti, analizirana je skeniraju¢im
elektronskim mikroskopom SEM pomocu detektora sekundarnih elektrona (engl. secondary
electron detector — SE) na 5 kV. Svi uzorci su prethodno napareni slojem od 5 nm kroma zbog
elektrovodljivosti.

Kemijska analiza pepela nakon gorenja provedena je pomocu SEM-EDS detektora na 10 i 20
kV.

Antimikrobna ispitivanja provedena su prema normi AATCC 100-2019 primjenom gram-
negativne bakterije K. pneumoniae i gram-pozitivne S. aureus.

Pamucna tkanina obradena LbL naslojavanjem se sama ugasila tijekom VFT ispitivanja, a
vrijednosti LOI-a kretale su se u rasponu od 24,5 — 28,0 % sa 17,3 — 19,0 % prinosa mase u
usporedbi s tipicnim Pyrovatex® postupkom, gdje je prinos 20 — 25 %, a vrijednosti LOI-a su
oko 28 %. Za usporedbu prinos mase nepostojanih sredstava protiv gorenja npr. borne
kiseline/boraks je oko 10 %, a diamonijevog fosfata/amonijevog sulfamata je oko 15 %.
Nadalje u ovoj doktorskoj dizertaciji Pyrovatex® postupak koji zahtijeva oko 350 g/ razli¢itih
sredstava u koncentraciji obi¢no < 100 g/l s neznatnim utjecajem na mehanicka svojstva
obradene pamucne tkanine (do + 14 % prekidne sile) na temperaturama ispod 100 °C. Za
usporedbu, Pyrovatex® postupak smanjuje prekidnu silu za 20 — 25 %, dok nepostojana
sredstva op¢enito smanjuju prekidnu silu.

MCC kalorimetrijske vrijednosti pokazale su smanjenje najvece brzine otpustanja topline
(pHRR) za 50,9 — 61,8 % u odnosu na ncobradeni pamuk 1 smanjenje ukupne brzine
oslobadanja topline (THR) za 54,3 — 70,3 % u odnosu na neobradeni pamuk.

TG analiza je pokazala smanjenje maksimalne temperature dekompozicije (T;) obradene
pamucne tkanine za 57 — 66 °C u odnosu na neobradenu i1 povecanje pougljenjenog ostatka (%)
na T u rasponu 43 — 46 % za neobradenu na 56 — 63 % za obradenu pamuc¢nu tkaninu.

Na T FT-IR spektri hlapljivih plinova nastali zagrijavanjem pamuéne tkanine obradene LbL
naslojavanjem (CH/PA-U) sadrze vodu (H20); metan (CHa)/metanol (CH3;OH), ugljikov
dioksid (COz2); ugljikovog monoksid (CO); formaldehid, eter/ester mravlje kiseline,
cikloalkane; N-H, kao 1 PH 1 NH spojeve. Levoglukozan koji je odgovoran za visoku zapaljivost
celuloze nije pronaden. Naknadnom obradom u otopini CuSO4 x SH20 hlapljivi plinove nastali
zagrijavanjem obradene pamucne tkanine jo§ dodatno sadrze spojeve sumpora (S-S), bakrov
monosulfid (CuS) 1 bakrov (II) oksid (CuQO). N-P plinski meduprodukti mogu djelovati u

plinskoj fazi kao hvataci slobodnih radikala.
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EDS analiza pokazala je da ostatak nakon gorenja obradenih tkanina uglavnom sadrzi ugljik,
kisik, fosfor, dusik u slu¢aju PA/CH-U obrade, a u slu¢aju naknadne obrade sa CuSO4 x 5H20
ostatak nakon gorenja dodatno sadrzava 1 bakar. PA 1 CH-U kod zagrijavanja proizvode N-P
meduprodukte, koji fosforiliraju celulozu na temperaturi ispod 350 — 400 °C proizvodeci
pougljenjeni ostatak, koji djeluje kao fizicka barijera blokiraju¢i dovod topline i1 kisika na

2" joni dodatno kataliziraju

povrsinu polimera djelujuci isto tako i u kondenzirajucoj fazi. Cu
fosforilaciju celuloze djelujuci u kondenzirajucoj fazi, no istovremeno nanocestice CuO ili CuS
prisutne u hlapljivim plinovima mogu djelovati kao inertna prasina koja apsorbira i raspriuje
toplinu uzrokujuéi snizavanje temperature.

FR/antimikrobni nanosloj pokazao je smanjenje Gram-negativne K. pneumoniae i Gram-
pozitivne S. aureus za gotovo 100 % zahvaljujuéi Cu®* ionima i kitozanu.

U radu je dokazano je da je LbL naslojavanjem pamuka moguée posti¢i ué¢inkovitu kombiniranu
FR i AM obradu koriStenjem alternativnih sredstava u koncentracijama < 100 g/1, §to je znatno
manje u odnosu na klasi¢ne komercijalne obrade protiv gorenja primjenom tzv. Pyrovatex®
postupka, no obrada nije postojana. Takoder je dokazano da je moguce proizvesti
multifunkcionalnu pamuénu tkaninu koja zadovoljava komercijalne zahtjeve FR/AM obrada:
zahtjev negorivosti (LOI > 28 %) 1 smanjenje razvoja gram-negativnih 1 gram-pozitivnih
bakterija za 100 %. Uz vecu dostupnost biorazgradivih kemikalija iz obnovljivih izvora po
nizim troSkovima i poboljSanjem postojanosti na pranje, LbL naslojavanje ima potencijal
postati industrijski izvodljivo rjeSenje za FR ili viSenamjensku FR/AM funkcionalizaciju
pamuka. Buduca istrazivanja proSirit ¢e se na poboljSanje postojanosti na pranje kao i

kompatibilnost s konvencionalnim procesima bojenja/tiskanja.

KLJUCNE RIJECI: sloj-po-sloj, pamuk, pirofobna obrada, antimikrobna obrada, fitinska

kiselina, ekoloski prihvatljiva obrada
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Eva Magovac: Flame Retardant Surface Modification of Cotton Textiles Using Layer-by-Layer Deposition

1. INTRODUCTION

The textile industry is one of the leading industries worldwide, covering almost every aspect of
life with various products used in fashion, entertainment, medical, transportation, sports and
fitness, home, agriculture, and military. The global textile market is expected to grow from
$594.61 billion in 2020 to $821.87 billion in 2025, with Asia-Pacific as the most significant
region accounting for 51 percent of the market in 2020 [1]. In 2020, polyester had the largest
market share of around 52% of total global fiber production among all textile fibers. The second
most globally produced fiber was cotton, with around 24%, whereas the third place was
polyamide, with around 5% [2]. From that point of view, the textile industry is one of the most
significant environmental pollutants ranging from plant harvesting (e.g., cotton as one of the
most chemically dependent crops consuming vast amounts of water, pesticides, and
insecticides), where the accumulated chemicals destroy the soil and water, to textile
manufacturing processes, such as the production of virgin synthetic fibers, spinning, dyeing,
printing, and finishing of fabrics, where a huge amount of fossil fuels, toxic chemicals, water,
and electrical energy are used [3].

In 2020 European Commission issued a new Circular Economy Action Plan for a cleaner and
more competitive Europe by “developing ecodesign measures to ensure that textile products
are fit for circularity, ensuring the uptake of secondary raw materials, tackling the presence of
hazardous chemicals, and empowering business and private consumers to choose sustainable
textiles and have easy access to re-use and repair services” as well as “methodologies to
minimise the presence of substances that pose problems to heatlh or the environment in recycled
materials and articles made thereof” [4].

This doctoral thesis deals with the problem of tackling the presence of hazardous chemicals in
wet finishing processes for flame retardant and multifunctional flame retardant/antibacterial
cotton by using chemicals from renewable sources as well as a new emerging technique of

polyelectrolyte layering called layer-by-layer (LbL) deposition.

1.1. Surface functionalization of cotton

Cotton belongs to a group of plant cellulosic fibers consisting of cellulose (~ 94.0%); protein
(~ 1.3%); inorganic ash (~ 1.2%); pectic substances (~ 0.9%); malic, citric, and other organic
acids (~ 0.8%); wax (~ 0.6%); total sugars (~ 0.3%) and other (~ 0.9%) [5]. Cellulose

(C6H100s)n is a polycondensation-formed polymer of anhydro-d-glucopyranose units in the *C)-
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chair configuration linked by p—1,4—glucosidic links in a crystalline structure with the degree
of polymerization (DP) of 1,000-30,000. In each anhydroglucose unit within the cellulose
molecule, there are three reactive hydroxyl groups (a primary group at Cs and two secondary

groups at C> and C; groups) positioned in the plane of the ring (Figure 1) [6].

OH

HO

OH OH

Figure 1: Cellulose molecule [6]

These hydroxyl groups (-OH), the oxygen atoms of the d-glucopyranose ring (-O-), and the
glycosidic linkage (-O-) interact with each other within the chain or with another cellulose chain
by forming intramolecular and intermolecular hydrogen bonds (H-bonds), which are
responsible for the strong interaction between cellulose chains. In native cellulose or cellulose
I (e.g., cotton), H-bonds are formed mainly between the oxygen atom in Cs and the OH at Cq
(Figure 2a). The irreversible transition to cellulose II occurs by treating cellulose I with alkali,
and an intermolecular hydrogen bond of OH-C> to OH-C> of the next chain is formed (Figure
2b) [6]. Figure 2 shows a scheme of the H bonding system 1n cellulose I (a) and 11 (b) [7].
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Figure 2: A scheme of the H bonding in (a) cellulose I and (b) Il [7]
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In addition to the crystalline domains, there are amorphous or noncrystalline regions in cellulose
domains or at the surface of cellulose crystals, where the interactions between solid cellulose
and water, enzymes, and reactive or adsorptive substances occur first. Negatively charged -OH
and -O- functional groups are responsible for the H-bonding of water molecules and the
adsorption of positively charged species attracted by weak electrostatic forces. Due to the high
reactivity of -OH and -O- functional groups in cellulose molecules, cellulose can undergo
several chemical reactions such as substitution reactions (esterification, etherification),
deoxyhalogenation, oxidation, acid hydrolysis, oxidative cleavage, oxidation to carboxyl,
reduction to alcohol and formation of radical by abstraction of H™ as shown in Figure 3 [8].
These functional groups are responsible for the high moisture and water uptake of cellulose and
high flammability. The ability of cellulose to absorb moisture and release it on the surface of
the fabric is the main reason why cotton is comfortable to wear. However, the negative side of

moisture absorption is bacterial growth.

Substitution reaction  Esterification
Etherification
Deoxyhalogenation  To C-Cl, C-Br
- Acetalation
Oxidation .IT.g :ﬁ;gr?xg; Acid hydrolysis Oxidation to carboxyl
Y Oxidative cleavage Reduction to alcohol
i ! 1 CH,0H :
CH,0H CH;0H ' 2
o) O Ny o4 4
N ¥ CHO
o ke ey
HO 4
OH | /

e

{ | Oxidative cleavage
at C2-C3 glycol

Formation of radical
by abstraction of H*

Substitution reaction  Esterification

Etherification
Deoxyhalogenation  To C-ClI, C-Br

Acetalation
Oxidation To ketone

Figure 3: Positions in cellulose structure for chemical reactions [8]
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To overcome these drawbacks of cellulose, cotton and its blends (with > 50 wt% of cellulose)
are commercially treated with various durable or semidurable flame retardant (FR) or/and

antimicrobial finishes depending on the end use in wet finishing processes or as backcoating.

1.1.1. Flame retardant (FR) functionalization of cotton

In 2021, over 19,000 deaths worldwide caused by a fire in buildings (91%), vehicles (8%), and
other places (4%) have been reported by the International Association of Fire and Rescue
Services, which highlights the need for flame retardancy of fabrics [9]. In 2018, the flame
retardants (FR) market reached 2.8 million tons, and producing non-halogenated FRs took
about 31% of this total [10]. Cotton is a highly flammable fiber due to -OH and -O- functional
groups in cellulose molecules [8]. In order to burn the polymer, an external ignition (heat)
source should be present to initiate degradation of the polymer (fuel), which starts by free
radical chain elimination evolving non-combustible gases, liquid condensates, and tars. Free
radicals react with oxygen in the air (the oxidizing agent), evolving flammable gases and visible
flame, further heating the polymer and encouraging burning [11]. The schematic of polymer

burning is presented in Figure 4 [12].

HEAT CO, CO,, H,O

N

FLAMMABLE
GASES - FLAME

+02T

CHAR RESIDUE LIQuUID ?2222NSATES NON_E;ASPEF;ABLE

\T/

+ POLYMER

t

HEAT

Figure 4: Schematic of polymer burning [12]

Adding FRs with different modes of action into this chain removes one or more components of

the polymer burning. Adding FR finishes to cotton removes heat, fuel and/or oxidizing agents
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from the polymer acting in vapor (gas) and/or condensed phase. Pyrolytic products of cellulose
react with atmospheric oxygen generating free radicals, which further propagates the cellulose

combustion by the branching reaction:

He + Q> = OHs+ + O (1)
O+ + H> = OH+ + He )
OH*+CO = CO; + He 3)

By adding halogen derivates into the polymer system, chainbranching reactions are hindered

by the following reactions:

MX = Me + X+ @)
MHX = HX + M 5)
RH + X+ = HX +R- ©)
He + HX = H + Xe )
OHe + HX = H,0 + X+ ®)

where MX and MHX are FR molecules containing halogen atom (X), H is hydrogen, Ms is the
residue of the flame-retardant molecule, and RH is a molecule (such as cellulose) containing
hydrogen [13]. It is believed that halogen-based FRs compete act in the gas-phase by competing
in the reactions for the free radicals (He, O+, OH¢) essential for flame propagation (so-called
radical trap theory of flame inhibition). However, halogens can also act physically by reducing
the oxygen (O) concentration of the surrounding atmosphere, thus suppressing the flame [14].
Phosphorus (P) based FRs can act in the gas and condensed phase. In the gas phase, their
mechanism of action is similar to hydrogen halides where PO+ radical plays the major role. The

proposed chainbranching reactions are as follows [15]:

PO« + He — HPO ©)
PO« + OH» — HPO, HPO + He — H, + PO» (10)
OHs + Hy+ PO+ — H,0 + HPO (11)
HPO,+ + He — H,0 + PO (12)
HPOs+ + He — H, + PO, (13)
HPO,+ + OH» — H,0 + PO, (14)

However, in the condensed phase, it enhances char formation by chemical interaction between
FR and the polymer at temperatures lower than those of the pyrolytic decomposition. These

chemical reactions include dehydration of the polymeric with the release of water (H20),

5
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cyclization, cross-linking with P compounds or their decomposition products such as
phosphoric acid/acid-forming agents, aromatization/graphitization, and the formation of char,
which acts as a shield protecting the fabrics from flame, while H>O cools down the system by
removing heat from the fire [13].

The mode of action of sulfur (S) based FRs is similar to that of P-based FRs, which means they
act in gas and condensed phase. S species can inhibit He and OHe radicals in the flame [16].

The proposed chainbranching reactions are as follows [17]:

SO; + H* — «HOSO (15)
*HOSO + He — SO+ H» (16)
*HOSO + OHs — SO> + H-O (17)

S-based FRs that form sulfonic acid entities upon decomposition may also act in a condensed
phase by cationic crosslinking with polymers (carbonium ion disproportionation) while forming
the char at the surface of the degrading polymer and releasing H>O. The char acts as a shield
protecting the fabrics from flame, while H>O cools down the system by removing heat from the
fire [ 18]. The proposed chainbranching reactions are as follows [13]:

R>CH-CHR'OH — RyCH-CHR'OH;" — H,0 + RyCH-C HR' (18)

The efficiency of P-based FRs can be enhanced by adding nitrogen (N) compounds into the FR
system. Two theories about N-P synergism include gas/condensed phase:

1. N compounds generate inert gases such as nitrogen monoxide (NO), and nitrogen
dioxide (NO:), which trap free radicals and reduce the O concentration of the
surrounding atmosphere, thus suppressing the flame acting in the gas phase [13,19-21],

2. N and P compounds react to form N-P bonds with better thermal stability than O-P
bonds. In this way, the retention of N and P in the char increases. These intermediates
contain N-P bonds formed during pyrolysis and effectively act on the phosphorylation
of cellulose and the catalysis of the dehydration reaction in the condensed phase [22—

24].

Metal-based FRs act in the gas/condensed phase depending upon the form of the transition
metal compound and the polymer [25]. Gas-phase transitional metal species react with the free
radicals in the flame, thus reducing the availability of these species for initiating the second
stage of the combustion, reducing the heat release rate and slowing the temperature rise [26].

This gas-phase mechanism involves a reaction of metal oxide (M) or hydroxide (M) with H or

6
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OH radical with the release of H>O (or H»), which cools down the system and removes heat
[27]:

H + MO + (X) = HMO + (X) (19)
HMO + OH (or H) = MO + H>O (or H») (20)

Another theory states that dispersed inert dust of metal nanoparticles works as a distributed heat
sink in the premixed flame and retards the propagation of the flame in the premixture [28].

In the condensed phase, metal compounds interact with functional groups and catalyze
crosslinking of the polymer and dehydration, which leads to the release of H>O and char

formation. Formed char acts as a shield [29].

Ideal FRs for textiles should fulfill the following requirements:

e cost-ctfective and easy to apply in the industry;

e durable for at least 50 laundry cycles (Pyrovatex®, Proban®);

e wear resistant;

e high air/moisture permeability (comfortable and pleasant to wear),

e should not change the appearance of fabric (color, shade); and

e should be non-toxic to humans or the environment during industrial production, usage,

disposal, or fire [12].

Two types of durable FR finishes for cellulose fabrics have been dominating the market, both
based on organo-phosphorus compounds (nitrogen-phosphorus synergism, with phosphorus
content minimal 1-3 wt%): N-methylol dialkyl phosphonopropionamides (Pyrovatex®) and
tetrakis (hydroxymethyl) phosphonium chloride (THPC)/urea (Proban®).
N-methylol dialkyl phosphonopropionamides-based FR finishes are used for cotton and cotton
blends containing > 70% cotton. A typical Pyrovatex® standard recipe consists of N-methylol
dialkyl phosphonopropionamides, melamine resin, softener, acid catalyst and wetting agent.
The Pyrovatex finishing process consists of several production steps: application of recipe
formulation by padding, drying, curing at 170 °C, neutralising in caustic soda, and several
cycles of washing in water and drying. The covalent binding between FRs and cellulose occurs
during curing at 170 °C, as shown in Figure 5. The ecological drawback of the process is the
release of free formaldehyde during production and the product life cycle. Additionally, the
process requires high water and energy consumption [30]. Formaldehyde exposure through

inhalation, dermal, and eye contact leads to site-specific and dose-dependent health
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impairments in many organs, such as nasopharynx carcinoma, pulmonary fibrosis,

teratogenicity, neurotoxicity etc. [31].

|(|) HOCH,.NH N NH.CH,0OH
(CH;0),.P.CH,CH,.CO.NH.CH,OH + & T + HO.Cellulose
N-me thylol dimethylphosphonopropionamide \]/
((‘g P.\'I’O\'atcx (P) VH(‘HZOH

Trime thylol melamine

Pllosph01'i{'+acid H,0 170°C
catalyst, H
|
(('H3O)2.P.('H2('Hz.('O.NH.('HzO.(.'Hz.I\'lﬁrNY.\'H.('Ile.('elllllose
N

"

NH.CH,0H

Figure 5: Chemistry of Pyrovatex® [30]

Tetrakis (hydroxymethyl) phosphonium chloride (THPC)/urea-based FR finishes are used for
cotton and cotton blends containing > 55% cotton. A typical Proban® process consists of
several steps: applying the THPC/urea complex solution in the presence of wetting and
softening agent by padding or foaming onto the fabric, drying, ammonia curing, oxidizing the
polymer to a poly(phosphine oxide) in a dilute hydrogen peroxide bath, several cycles of
washing in water and drying at the end. Unlike the Pyrovatex® process, the cross-linked
polymer is not grafted onto the cellulose molecular in the latter. However, the network of cross-
linked polymer interpenetrates within a microfibrillar cotton cellulose structure. The chemistry
of the Proban process is shown in Figure 6. The process requires a specialist ammonia gas cure
unit [30]. Ammonia exposure through inhalation, dermal, and eye contact leads to corneal injury
and burns on the skin, chronic lung disease, perforation of the hollow viscera and neurotoxicity

[32].
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Figure 6: Chemistry of the Proban® [30]

Healthier formaldehyde-free alternatives of cross-linking agents on industrial scale processes
are butyl tetracarboxylic acid (BTCA), mainly used for cotton fleece and children’s nightwear.
However, the resulting finish is semi-durable [33].

Other commercial FR finishes for cotton are non-durable ones, which include inorganic salts
such as disodium tetraborate or borax (Na:B4O; x 10H>O), ammonium polyphosphate
((NH4);PO4), diammonium phosphate (NH4):HPO4) and ammonium sulfamate
((NH4)SO3NH2) and ammonium bromide (NH4Br) [34].

Backcoating is typically applied for carpets made of all types of fibers and cotton and cellulose-
based fabrics. In backcoating treatments, decabromodiphenyl ether (Deca BDE, bromine
content minimal 5 wt%) /antimony trioxide (ATO, Sb203) based formulations are applied in an
acrylic co-polymer resin matrix (as solvent base systems, chemically cured systems, hot melt

process), which is then applied to fabric surface [30]. European Commission banned deca BDE

9
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in 2019, confirming that “the persistent and bioaccumulative properties of decaBDE give rise
to specific concerns about its widespread distribution and potential to cause irreversible long-
term harm to the environment, even after emissions have ceased. In addition, exposure to deca
BDE may result in neurotoxicity in mammals, including humans” [35]. Halogen-based FRs
have been replaced with ammonium polyphosphate (APP) [36].
To conclude, the disadvantages of current commercially available FR finishing processes for
textiles are:
e toxic formaldehyde emission in Pyrovatex® finishing;
e Jloss in tensile properties and abrasion resistance in Pyrovatex® finishing (where
phosphoric acid is the cross-linking catalyst);
e requirement for toxic ammonia curing in Proban® finishing;
e dyestuffs interaction (e.g., Proban® process);
e ecotoxicological and bioaccumulative properties of Deca BDE/ATO-based FRs in
backcoating;

e high water and energy consumption.

New environmentally-benign chemicals and technologies such as sol-gel, UV, and plasma
grafting treatments or layer-by-layer (LbL) deposition are needed to overcome these
technological drawbacks. Before considering any of above mention alternative treatments,
however, one should be aware of the following:

e thickness of fabrics;

e the minimal wt% of active compounds such as phosphorus (P), nitrogen (N), bromine

(Br), or antimony trioxide (ATO) levels required for an acceptable level of FR effect;

e required durability of FR treatment;

e influences of surface treatment on fabric properties.
In the sol-gel surface treatments (semi)metal alkoxides such as tetramethoxysilane (TMOS),
tetraethoxysilane (TEOS), aluminum isopropoxide, and titanium tetraisopropoxide are used as
reactive precursors in hydrolysis and successive condensation reactions. The precursors are first
partly hydrolyzed by water molecules forming (semi)metal (M)-OH groups, which then
undergo condensation reactions with other alkoxy groups (forming alcohols as by-products), or
other hydroxyls groups (forming water as a by-product). The schematic of sol-gel chemistry is

shown in Figure 7 [37].

10



Eva Magovac: Flame Retardant Surface Modification of Cotton Textiles Using Layer-by-Layer Deposition

| STEP 2: Condensation with water formation

OR OR
RO—M—0—M—0R+ H;0

OR OR

OR

H* | + HO—M—OR

OR
OR OR
I He I
RO—M—OR — = RO——M—OH + ROH
| + H0 |
OR OR
OR

H* | + RO—M—O0OR
OR
OR OR
RO—M—0—M—0R + ROH

OR OR

| STEP 2": Condensation with alcohol formation |

Figure 7: Chemistry of sol-gel [37]

The main advantages of the sol-gel method on textiles are the following:

the reactions occur near the ambient temperature at mild conditions (~ pH 5.5);
apart from (semi)metal alkoxides, organic compounds can be employed as well;
by-products are low molecular weight molecules such as alcohols and water;
wash durability of sol-gel treatment on cellulose textile;

the treatment can be carried out using traditional wet-finishing production plants;

depending on the chemicals used, the multifunctionality of the textile coating can be

achieved [37].

UV and plasma grafting treatments are eco-friendly processes that modificate the fiber surface

without influencing bulk properties. Plasma can be a mixture of inert gas molecules, ions, free

radicals, electrons, and photons, filled in a plasma environment with a net of electric charge of

zero and a low degree of ionization. Plasma surface modification of textile includes cleaning,

activation, grafting, etching, and polymerization, achieved mainly by cold flame low-pressure

11
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atmospheric argon plasma, dielectric barrier discharge plasma, and cold oxygen plasma. Using
plasma, many useful functional properties can be created on textiles, such as increased surface
softness and dyeability, antistatic, antimicrobial, hydrophilic, hydrophobic, and FR properties
in laboratory conditions etc. [38]. There is only one fully commercial process using atmospheric
plasma/UV Laser (Multiplexed Laser Surface Enhancement System, MTIX Ltd., Huddersfield,
UK) in the market claiming that flame retardancy may be introduced either by pre-
impregnating/coating prior to plasma/UV or by the introduction of volatile/acrosol flame
retardant precursors into the plasma zone. The system eliminates a number of wet processing
cycles in textile finishing [39].

Layer-by-layer (LbL) deposition dates back to the 1960s, to the invention of Iler and Kirkland,
who discovered that cationic boehmite fibrils and anionic silica particles built inorganic layered
structures in the form of films [40,41]. In 1992, Decher et al. built an LbL assembly using a
cationic solution of poly[diethylmethyl(4-vinyl benzyl)Jammonium iodide] and poly(allylamine
hydrochloride) and anionic solutions of sodium poly(styrene sulfonate) and potassium
poly(vinyl sulfate) [42]. In 2013, Ariga ct al. published a review on the potential industrial
application of LbL deposition for (bio)sensors, bioreactors, enzyme devices, drug
delivery/release, cell coatings, solar cells, lithum batteries, photovoltaic devices,
supercapacitors, transistors, color displays, and gas barriers [43]. The LbL deposition of textiles
involves immersing fabric into the solutions of oppositely-charged polyelectrolytes or spraying
the fabrics with charged solutions. The fabric is washed up with deionized water (DI) between
two polyelectrolyte immersion steps. By repeating these steps, it is possible to build LbL
structures with the desired number of bilayers (BL), trilayers (TL), or quadlayers (QL) with
different functionality depending on the chemical used [44]. Figure 8 represents typical 2 BL

LbL deposition steps on fabric.
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Figure 8: Schematic of typical laver-by-layer deposition of fabrics

The interaction between opposite charges layers is primarily by weak electrostatic forces.
However, today the emphasis is also on donor/acceptor interactions, hydrogen bond
donors/acceptors, covalent bonds, m-m interactions, and stereo-complex formations [45]. In
conventional LbL deposition, layers are attracted by weak -electrostatic forces of
polyelectrolytes soluble in water, polyanions, and polycations with one charged group per
monomer unit. However, polymers bearing hydrogen bond donors and acceptors can also form
assemblies. These weak bonds are sensitive to environmental conditions, and formed layers are
easy to break. Coordination polymers (inorganic or organometallic polymer structures
containing metal cation centers linked by ligands) have been employed to form organic-
inorganic hybrid multilayer assemblies to form durable coatings. These complex structures can
be subjected to post-chemical reactions, such as UV or thermal curing. Unconventional
methods of LbL deposition usually include two steps. The first step is forming a supramolecular
complex based on various interactions (electrostatic, hydrogen-bonded, or m-m complexes,
block copolymer micelles) in bulk solution. In the second step, the supramolecular complex is
subsequently used as a building block for LbL assembly [46].

Chemically bleached and mercerized cotton has negatively charged hydroxyl groups (-OH), the
oxygen atoms of the d-glucopyranose ring (-O-), and the glycosidic linkage (-O-), able to
interact with positively charged (macro)molecules (water, salts, charged nanoparticles, organic
compounds, complexes) by weak electrostatic forces and hydrogen bonds (H-bonds) [6,7]. Due

to high reactivity, these groups can also form organic-inorganic hybrid multilayer assemblies
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and supramolecular complexes by covalent binding, m-m interactions, and stereo-complex

formations [8].

1.1.2. Antimicrobial surface functionalization of cotton

Negatively charged hydrophilic functional groups responsible for the flammability of cellulose,
such as hydroxyl groups (-OH), the oxygen atoms of the d-glucopyranose ring (-O-), and the
glycosidic linkage (-O-) are also responsible for high moisture and water uptake. Raw cotton
or sized cotton yarns/fabrics are primarily treated with different antimicrobial/antifungal agents
during storage or shipment of fabrics with sized warp under conditions of temperature above
40 °C and humidity. The second reason for antimicrobial fabric treatment is to reduce or
eliminate bacteria growth on fabrics used in home care patients by using antimicrobial textiles
that release antimicrobial agents from the fabric in the presence of moisture. Most hospitalized
patients face a high risk of nosocomial infections in hospitals and home care. In 2020, two
pathogens were reported responsible for bloodstream infections in hospital patients: Gram-
negative Escherichia coli and Gram-positive methicillin-resistant Staphylococcus aureus [47].
Surface antimicrobial functionalization of cotton textiles is intended for home use, such as face
masks, linings, bedding, covers, curtains, pillows, towels, underwear, and sportswear. Factors
influencing the antimicrobial effectiveness of antimicrobial agents are the type of
microorganisms, the chemical structure and concentration of the antibacterial agent, the mode
of action, and environmental conditions (temperature, pH, and moisture) [48].

Bacteria are generally divided into two main categories depending on the outer membrane cell
structure responsible for interacting with the environment. Gram-positive and Gram-negative
bacteria possess cell wall peptidoglycans conferring the characteristic cell shape, thus providing
the cell with mechanical protection. Peptidoglycans comprise a glycan backbone of N-
acetylated muramic acid and glucosamine, and peptide chains cross-linked with bridges in
Gram-positive or partially cross-linked in Gram-negative bacteria. Peptidoglycans are
covalently bound to teichoic acids, negatively charged polyol phosphate polymers in Gram-
positive bacteria but absent in Gram-negative bacteria. As membrane teichoic acids, there are
lipoteichoic acids, polymers of amphiphilic glycophosphates with the lipophilic glycolipid,
anchored in the cytoplasmic membrane. On the other hand, the major component of the outer
membrane of Gram-negative bacteria is lipopolysaccharide (LPS), a complex molecule
consisting of a lipid A anchor, a polysaccharide core, and chains of carbohydrates. Due to the

presence of the teichoic acid and polysaccharides of Gram-positive bacteria and the
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lipopolysaccharide of Gram-negative bacteria, the surface of bacterial cells stabilized by
divalent cations such as Mg*" and Ca®' is negatively charged. Differences in cell structure

between Gram-negative and Gram-positive bacteria are shown in Figure 9 [49].

Gram MNegative aram Positive

Figure 9: Schematic of cell structures of Gram-negative and Gram-positive bacteria {49]

Antimicrobial agents can be divided into groups based on the mechanism of antimicrobial
activity. The main groups are: agents that inhibit cell wall synthesis, depolarize the cell
membrane, inhibit protein synthesis, inhibit nucleic acid synthesis, and inhibit metabolic
pathways in bacteria [50]. The first antimicrobial agents used for the surface functionalization
of cotton were bisphenol compounds (e.g., triclosan) and triclocarban.

The mode of action of triclosan and triclocarban (Figures 10a-b) involves blocking lipid
biosynthesis by binding with enoyl-acyl carrier protein reductase enzyme, which prevents the
fatty acid synthesis required for lipid production in the bacteria and building and reproducing

cell membranes, thus acting as a bacteriostatic [S1].
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OH 1 Cl :@\ o /@/Cl
Cl N JL N
Cl Cl H H
a) b)

Figure 10: Structural formula of a) triclosan and b) triclocarban [51]

In 2016 the U.S. Food and Drug Administration (FDA) banned the use of triclosan and
triclocarban, stating them as ‘“environmentally persistent endocrine disruptors that
bioaccumulate in and are toxic to aquatic and other organisms” [52]. Due to the high toxicity
of bisphenol and triclocarban, other more ecological compounds such as quaternary ammonium
compounds, citric acid, natural polymers (e.g., chitosan), metal (nano)particles (and its salts),
extracts of plant essential oils such as peppermint, tea tree, cucalyptus etc. have been used since
then [53-57].

Cationic antimicrobials such as quaternary ammonium (QAC) compounds are hydrophobic
with having negatively (ammonium groups) and positively charged (halogenated) parts of the
molecule. The halogenated part of the molecule interacts initially with the wall and membrane
by displacing Ca>” and Mg”* divalent cations. The next step is the interaction between the
positively charged ammonium group and the negatively charged cell membrane of the bacteria
compounds resulting in a surfactant-microbe complex. This process interrupts the function of
the cell membrane and the protein activity, causing death. QACs also interact with intracellular
targets and bind to DNA, which means that QAC act as bacteriostatics at low concentrations
(0.5-5 mg/1) and as biocides at higher concentrations (10-50 mg/l). The antimicrobial activity
depends on the length of the alkyl chain, the presence of the halogenated group, and the number
of ammonium groups in the molecule [58,59]. Different types of QAC compounds are shown

in Figure 11.
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Figure 11: Structural formula of different QACs: (a) diquaternary ammonium salt (alkanediyli- o, ® -

bis(dimethylalkyl ammonium bromide)), (b) alkyl(2- (acryioyloxy)ethyl)dimethyl ammonium bromide, (c)

heptadecafl uoroundecyl)- N, N -diallylmethyl ammonium iodide [58]

The citric acid (CA) acts as a biocide, and its mode of action is pH dependent. At pH 9.5, the
antimicrobial activity of CA is increased due to increased chelation of Mg?" and Ca** ions, as
well as the increase in the less stable negatively charged groups of the bacterial membrane,
which at the end causes a disruption of membrane and leaching the cytoplasm [60].
Another eco-friendly antimicrobial agent is chitosan (CH). A generally accepted opinion about
its antibacterial mode of action is that positively charged -NHz groups bind to the negatively
charged bacterial cell membrane and cause membrane disruption and leakage of the cytoplasm,
thus acting as a biostatic [61]. Its mode of action will be discussed in detail in the Discussion.
Surface antimicrobial functionalization of cotton textiles is intended for home use, such as face
masks, linings, beddings, covers, curtains, pillows, towels, underwear, and sportswear, but also
for storage or shipment of fabrics with sized warp, under conditions of temperature above 40
°C and humidity. An ideal antimicrobial agent should fulfill the following properties:

e cfficiency against pathogenic microorganisms without influencing the growth of normal

non-pathogenic skin flora;

e hypoallergenic, non-irritating and non-cytotoxic;

e cffectiveness at low concentrations and low contact time;

e colorlessness and odorlessness;

e preservation of the mechanical and physical properties of textiles, such as strength and

comfort;
e resistance to UV radiation;
e washing durability;
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e compatible with textile chemical processes;
e application with the use of standard equipment;
e cost-effective and

e eco-friendly [48].

Depending on the stability of antimicrobial compounds on textiles, cotton antimicrobial finishes
are mostly semi-durable (at least 15 laundry cycles), which means the antimicrobial agent is
washed up throughout laundering. Antimicrobial compounds intended for cotton are integrated
into the fabrics in the wet finishing process and are not usually chemically bonded to cellulose,
which is very important for their leaching. If they were covalently bound, the antimicrobial
finish would be more wash resistant but less effective against microorganisms. The finished
fabric moderates the bacteria growth by controlled release of antimicrobial agents from the
fabric in the presence of moisture [58,62].

On a laboratory scale, antimicrobial compounds could be added to cotton surfaces by sol-gel,
UV, and plasma grafting treatments, microencapsulation, or layer-by-layer (LbL) deposition
[58,63,64]. Factors influencing the antimicrobial effectiveness of antimicrobial agents are their
chemical structure and concentration, mode of action, type of microorganisms, and
environmental conditions (temperature, pH, and moisture) [48]. Antimicrobial agents used for
the surface functionalization of cotton are triclosan, triclocarban, phenyl derivates, quaternary
ammonium compounds, citric acid, metal (nano)particles (and salts), natural polymers (e.g.,

chitosan), extracts of plant essential oils such as peppermint, tea tree, eucalyptus etc. [S3-57].

To conclude, the disadvantages of the current antimicrobial functionalization of cotton are:
e toxic formaldehyde emission in wet finishing if melamine resin as a binder is used;
e loss in tensile properties and abrasion resistance;
e poor wash durability;
e ecotoxicological and bioaccumulative properties of some antimicrobial agents

e high water and energy consumption in case of wet finishing.
Multifunctional FR/antimicrobial finishing of cotton is a challenging issue due to demands on

wash durability of FR finish (at least 50 laundry cycles), which is possible to achieve by
covalent binding of FR agents to -OH groups (Pyrovatex® process) and demands on leaching
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of antimicrobial agents in the presence of moisture, which is effective if the antimicrobial agent
is not bond covalently to cellulose [30,62].

In the laboratory scale, the following surface functionalization approaches were used to achieve
FR/antimicrobial properties of cotton: wet finishing [65], sol-gel [66], microencapsulation[67],

atmospheric plasma [68], polymerization grafting [69] and layer-by-layer deposition [70].
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2. HYPOTHESES CONFIRMATION

2.1. Myo-inositol hexaphosphate (PA) 1s an effective alternative flame retardant (FR) since it
1s a natural source of phosphorus (P) in plants, easily binds metal ions, and as a polyelectrolyte

can be layered on cotton by means of LbL deposition.

Myo-inositol hexaphosphate, also known as phytic acid (PA), is an effective agent due to its
natural source of phosphorus and can be used as an alternative flame retardant. PA is an anionic
clectrolyte successfully layered with cationic polyelectrolytes such as branched
polyethylenimine (BPEI) and chitosan using the LbL method. Since PA is a compound rich in
phosphorus, it effectively reduces the flammability of cotton material. This effect is enhanced
by layering nitrogen-containing compounds (BPEI, CH, and urea - U). PA easily binds copper
salts of strong electrolytes. By increasing the number of PA/CH bilayers on the cotton fabric
from 4 to 8, the mass of the treated fabric increases from 8.3% to 14.5%., compared to the
untreated fabric, which simultaneously increases the reduction of Staphylococcus aureus
bacteria from 76.8% to 97.9% according to the AATCC TM 100-2019 standard. However, the
increase in the number of bilayers did not affect the reduction of Klebsiella pneumoniae
bacteria, which was about 70%, regardless of the increase in bilayers. With the addition of
copper salts to chitosan, the mass increase is only 5.2% for 4 bilayers or 5.6% for 8 bilayers,
which means that the addition of copper (II) sulfate pentahydrate, as a strong electrolyte,
decreased the mass of the material, but this did not negatively affect the efficiency of processing
for antimicrobial protection. When copper (II) sulfate pentahydrate was added as a top layer
after 12 bilayers of PA/CH+U, excellent FR results of reduced flammability were achieved, as

proven by vertical flammability testing according to ASTM D6413/D6413M-15 standards.

2.2. Branched polyethyleneimine (BPEI) is a biocompatible polyelectrolyte rich in nitrogen

and, in synergy with PA, provides effective FR treatment.

BPEI is a biocompatible cationic polyelectrolyte rich in nitrogen that acts synergistically with
phosphorus from the anionic PA layer, and in this work it was used exclusively as a primary
layer for better adhesion of PA/CH or PA/CH+U bilayers to cotton. CH and U molecules
contain nitrogen and act synergistically with phosphorus from PA. The cotton fabric deposited
with 30 bilayers of PA/CH was tested according to the ASTM D6413/D6413M-15 vertical

flammability test (VFT), and the following results were obtained: afterglow time 0 s and
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afterflame time 0 s, which means that the treated fabric shows very good FR results of reduced
flammability. Testing in a microscale combustion calorimeter according to the ASTM
D7309-21a method showed a reduction in the peak heat release rate (pHRR) by 62% and the
total heat release (THR) by 77%, compared to untreated cotton, with a high char yield of41.7%.
By adding U, it is possible to additionally reduce the number of bilayers from 30 to 10 with the

same FR efficiency.

2.3. Kaolin is an aluminosilicate effective in FR treatments even in low concentrations and is

suitable for LbL deposition of cotton.

Although the effectiveness of aluminosilicate was proven in the previous work by using
impregnation procedures and in composite materials for functionalization of fibers
reinforcement, its effectiveness via the LbL method is not presented within the dissertation
because numerous literature references indicated that it could not fulfill the high commercial

requirements posed on FR agents for cotton [71,72].

2.4. Blue vitriol, as a natural source of copper salts, enhances the effect of an alternative

organophosphorus FRs of cotton while achieving fungicidal protection.

Blue vitriol, 1.e., copper (II) sulfate pentahydrate, enhanced the effect of reduced flammability
of cotton layered with PA/CH-U with simultaneous antimicrobial protection in the case when
itwas added as a top layer on 12 bilayers of PA/CH-U. In this case, the pHRR value was reduced
by ~ 62% compared to untreated cotton, which is 11% better than the pHRR value of cotton
treated without adding copper (II) sulfate pentahydrate. At the same time, the LOI value
increased from 21.5% (untreated cotton) to 26.0%, which is the minimum requirement for the
material to be characterized as self-extinguishing. The PA/CH-U sample, after adding copper
(IT) sulfate pentahydrate in the final treatment, shows 100% antimicrobial efficiency against the
tested bacteria (Klebsiella pneumoniae and Staphylococcus aureus). Further antifungal testing
of cotton was not carried out since it had already been proved in the papers of other authors that

copper salts have excellent antimycotic effectiveness, in addition to antibacterial ones [73-75].
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2.5. By optimizing the parameters of LbL deposition (type of polyelectrolyte, number of layers,
and order of polyelectrolytes in layers, pH, and concentration of solution), it is possible to

achieve the same efficiency as using commercial FRs.

Cotton treated with 30 bilayers of PA anionic solution (2%, pH 4) and CH cationic solution
(0.5%, pH 4) met the reduced flammability requirement per the ASTM D6413/D6413M-15
standard. In order to reduce the number of bilayers while maintaining good efficiency, 10% U
was added to the chitosan solution at the same pH, which reduced the number of bilayers needed
to meet the non-flammability requirements from 30 to 10. The sample treated in this way shows
a high limit value of the oxygen index (LOI = 28%), which meets the commercial requirements

for cotton with reduced flammability (LOI = 26%).
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3. MATERIALS AND METHODS

Materials

Cotton fabric, chemically bleached, desized, 119 g/m?, USDA Southern Regional
Research Center (New Orleans, LA, USA) [70,76,77];
Branched polyethyleneimine (BPEI, M ~ 25,000 g/mol, < 1% water), Sigma Aldrich
(Milwaukee, WI, USA) [70,76,77];
Phytic acid (PA)
o Phytic acid sodium salt hydrate (M ~ 660 g/mol), Sigma Aldrich (Milwaukee,
WI, USA) [76,77];
o Phytic acid dodecasodium salt hydrate (M ~ 924 g/mol, purity > 75%), Biosynth
Carbosynth Ltd. (Compton, UK) [70];
Urea (U), Sigma Aldrich (Milwaukee, W1, USA) [70,76];
Hydrochloric acid (HCI), Sigma Aldrich (Milwaukee, W1, USA) [70,76,77];
Sodium hydroxide (NaOH), Sigma Aldrich (Milwaukee, W1, USA) [70,76,77];
Chitosan (CH)
o Chitosan powder (M ~ 60,000 g/mol 75-85% deacetylated), G.T.C. Bio
Corporation (Qingdao, China) [76,77];

o Chitosan powder (M ~ 190,000-310,000 g/mol, 75-85% deacetylated) [70];
Copper (1I) sulfate pentahydrate (CuSO4 x 5H>0), Sigma Aldrich (Milwaukee, WI,
USA) [70,77];

Deionized (DI) water, 18.2 mW [70,76,77].

All polyelectrolyte solutions were prepared as follows:

cationic BPEI solution (5 wt%) in DI;

anionic PA solution (2 wt%, pH 4) in DI;

cationic CH solution (0.5 wt%, pH 4) in DI,

U (10 wt%) in cationic CH (0.5 wt%, pH 4);

CuS0O4 x SH20 (2 wt%) in DI;

CuSO4x SH20 (2 wt%) in cationic 0.5 wt% CH, pH 4.

The pH of the solutions was adjusted with 0.1 M HCI and 0.1 M NaOH.
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LbL deposition

Cotton fabric was first washed in a standard detergent solution and dried in an oven for 24 h at
80 °C before LbL deposition. Cotton fabrics were deposited via LbL deposition according to
the following three schemes (the immersing time was 5 min for the first layer and Imin for each
additional layer; each immersion step was followed by rinsing in DI water):

e 8,10,12, 15 BL of PA/(CH-U)", BPEI as a primer for better adhesion to cotton [76];

washing in 1 SBL
deionized water 1ZBL
10BL

8BL

CH/urea solution (+), pH 4
PA solution (-), wt 2 %, pH 4 CH wt 0.5 %, urea 10 %

washing in
deionized water

deionized water o= d
+ 4+ + + . ii 2n BL

CH/urea solution (+), pH 4

BPEI solution (+), wt 5 % PA solution (-), wt 2 %, pH 4 CH wt 0.5 %, urea 10 %
B o ® @
e @ e ® & ® o o
®* e ¢ washing in washing in m._!—i.w-'-i.;l-u.n-.

deionized water 4 ++ +++ + 4 1 slBL
— il

&+ deionized water
.

Figure 12: LbL deposition of cotton with 8, 10, 12, and 15 BL of PA/CH-U [76]

e 4,8 BL of PA/CH" and PA/(CH-CuSO4 x 5H20)", BPEI as a primer for better

adhesion to cotton [77];
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Figure 13: LbL deposition of cotton with 4, 8§ BL of PAYCH " and PA/(CH-CuS0O4 x 5H>0)" [77]

e 8,10, 12 BL of PA/(CH-U)" + immersion into CuSO4 x 5H>20 solution, BPEI as a

primer for better adhesion to cotton [70].

washing in
deionized water

8,10, 12 cycles l

NG TV AvE AN
ShoadAnie  washingin  RZCRIEITSEZC S  washingin A/ A A8
deionized water deionized water
cotton 4L cotton —_— cotton
BPEI solution (+), 5 % PA solution (-), 2 %, pH 4 CH-urea solution (+), pH 4

CH0.5%, urea10 %
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Figure 14: LbL deposition of cotton with 8, 10, 12 BL of PA/(CH-U)" with immersion into CuSQsx SH:0
solution [70]

All samples are dried in the oven at 80 °C for 24 h after the treatment.
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Characterization

The weights of all samples were measured after drying in the oven at 80 °C for 24 h, before and

after LbL treatment, to calculate weight gain (%) and the following equation:

m (treated)
m (untreated)

Weight gain (%) = x 100 (21)

Limiting Oxygen Index (LOI) was measured according to ISO 4589-2:2017 Plastics —
Determination of burning behavior by oxygen index — Part 2: Ambient-temperature test [78]
using LOI module (Dynisco, Heilbronn, Germany [76] and Concept Equipment, Poling, UK
[70]). Using LOI, it is possible to determine the minimum volume fraction of oxygen in
admixture with nitrogen that will support the combustion of small vertical test specimens under
specified test conditions (23 °C + 2 °C). The results are defined as oxygen index (OI) values.
The method is provided for self-supporting testing materials in vertical bars or sheets up to 10.5
mm thick. It is suitable for solid, laminated, or cellular materials with an apparent 100 kg/m3
or greater density. The methods might also apply to some cellular materials with an apparent
density of less than 100 kg/m?. A method is provided for testing flexible sheets or film materials
while supported vertically. The method has been developed for plastics but validated by the
University of Zagreb Faculty of Textile Technology for textile fabrics. In the case of textile
testing, form V has been used: 52 mm x 140 mm with ignition procedure B (propagating
ignition). It is also possible to use a short procedure. Applied model of LOI device, produced

by Concept Equipment is shown in Figure 15.
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Figure 15: LO! device, Concept Equipment

Vertical flammability test (VFT) was carried out in a standard Govmark chamber (Farmingdale,
NY, USA) according to ASTM D6413/D6413M-15 Standard Test Method for Flame
Resistance of Textiles (Vertical Test) [79]. Specimen of dimensions 76 mm x 300 mm are
ignited with a burner to measure the vertical flame resistance of textiles. Immediately after the
flame is removed (after 12 s), the afterflame and afterglow time are measured. At the end of the
combustion, the char length is measured (mm). The char length (mm) is measured at the end of
testing. According to test results, the fabric can be labeled as non-combustible — the fabric
passed or did not pass VFT, which means the fabric: 1. did not ignite (passed VFT), 2. the fabric
ignited, but self-extinguished after some time (passed VFT) or 3. the fabric burned out
completely (did not pass VFT). The VFT chamber used for the experiment is shown in Figure
16.
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Figure 16: VFT chamber, Govimark

A Govmark MCC-2 (Heilbronn, Germany) microscale combustion calorimeter (MCC) was
used to measure the heat release of cotton samples according to ASTM D7309-19a Standard
Test Method for Determining Flammability Characteristics of Plastics and Other Solid
Materials Using Microscale Combustion Calorimetry, Method A [80]. In this procedure, the
specimen is subjected to controlled heating in an oxygen-free/anaerobic environment (Nz) for
thermal decomposition. The gases released by the specimen during controlled thermal
decomposition arec swept from the specimen chamber by a non-oxidizing/inert purge gas
(typically N2), subsequently mixed with excess oxygen, and completely oxidized in a high-
temperature combustion furnace (the mixture of gases consists of 20% O, and 80% N»). The
volumetric flow rate and volumetric oxygen concentration of the gas stream exiting the
combustion furnace are continuously measured during the test to calculate the heat release rate
using oxygen consumption. In Method A, the heat of combustion of the volatile component of
the specimen (specimen gases) is measured but not the heat of combustion of any solid residue.
The temperature range used for the research was 75-650 °C with the mixture of gases consisting
0t 20% O and 80% N> at 100 mL/min gas flow rate and heating rate of 1 °C/min. The mass of
samples was ~ 5 mm, and three measurements per sample were performed to calculate the

standard deviation. At the end of the measurement, the following parameters were recorded:
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heat release rate (HRR, W/g), peak heat release rate (pHRR, W/g), the temperature at pHRR
(Tpurr, °C), total heat release (THR, J/g) and char yield (%). HRR is the heat generation rate
during controlled heating from 75 to 650 °C at 1 °C/min. PHRR is the maximum heat release
rate during the heating at Tynrr. THR 1is the heat released by the combustion of one gram of
any substance. The MCC data are recorded as plot curves with temperature (T, °C) at X-axis
and heat release rate (HRR, W/g) at Y-axis. The repeatability of the MCC measurement was
determined by 3 replicated samples for each treatment to calculate standard deviations. The

MCC chamber used for the experiment is shown in Figure 17.

Figure 17: MCC, Govmark

Thermogravimetric analysis (TGA) was performed with a PerkinElmer Pyris 1 (Shelton, CT,
USA) device. All samples were heated from 50 to 850 °C with a heating rate of 30 °C/min in
the air (flow rate: 30 mL/min). In TGA, the mass of a sample (5-10 mg) is measured over time
(min) or temperature (°C) changes under controlled heating rates in different atmospheres such
as N2, O2, and air. The data are recorded as plot TG curves with temperature (T, °C) or time (t,
min) X-axis and weight loss (mg or%) Y-axis. These basic data can be further derived (first

derivate) to obtain DTG curves, which are helpful for precise determination of inflection points
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such as the beginning of decomposition (at Tonset), the highest weight loss rate in mg or %/min
(at Tpeak) and the end of the decomposition (at Tend). TG analyzer can be coupled with different
evolved gas analysis systems (EGA) such as Fourier Transform Infrared spectrometers (FT-
IR), mass spectrometers (MS), or gas chromatograph — mass spectrometers (GC/MS) [81].

This research performed evolved gas analysis (EG) via a PerkinElmer Spectrum 100 FT-IR
spectrometer with TL 8000 TG-IR interface (Shelton, CT, USA) in absorbance, wavelength
range 4000450 cm™, resolution 4.0 cm™, and with a 27-minute heating interval. The spectra
were analyzed via a PerkinElmer Spectrum 100 v 6.3.5. software (Shelton, CT, USA). The
applied baseline correction of all spectra was automatic, and all spectra were then normalized
according to the following peak/abscissa parameters: ordinate limit 1.5 A, start 4000 cm™, end

450 cm™!, auto zero point 2318 cm™'. The applied TG-IR unit is shown in Figure 18.

Figure 18: TG-IR, PerkinElmer

Before and after performing VFT, the morphology of the samples was analyzed with a Tescan
MIRA LMU FE-SEM (SE detector, 5 kV, Brno, Czech Republic). Except for the char, all
samples were coated with 5 nm of chromium (QI5S0T ES Sputter Coater, Quorum
Technologies, Laughton, UK).

The chemical analysis of post-burn char was studied using a Tescan Mira LMU FE SEM
(backscattered electron BSE detector, 10 and 20 kV) equipped with an energy dispersive X-ray
spectroscopy (EDS) detector (Oxford Instruments, Oxford, UK). The applied SEM-EDS unit is

shown in Figure 19.
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Figure 19: SEM-EDS, Tescan — Oxford Instruments

Antimicrobial testing was performed according to AATCC Test Method 100-2019 Test Method
for Antibacterial Finishes on Textile Materials: Assessment of antibacterial activity finishes on
textile material [82] against Gram-negative Klebsiella pneumoniae and Gram-positive
Staphylococcus aureus.

The percentage of reduction of the bacteria was calculated according to the following equation:
R (%) = == x 100 (22)

where R (%) is the reduction of bacteria, C is the number of bacteria recovered from the
inoculated untreated control specimen swatches in the jar at “zero” contact time, and A is the
number of bacteria recovered from the inoculated treated test specimen swatches in the jar,

incubated over the contact period of 24 h.
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4. DISCUSSION

4.1. Advantages of LbL deposition of cotton with FRs

The idea of employing layer-by-layer deposition as a potential textile finishing technique for
cotton dates back to 2005, when Hyde et al. deposited an anionic solution of poly(sodium 4-
styrene sulfonate) (PSS) and cationic solution of poly(allylamine hydrochloride) (PAH) to build
20 BL on the cationized cotton surface [83]. In 2010 Li et al. deposited 20 BL of positively
charged solution of branched polyethylenimine (BPEI) and negatively charged suspension of
sodium montmorillonite (MMT) to achieve cotton of reduced flammability by means of LbL
deposition [71]. Officially, that was the first attempt at employing LbL deposition for FR
functionalization of cotton. Despite reduced peak heat release rates (pHRR) and total heat
release rates (THR), none of the coated samples passed the vertical flammability test (VFT).
The first multifunctional (FR/antimicrobial) functionalization of cotton by means of LbL
deposition was performed by Fang et al. in 2015. Cotton was deposited with a cationic solution
of poly hexamethylene guanidine phosphate (PHMGP) and an anionic solution of ammonium
polyphosphate (APP), forming 5-20 BL. The results indicated increased thermal properties of
coated cotton, such as increased char residue after performing TG analysis in the air (2.8% for
20 BL) and increased antimicrobial activity against Gram-positive and Gram-negative bacteria.
However, none of the samples showed self-extinguishing behavior in VFT as well as the
horizontal flammability test (HFT) [84].

The reason for the growing interest in this topic is an attempt to replace current commercial FR
(and antibacterial) wet finishing technologies of cotton functionalization due to the
implementation of new EU directives for product/production sustainability with the aim of
reduction of waste, waste water and toxicity of chemical by using more ecological approaches
and green chemistry from renewable sources. As mentioned in Table 1, the current commercial
finishing process to reduce the flammability of cotton has many technological and ecological
drawbacks.

Durable Pyrovatex® treatment requires desized, scoured, and chemically bleached cotton fabric
free of hydrophobic waxes, pectins, and proteins to render cotton hydrophilicity by exposing
more negatively charged functional groups of cotton such as hydroxyl groups (-OH), the oxygen
atoms of the d-glucopyranose ring (-O-), and the glycosidic linkage (-O-) [8]. A typical
Pirovatex CP® standard recipe requires ~ 361 g/l of different chemical compounds (Table 1).

Among FR active ingredients such as N-methylol dialkyl phosphonopropionamides, melamine
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resin, and phosphoric acid, there are also other excipients such as softeners and wetting agents.
Pyrovatex® treatment includes at least 10 process steps such as padding, drying, curing,
neutralization in caustic soda, at least five water washing cycles, and end drying to remove all
water. The process consumes a lot of water and energy due to the high temperatures used during
two steps: drying at 130 and 110 °C, curing at 150 or 170 °C, and washing at temperatures from
60 to 90 °C. Another problem is free formaldehyde emission after curing during the production
and product life cycles. Cotton fabric treated with Pyrovatex® loses tensile (20-25%) and tear
(up to 50%) strengths [30]. By applying the Pyrovatex® process, dry add-ons of cotton fabric
are between 20 and 25% [85].

When the results are compared with non-durable commercial FR cotton treatment, e.g., boric
acid/borax, it can be noticed that similar quantities are required ~ 10% add-on, while
diammonium phosphate/ammonium sulfamate requires ~ 15% add-on and include two (pad-
dry) or four (pad-heat cure-wash off-dry) process steps [34,86].

Furthermore, the current Pyrovatex® process is compatible with water/oil repellent finishes to
achieve multifunctionality of cotton while simultaneously satisfying all commercial FR
requirements such as LOI > 28% and self-extinguishing in VFT and wash durability for at least
50 laundry cycles [30]. However, with the Pyrovatex® process, it is challenging to satisfy
multifunctional FR and 100% bacteria reduction because antimicrobial compounds should
leach the fabric to be effective against bacteria, which means they should not be covalently
bonded to cellulose [58,62]. It means that satisfying flame retardancy of cotton achieved by the
Pyrovatex® process diminishes or nullifies satisfying antimicrobial properties.

LbL deposition as an alternative, until now lab scale technique, has shown many advantages
over the current Pyrovatex® process in terms of reducing chemicals, reducing energy used for
the process, minimal influence on mechanical properties, and the possibility to use eco-friendly
chemicals. First, the LbL process requires only charged FR compounds in quantity lower than
10 wt% and optionally charged primer polyelectrolyte for better adhesion of FR compounds
(typically 1 wt%). Magovac et al. reported that 5 wt% BPEI as a primer, 2 wt% of phytic acid
(PA), 0.5 wt% of chitosan (CH), and 10 wt% of urea (U) were sufficient to self-extinguish
cotton fabric in VFT [70,76]. FR compounds used for LbL deposition are long-chain organic
polymers, short-chain organic molecules, colloid dispersion of inorganic nanoparticles based
on existing commercial organophosphorus FRs (and antimicrobial compounds) such as urea,
melamines and their derivates, and ammonium polyphosphate (APP), silica, but also alternative
green compounds from renewable sources such as chitosan and its derivates, phytic acid salts,

DNA, eggs/white proteins, alginates, clay, silica nanoparticles, and silica compounds. LbL
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deposition and the Pyrovatex® process require desized, scoured, and chemically bleached
cotton of negative charge. The number of steps required for LbL deposition depends on the type
of chemicals used in the process, the number of layers, the required functionality of cotton
fabric (FR, antibacterial etc.), additional sonication, additional drying, or curing, but the process
itself is performed at room temperature. Formaldehyde emission during the process or product
life cycle is unknown, but there is expected to be no emission due to low-temperature process
steps and no curing. Data on break strength and eclongation of cotton treated with FR (and
antibacterial agents) by means of LbL deposition are very limited, but authors reported no
influence on the break strength or the break strength was in the range + 10% [71]; the break
strength increased up to 10% [87], the elongation break increased for 71.6% [88], the break
strength decreased for 12% [89], the break strength decreased for 14% [90]. Dry add-ons of
fabric depend on the chemical used, but it is reported to be 5.4-39.1% for LbL-coated cotton
(Tables 6 and 9). Magovac et al. reported that only ~ 18% add-ons of cotton fabric (consisting
of phytic acid, chitosan, urea, and deposited by LbL deposition) were sufficient to self-
extinguish in VFT, which is 2-7% lower than Pyrovatex® add-on [70,76]. Furthermore, by
means of LbL deposition, it is possible to achieve multifunctionality of cotton such as FR,
water/oil repellents, antistatic-, UV- protective-, wrinkle-resistant-, conductive- and
antibacterial properties. For organophosphorus FRs to be effective, phosphorus content should
be between 1.9 and 2.0% for cotton treated by means of the Pyrovatex® process and LbL
deposition [30,91]. Table 1 presents a brief comparison of Pyrovatex® treatment and LbL

deposition.

Table 1: Comparison of novel LbL deposition with commercial Pyrovatex CP® treatment

LbL deposition (lab scale)* [70,76] Pyrovatex CP® treatment (industrial scale,
standard recipe)

Pre-treatment: desizing, scouring, bleaching Pre-treatment: desizing, scouring, bleaching
A typical recipe of chemical compounds: A typical recipe of chemical compounds**:

e primer (BPEI) - 50 g/l e N-methylol dialkyl

e  chitosan (CH) - 5 g/l phosphonopropionamides — 280 g/l

e urea(U)-100 g/l e melamine resin - 35 g/l

*  phytic acid sodium salt hydrate (PA) — 20 o acid catalyst — 20 g/l

g/l e wetting agent — 1.25 g/l

o (CuSOy4 x 5H>O (optional), 20 g/l e softener — 25 g/l

e deionized water (DI) as a solvent e distilled water as a solvent [30,92]
Series of process steps: Series of process steps:
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1. immersing into bath 0 with BPEI at room
temperature

2. rinsing in bath 1 with DI (to remove any
physically entangled or loosely bound
polyelectrolyte) at room temperature

3. immersing into bath 2 with PA at room
temperature

4. rinsing in bath 3 with DI (to remove any
physically entangled or loosely bound
polyelectrolyte) at room temperature

5. immersing into bath 4 with CH-U at room
temperature

6. rinsing in bath 5 with DI at room
temperature

7. repeating steps 3—6 until the desired number
of bilayers (10 to 12)

8. drying in the oven at 80 °C for 24 h

1. immersing into a bath with chemical
compounds/padding

2. drying in stenter owen at 130 °C

3. curing in baker at 150 °C, 4.5 min; or
stenter 170 °C, 1 min

4, neutralizing in caustic soda and soda ash at
3045 °C to remove all residual phosphoric
acid catalyst, uncross-linked
phosphonamide, and some surface cross-
linked polymer

5. atleast 5 cycles of washing in water at 60—
90 °C

6. drying in stenter at 110 °C [30]

No wash durability

Wash durability: over 50 wash cycles at 75 °C in the
absence of bleach [30]

Compatibility with antibacterial compounds to

achieve multifunctionality (CuSO4 x SH>0)

Compatibility with water/oil repellent finishes

achieving multifunctionality [30,92]

Possibility to achieve commercial FR (and
antimicrobial) cotton requirements such as LOI =
28%, self-extinguishing in VFT, 100% bacteria

reduction

Difficult to achieve multifunctional FR and
antibacterial requirements at the same time at an

industrial scale [58,62]

Add-ons of fabric ~ 17.3-19.0%

Add-ons of fabric: 20-25% [85]

*all values are expressed as g/l instead of wt% for easier comparison

*#for home textiles, LOI=28%

Despite many advantages of LbL deposition as alternative functionalization of FR cotton, there
have been many technological drawbacks to improving the full commercialization of the
process, as shown in Table 2.

The first drawback is poor durability, as reported in only a few studies. Zhang et al. reported
only electromagnetic interference shielding ability after performing home laundering cycles
according to GB/T 17595-1998. No results of HFT of washed-treated cotton fabrics were
reported [88]. Pan et al. subjected LbL-treated genipin crosslinked FR cotton fabric to home
laundering cycles according to GB/T 17595-1998, but washed samples did not pass HFT [93].

Lin et al. immersed LbL-treated FR/superhydrophobic cotton into an aqueous HCl solution with
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a pH of 2 or an aqueous NaOH solution with a pH of 12 at 25 °C for 12 h to measure acid/alkali
resistance. The treated cotton retained hydrophobic properties, but there is no report on
flammability [94]. Xue at al. subjected FR, superhydrophobic, and conductive LbL-treated
cotton fabrics to home laundering according to AATCC Test Method 61-2003. Again, the
treated cotton retained hydrophobic properties, but there is no report on flammability [95].
However, Grunlan et al. managed to achieve laundering durability of polyester-cotton fabric
after five home launderings with detergent with a stable polyelectrolyte complex of
poly(allylamine) and polyphosphate LbL coating in buffer solution [96].

The second negative drawback to overcome is the high number of immersion steps (dipping —
rinsing) to build the number of layers required for a commercial level of flame retardancy. For
30 BL of chitosan (CH, 0.5 wt%, pH 4) and phytic acid (PA, 2 wt%, pH 4), the LbL deposition
process took around 10 hours in lab scale by hand immersing, squeezing, rinsing in water,
squeezing and around one night for drying at 80 °C in the oven [97]. The third problem was
how to control the degree of contamination of polyelectrolytes due to the large number of
immersing/rinsing steps of the same material in the same baths. To reduce the number of steps,
the original recipe should be optimized by adding other chemicals, such as urea [76], or rinsing
in appropriate polyelectrolyte solutions instead of deionized water [98]. The sixth problem of
biobased chemicals such as PA solution is its tendency to be spoiled by microorganisms after
2-3 days. To make LbL deposition feasible at the industrial level, new large-scale robotic
production lines should be constructed, which require high investments. The potential producer
integrating the LbL process should also be aware of difficulties in purchasing highly purified
and standardized eco-friendly chemicals from different suppliers. The more purified the
chemicals, the more expensive they are. SWOT analysis of LbL deposition is shown in Table

2.

Table 2: SWOT analysis of LbL deposition

Internal Strengths Weaknesses

origin

Pre-treatment of cotton fabric is the same as | Poor or no wash durability — additional

for Pyrovatex® treatment (desizing, curing at higher temperatures or post-
scouring, bleaching) treatment in citric buffer solution to form an
Low concentrations of FR (and insoluble complex is required to achieve

antibacterial) compounds (polyelectrolytes) | wash durability
<100 g/1* High water consumption (series of water

baths tor electrolyte solutions and rinsing)

36



Eva Magovac: Flame Retardant Surface Modification of Cotton Textiles Using Layer-by-Layer Deposition

Temperature range: from ambient
temperature — to 100 °C

Use of deionized water as a solvent for
polyelectrolyte or for rinsing the fabrics
Minimal influence on mechanical properties
Possibility to achieve required (FR and
antimicrobial) effectiveness on the cotton

substrate prior to washing

Time-consuming due to the high number of
immersing/rinsing steps

Difficulties in controlling parameters
influencing layers growth (pH)
Construction of new large-scale robotic

production lines requires high initial costs

External

origin

Opportunities

Threats

Possibility to use eco-friendly chemicals
from renewable and mineral sources such as
chitosan and its derivates, phytic acid salts,
DNA, eggs/white proteins, alginates, clay,

silica compounds

Difficulties in purchasing highly purified
and standardized eco-friendly chemicals
from different suppliers;

Chemicals from animal/plant-based sources

are easily spoiled and could be expensive for

large-scale industrial production, causing

possible high costs for the end product

* all values are expressed as g/l instead of wt% for easier comparison

4.2. Flame retardant (FR) cotton materials

The first part of the discussion deals with the technological advantages and disadvantages of
LbL deposition as FR functionalization of cotton, emphasizing the ability to pass the VFT,
possess satisfying mechanical properties, and wash durability of LbL FR nanocoating. In the
second part of the discussion, the emphasis 1s on chemicals used for LbL deposition and their
influence on the thermal behavior of LbL FR coated cotton fabrics measured by limiting oxygen
index (LOI), microscale combustion calorimeter (MCC), cone calorimeter (CC),
thermogravimetric analyzer (TGA) and evolved gas analysis by TG-IR. According to Table 6,
chemicals and their combination used to reduce the flammability of cotton by means of LbL
deposition can be divided into six groups:
1. organic polyelectrolytes such as polyethyleneimines (PEIs) and poly(vinylamine)
(PVAm), poly(acrylic acid) (PAA);
2. urea (U) and urea-based compounds such as melamine (ME), sulfonated melamine-
formaldehyde (SMF), p-aminobenzene sulphonic acid-modified melamine (AMM);
3. inorganic salts based on polyphosphoric acids (PPA), such as ammonium polyphosphate

(APP) and sodium hexametaphosphate (PSP);
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4. metal salts such as barium chloride (BaClz), cobalt acetate tetrahydrate (C4HsO4Co x
4H20), nickel acetate tetrahydrate (C4HsO4Ni x 4H20);

5. quaternary ammonium salts such as polydiallyldimethylammonium chloride (PDAC);

6. colloidal suspensions of nanoparticles: silanes for sol-gel reactions such as 3-
aminopropyl triethoxysilane (APTES), nanoclays such as hydrotalcite (HT), sodium
montmorillonite (MMT) and graphene nanoplatelets (GNP);

7. biopolymers and biomolecules such as poly(vinyl alcohol) (PVA); poly(4-
styrenesulfonic acid) (PSS); chitosan (CH) and its derivates such as hypophosphorous
acid-modified chitosan (HACH); alginates (ALG) such as sodium and potassium
alginates; biobased cationic starch (CS); phytates such as myo-inositol hexaphosphate
(PA); deoxyribonucleic acid (DNA) and eggs white protein;

8. other excipients such as organic tris(hydroxymethyl)aminomethane (THAM).

Polyethyleneimine (PEI)

Polyethyleneimine (PEI) is a viscous, highly charged, water-soluble cationic polymer rich in
nitrogen in linear and branched shapes. Linear PEI (Figure 20) possesses primary and secondary
amino groups, whereas branched PEI (Figure 21) additionally possesses tertiary amino groups
[99]. The cationic charge of PEI is enabled by protonated amino groups (NH', NH2', NH3"),
which strongly interact with negatively charged species [100]. The protonation degree of PEI
varies with different environmental pH [101]. Due to its positive charge, PEI is used as a carrier
for gene delivery treatment since it interferes with negatively charged cell membranes and
reacts with the DNA [99]. The ability of PEI to enter cell membranes easily is also used to
prepare bioactive coatings that kill bacteria upon contact [102]. As a nitrogen-rich and
positively charged polymer, PEI is used for LbL deposition as a primer layer for better adhesion
of oppositely charged layer on cotton [76], but also as an alternative for commercial
organophosphorus flame retardants if combined with phosphorus species [88]. Despite the
safety data sheet statement that PEI “contains no components considered to be either persistent,
bioaccumulative and toxic (PBT), or very persistent and very bioaccumulative (vPvB) at levels
of 0.1% or higher and does not contain components considered to have endocrine disrupting
properties according to REACH Article 57(f) or Commission Delegated regulation (EU)
2017/2100 or Commission Regulation (EU) 2018/605 at levels of 0.1% or higher” [103], PEI

could, however, induce acute brane toxicity, especially PEI with larger molecular weight and
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more branching of the macromolecule [99]. PEI is unfortunately not considered biodegradable

[103].
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Figure 20: Structural formula of linear PEI [104]
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Figure 21: Structural formula of branched PEI [103]

If (B)PEI is used as a primer layer for LbL coating of cotton, it acts as a positively charged
bridge between negatively charged functional groups of cotton cellulose and negatively charged
second layer of other polyelectrolytes [70,76,90,91,98]. In that context, their nitrogen functional
groups do not influence the overall reduced flammability of cotton, and it is not expected to
influence antibacterial activity.

As a primer polyelectrolyte, BPEI is prepared in a concentration of < 5 wt% and at pH neutral
environment, where N, NH, and NH: groups become protonated and highly attracted by
negatively charged functional groups of cellulose as well as other anionic polyelectrolytes
[101]. It is believed that nitrogen functional groups in BPEI interact with -OH functional groups
in cellulose by weak electrostatic H-bonds in LbL assemblies [105].

BPEI however, can also act synergistically with phosphorus (P) rich compounds in cotton FR
systems due to high nitrogen content (N), so it can also be used as a cation counterpart of
bilayering. BPEI (0.1 wt%, pH 10) has been used as a cation counterpart of anionic nanoclay
montmorillonite (MMT) dispersion (1 wt%, pH 10) to deposit 5 and 10 BL of cotton. Even
though none of the coated cotton samples passed VFT, the study revealed that LbL coating
neither significantly improves nor harms the mechanical strength of the fabric. The study also
showed that as the number of layers increase (so as the amount of FR compounds), the

flammability of cotton decreases. Reduced flammability means more char left after performing
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TG and MCC measurements and reduced pHRR and THR rates. More layers also means more
FR add-ons on cotton fabric [71].

PEI has been used for preparing 1 wt% cationic sol with silica nanoparticles (S102) at pH 5 and
combined with 2 wt% anionic phytic acid (PA) solution at pH 6 to reduce the flammability of
cotton. The resulting 2-bilayer (BL) LbL coated fabric (add-on 11.3%) self-extinguished in
VFT with a limiting oxygen index (LOI) value of 26%. Unfortunately, the authors did not
present a cone calorimeter or TGA data of 2 BL coatings. However, they mentioned that pHRR
rates (kW/m2) of 7 BL were 75% lower and THR values 52% lower than untreated cotton. The
author also stated that the char residue at 600 °C was 40.7% after heating in TG under a nitrogen
atmosphere.

LbL coating consisting of PEI-Si02/PA generates intumescent (bubbling) char (SEM images)
consisting of carbon (C), nitrogen (N), oxygen (O), silicon (Si), and phosphorus (P) according
to EDS analysis [106]. To reduce the number of BL required to achieve the same VFT
performance, PA was replaced with polyphosphoric acid (PPA), and the concentrations of
polyelectrolytes solution were doubled (2% PEI-Si0> and 4 wt% PPA) under the same pH. The
results showed that only 1 BL with the add-on of 23.4% of PEI — SiO2/PPA self-extinguished
the cotton flame in VFT with LOI values of 29.6%. TG data in nitrogen showed 44% of char
left at 600 °C under nitrogen [89]. However, it is unclear whether the reduction of the number
of BL (from 2 to 1 BL) with the same FR performance came from different types of phosphorus-
rich chemicals (PA vs. PAA), from the double increase in polyelectrolyte concentrations or
from the increased immersion time (from 1 min to 20 min) in each electrolyte, or the
combination of both.

PEI ( 0.5 wt%) can be combined with melamine (ME, 2 wt%) in a cationic solution at pH 4 and
anionic PA solution (3 wt%, pH 4) to form 4 BL deposited cotton able to pass VFT. The cone
calorimeter data showed a pHRR reduction of 59% and a THR reduction of 24% compared to
untreated cotton with only 5.1% of an add-on. The percent of char left after heating in TG in
the air was 7.8% at 600 °C [107].

Zhang et al. successfully reduced the flammability of cotton by combining solely PEI (0.5 wt%,
pH 9.2) and PA (2 wt%, pH 4) in 8 BL (add-on 24.2%). Coated cotton passed VFT with the
exceptional LOI value of 37% and reduced cone calorimeter values (pHRR reduced by 38%
and THR reduced by 22%). That was the only study dealing with evolved gas products
generated by heating in the air in TGA, which showed that FR coating reduced the release of a
toxic gas for cotton during the initial thermal degradation process (CO2, CO, aliphatic esters)

relative to untreated cotton [88]. I 0.5 wt% PEI is combined with 0.3 wt% of hypophosphorous
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acid-modified chitosan (HACH) to form 10 BL, it forms a very efficient FR able to pass
horizontal flammability test (HFT) with only 12.1% add-on. The coating reduced the pHRR by
73% and the THR value by 80%. Unfortunately, the coating was non-wash durable even after
the crosslinking [93]. The structural formula of HACH is shown in Figure 22 [108].
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Figure 22: Structural formula of HACH [108]

If PEI is not used in synergy with P compounds, it is useless in the sense of flame retardancy,
even if combined with metal salts and sodium alginate as a natural metal chelating agent [109].
Another synthetic, highly charged water-soluble cationic polymer rich in N with the highest
content of primary amine functional groups of any polymer is poly(vinylamine) (PVAm).
Depending on pH, it strongly interacts with negatively charged species due to protonated amino
groups (NH3+). The structural formula of PVAm is shown in Figure 23 [110]. The PVAm
properties and applications as an interfacial agent are compared to those of linear PEI,

polyallylamine (PAAm), and chitosan (CH) [111].
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Figure 23: Structural formula of PVAm [110]

The properties of PVAm as an N-P FR agent were investigated by Zilke et al., who successfully
LbL deposited cotton with 15 BL (add-on 18.8%) of anionic PA solution (5 wt%, ph 0.7) and
cationic PV Am solution (5 wt%, pH 8.7). The resulting fabric passed VFT with reduced MCC
values (pHRR for 80% and THR for 61%) and the amount of char after performing MCC of
32.3%. The gases generated by heating in TG (nitrogen atmosphere) were toxic acrolein (1735
cm™ and 1710 cm™), formaldehyde (1735 cm™ and 2800 cm™), CO; (2349 cm™), water (1500
cm™), carbon monoxide (2171 ecm™) and methanol (1070 cm™). The study also revealed that

the molar ratio of P/N for effective FR should be 3:5 or 2.0 wt% of P and 1.4 wt% of N [91].
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To conclude, (B)PEI and PVAm proved to be very efficient nitrogen-rich polyelectrolytes that
easily bind negatively charged -OH functional groups of cellulose (H-bonds) and, combined
with phosphorous-rich compounds, form an efficient FR system. As can be seen from Table 3,
(B)PEI/PVA has been used with SiO> nanoparticles or ME to form cationic sol for further
hybrid LbL deposition with phosphorus-rich anionic polyelectrolytes such as PA and PPA
[89,106,107], but also alone with anionic polyelectrolyte such as nano clays (MMT) [71] and
biomolecules (PA, SA, HACH) [88,91,93,109]. Despite being declared biocompatible and used
mainly as a carrier for gene-drug, they are not considered biodegradable. For safety reasons,
they should be used as little as possible. It should be mainly used as a primer (or a bridge)
between negatively charged cotton surfaces and other negatively charged compounds for better
adhesion. The (B)PEI and PVAm properties and applications as interfacial agents are compared
to those of chitosan (CH) so that wherever it is possible, CH should be used instead of (B)PEI
and PVAm [111].

Sodium montmorillonite

Sodium montmorillonite (MMT) belongs to a smectite group of naturally occurring cationic
nano clays insoluble in water with the structural formula shown in Figure 24 [112]. Its layered
structure (ca. 1 nm in thickness) consists of stacked layers, and each layer is composed of two
0-8Si-0 tetrahedral sheets sandwiching one O-Al (Mg)-O octahedral sheet (ca. 100 nm x 100
nm in width and length). Due to the isomorphous substitution, the layer is positively charged,
and then cations are positioned in the interlayered space of metal (M) cations. Neighboring
layers are held together by van der Waals force and electrostatic force to form the primary metal
particles of M [113]. As MMT is a hydrophilic material, its compatibility with most organic
polymers is very poor [114].
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Figure 24: Lavered structure of MMT [112]

The potential of MMT as an efficient FR for LbL deposition of cotton has been used in several
studies, where MMT was coupled with positively charged polyelectrolytes such as BPEI [71]
and bio-based cationic starch (CS) [72] in a simple LbL assembly. The results are, however,
unsatisfactory. Anionic MMT dispersion (1 wt%, pH 10) and BPEI solution ( 0.1 wt%, pH 10)
have been used to deposit 10 BL of cotton, but the coated sample did not pass VFT despite
reduced THR values for 20% compared to untreated cotton [71]. Another study combined 1
wt% dispersion of anionic MMT with 1 wt% bio-based cationic starch (CS) solution. Even 20
BL of CS/MMT coating on cotton did not pass VFT with a reduced pHRR value of 21.3% and
a THR value of 14.7% [72]. CS is obtained by attaching positively charged groups to the
carbohydrate backbone, such as ammonium from quaternary ammonium salt, and it is mainly
used in the paper industry or as a warp-sizing agent in the textile industry [115]. To achieve
appropriate flame retardancy of cotton, MMT should be combined with P-N-rich compounds
such as ammonium polyphosphate (APP) and acrylate polyurethane (PU) in very complex
nanocomposites, which then can serve to form anionic dispersions for layering with cationic
polyelectrolytes such as BPEI [116]. As can be seen from previous studies, PEI was combined
with metal salts [109] as well as nano clays such as MMT [71] to reduce the flammability of
cotton, but the studies also confirm that PEI is not efficient if not combined with phosphorus-

rich compounds such as PA [88,106,107], PPA [89] and HACH [93].
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Phytic acid salts

Phytic acid (PA) salts are easily obtained phosphorus-rich (~ 28% Mw) chelating agents from
plant/seed sources (e.g., legumes, cereals, oilseeds, pollens, and nuts) with high absorption of
multivalent metals such as Fe**, Zn**, and Ca*' forming insoluble complexes [117]. Salts are
also used as food additives, so their use is safe [118]. Since PA easily interacts with minerals
and trace elements in the gastro-intestinal chyme, it inhibits the absorption of essential trace
elements and minerals, which may lead to Fe®', Zn*', and Ca*" deficiencies due to the fact that
humans lack the enzyme needed to break down PA to obtain phosphorus [119]. The structural

formula of sodium phytate is shown in Figure 25 [120].
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Figure 25: Structural formula of P4 [120]

It consists of six phosphate groups and twelve -OH groups that can promote charing during the
combustion of carbon-rich polymers such as cellulose, so it can be used as an alternative
phosphorus-rich FR with a known mode of action. By adding PA and its derivates into FR
finishes for cotton, PA forms acidic intermediates by phosphorylation of cellulose acting as a
catalyzer, which further dehydrates forming char and releases water at the same time [121]. As
an anionic compound, PA has been used as a polyelectrolyte for LbL deposition. In fact, the
majority of studies regarding cotton flame retardancy by means of LbL deposition use PA, as
presented in Table 3. Laufer et al. were the first to study the potential of PA in cotton flame
retardancy obtained by LbL assembly. They study the influence of different pH of PA and
chitosan (CH) solutions on film growth and overall flame retardancy. PA (2 wt%) and CH (0.5
wt%) were coupled as an anionic and a cationic counterpart and BPEI as a primer (1 wt%). As
a result, 30 bilayers (BL) of PA-CH created at pH 6 were thicker and had 48 wt% PA in the

coating, while the thinnest films with a PA content of 66 wt% were created at pH 4. Cotton
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fabric treated at pH 4 passed VFT with an add-on of 16%. MCC data showed the pHRR and
THR reduction of 62% and 77% and char of 41.7% [122]. The influence of pH, the
concentration of polyelectrolytes, ionic strength, temperature, macromolecular structure, and
charge density on layers growth has been studied intensively, but the behavior of polymers
deposited depends rather on the type of polymers used. There is no general rule that could be
applied to all types and combinations of polyelectrolytes. The increase in multilayer thickness
can be cither lincar or exponential [123]. In an effort to reduce the number of necessary steps
in the LbL process with the same or enhanced FR performance of Laufer et al. was a starting
point [122], Magovac et al. introduced urea, a nitrogen-rich compound into cationic CH solution
to form LbL assembly with anionic PA [76]. Urea (U) is a colorless, non-toxic, and naturally
occurring nitrogen-containing molecule soluble in water produced by the protein metabolism
of mammals but has been synthetized from ammonia and carbon dioxide for over a century
[124]. It is a raw material used mostly for the production of agricultural fertilizers as well as for
urea-melamine-formaldehyde resins and flame retardants. Its structural formula is shown in
Figure 26 [125].
i

C
HoaN""" NH,

Figure 26: Structural formula of U [125]

Adding U (10 wt%) to cationic CH solution (0.5 wt%) at pH 4 makes it possible to reduce the
number of BL in PA/CH assembly from 30 to 10 with the add-on of only 17.3%. Coated cotton
fabric passed VFT with an LOI value of 28%. The MCC data showed pHRR and THR
reductions of 59.5 and 70.3% relative to untreated cotton and char of 32.6%. According to TG
analysis performed in the air from 50 to 650 °C (30 °C/min, flow rate: 30 ml/min), there are
two major weight losses at 334 °C (T)) and 604 °C (T:), where 10 BL sample loses 37 and 79%
of its original weight. At 650 °C, char yield is ~ 15% [76]. Figure 27 compares TGA curves of
30 BL of PA/CH and 10 BL of PA/CH-U coated samples compared to untreated cotton

(control).
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Figure 27: TG curves of untreated cotton and cotton samples treated with 10 BL of PA/CH-U and 30 BL of
PA/CH

Usually, the decomposition of cellulose is a two-step process. The first weight loss starts
between 50 and 100 °C due to the evaporation of moisture. The first decomposition stage begins
between 250 and 400 °C, with dehydration and depolymerization of polymer chains of
cellulose. At this stage (T1), cellulose loses 95% of its weight, generating non-flammable gases
such as carbon dioxide (CO2) and water (H20) and flammable gases such as carbon monoxide
(CO), methane (CHa), aldehydes (C=0), carboxylic acid esters (C-O-C), levoglucosane and
primary char [126]. The second decomposition stage starts between 500 and 650 °C with its
maximum at Tz, where levoglucosane produces flammable gases such as CO and secondary
char [127]. Above 800 °C, all organic compounds burn out, leaving only inorganic char [128].
Shafizadeh et al. stated that the type of gas products generated by heating cellulose is not
atmosphere (Nz or air) dependent [126]. Benitez-Guerrero et al. [129], however, did not find
CH4 in IR gas spectra of cellulose heated in the air, which differs from Horrocks et. [130], who
found CHa. According to the literature, TG-IR gas analysis of cellulose performed in an N>
atmosphere (flow rate 40 ml/min) at 30 °C to 750 °C at different heating rates at ~ 400 °C
showed mainly the presence of H>0, CHa, COs, CO, and other compounds with the functional

groups such as C=0, C=C, C-O-C/C-C as presented in Figure 28 [131].
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Figure 28: TG-IR evolved gas analysis of cellulose in N> [131]

Magovac et al. [70] showed that by heating cellulose from 50 to 850 °C at rate of 30 °C/min in
the air (flow rate 20 ml/min) the main gas products at ~ 396 °C are H,O, CH4+/CH3OH, CO>,
CO, formaldehydes and highly flammable levoglucosan, which is in accordance with Horrocks
et. [130]. However, the peak of ethen at 950 cm! and acetylene at 720 cm™! is not found, not
because they do not exist, but because they might be overlapped with other spectra such as H»O.
As seen in Figure 29, between 3800 cm™ and 3500 cm™! lie characteristic peaks of medium
stretching vibrations of O-H bonds in a molecule of H20 or alcohol [132]. C-H stretching of
CH4 or CH3OH lies between 3000 cm™ and 2750 cm™ [133]. The strong antisymmetric
stretching and rotational bands from the R branch of the C=O bonds in COz lie between 2450
cm™ and 2300 cm™' [134]. Double peaks at 2172 cm™ and 2112 cm™' represent the stretching
vibrations of C=0 molecules of CO [133]. The C=0 stretching vibration of aliphatic aldehyde
(formaldehyde) lies at 1744 cm™. At 1182 cm™ lies strong C-O-C stretching of formic acid ester
[135]. A very sharp peak at 1062 cm™ can be assigned to levoglucosan (C-O-C), which is the
compound responsible for the high flammability of cellulose [130]. At 668 cm™, there is a very
sharp peak of weak bending vibrations from the Q branch of the C=0 bonds from CO: [134].
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Figure 29: TG-IR spectra of evolved gases of cellulose at the first decomposition stage ~ 396 °C [70]

At ~ 578 °C, TG-IR spectra of cellulose consist of H2O or CH;OH (between 3800 cm™ and
3500 cm™), CO: (between 2450 cm™ and 2300 cm™, and a peak at 668 cm™), CO (double peaks
at2181 cm™ and 2107 cm'™"), and levoglucosan (at 1062 cm™) as shown in Figure 30 [70]. Peaks
between 3800 cm™ and 3500 cm™ at 578 °C are more likely part of the background noise of the
TG-IR interface than H-O generated from cellulose.
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Figure 30: TG-IR spectra of evolved gases of cellulose at the second decomposition stage ~ 578 °C [70]

Absorbance peak values with corresponding wavelengths (cm™) of evolved gases of untreated
cotton at the first and the second decomposition stages are presented in a separate table (Table

3) due to better visibility.

Table 3: Summary of TG-IR analysis of untreated cotton at 396 and 578 °C

Temperature (°C)
396 578
Functional Covglent. bonds WavelcngEH range e Akis o e
groups vibrations (em™)
R-OH st O-H 3800-3500 3750 0.62 3746 0.60
2978 0.86
-CH; st C-H 3000-2750
2815 0.80
2366 1.20
CO2 st C=0 2450-2300
2302 1.40
2172 0.57 2181 0.58
co st C=0 2300-2100
2112 0.55 2108 0.53
CHeO 5t C=0 17401720 1744 148 | 1718 | 049
formaldehyde
Ester of formic 2 j
acid HCOOCH: st C-0-C 1210-1160 1182 1.01 / /
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16\,{;2;(5;5311 st C-O-C (asym) 1310-1000 1063 1.45 1061 0.54
COs d C=0 668 667 1.10 667 1.14

Chemical interaction between the FR agent and cellulose molecules occurs by adding
phosphorus (P) based FR on the cellulose surface at temperatures lower than those of the
pyrolytic decomposition of cellulose. P species phosphorylate the cellulose with the release of
H20, which further leads to dehydration, cross-linking, and char formation, as presented in
Figure 31. Thermally stable char coats the polymer surface, acting as a shield, which prevents
further burning and smoldering of the polymer. At temperatures above 600 °C, char undergoes
oxidation, but a phosphorus compound in char inhibits the complete oxidation of carbon to CO»
[136].
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Figure 31: Mode of action of phosphorus flame retardants [136]

Phosphorus-based FRs reach their maximum efficiency if combined with nitrogen (N)
compounds, forming so-called N-P synergism [137]. Compounds rich in N release nitrogen,
which binds to high energy free radicals in oxidation, generating non-flammable gases such as
NO and NOz, which suppress the flame, but covalent bonds between N and P in
organophosphorus FRs are thermally much more stable than those between P and oxygen in
phosphorus-based FRs, which makes the reaction of phosphorylation easier [19,20,138]. The
reaction is accompanied by bubbling structures (the intumescent char) formed on the charring

surface of treated polymers during combustion. This bubbling effect is caused by the release of
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non-flammable gases [13]. The intumescent char protects fabrics from flame, while H>O cools
down the system by removing heat from the fire. By adding N-based compounds into PA based
FR system, such as urea (U) at 120 °C, N-P intermediates are generated with the release of CO»,
as shown in Figure 32a. At ~ 170 °C, these N-P intermediates react with cellulose, as shown in

Figure 32b [139].
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Figure 32: A possible reaction between a) PA and U b) PA-U intermediate and cellulose [139]

By further heating at temperatures below the decomposition temperature of untreated cellulose
(350-400 °C), N-P cellulose derivates undergo the phosphorylation reaction with acidic
intermediates from P-N compounds, which further dehydratize into char with the release of
non-flammable gases such as H>O, NO, and NO2, which dilute oxygen in the air, thus
suppressing the flame.

Magovac et al. research [70] shows that by applying 12 BL of PA/CH-U FR finishes onto
cotton, the decomposition temperature starts at ~ 300 °C, which is ~ 50 °C lower than untreated
cotton and reaches its maximum at ~ 327 °C. TG-IR spectra of evolved gases of 12 PA/CH-U
treated cotton at the first decomposition stage show several characteristic groups of peaks
(Figure 33), while the absorbance values at the first decomposition stages of untreated and 12
BL PA/CH-U treated cotton are given in Table 4.

Between 3800 cm™ and 3500 cm™ lie the medium stretching vibrations of O-H bonds in a

molecule of H20 or alcohol [132]. Between 3000 cm™! and 2750 cm™! lies the C-H stretching of
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CH4 or CH3OH [133]. Characteristic peaks between 2450 cm™' and 2300 cm™ belong to the
strong antisymmetric stretching and rotational bands from the R branch of the C=0 bonds in
CO>[134]. Double peaks at 2172 cm™ and 2112 cm! represent the stretching vibrations of C=0
molecules of CO [133]. A peak at 1744 cm’' matches the C=O stretching vibration of
formaldehyde [135].

At 1510 em™, a peak matches the deformation vibrations of CNH bonds in 5-ring imides (the
region between 1510-1500 cm™) [140]. The peak at 1182 ¢m™ represents stretching vibrations
of C-O-C of ester of formic acid, while the peak at 1106 cm™ belongs to asymmetric stretching
of C-O-C bonds in ether [141]. No levoglucosan is found at 1063 cm™.

At 902 cm™, a peak matches the stretching vibrations of CH in cycloalkanes (the region between
920 and 880 cm™) [142]. PH2 wagging of the R-PH compound has been found in the region
between 840 and 810 cm™' (peak at 828 cm™') [143]. Treated cotton shows two peaks at 742 cm’
I'and 702 cm™!, probably due to NH bond wagging [144]. A very sharp peak at 668 cm™ belongs
to weak bending vibrations from the Q branch of the C=0 bonds from CO;. Other compounds
may exist, but their spectra are overlapped with H>O and CO»[145]. Other compounds, such as
hydrogen cyanide (HCN) at the spectral range between 706 and 716 ¢cm™ and nitrogen dioxide
(NO;) at the spectra range between 1545 and 1659 cm™> may exist, but they are overlapped with
spectra of other compounds [146,147].

Comparing the results in Table 3, untreated cotton produces more flammable gases such as
CH4/CH;0H while heating relative to PA/CH-U cotton. This is visible through reduced
absorbance values of st C-H vibrations of 0.86 and 0.80 for untreated cotton and 0.60 and 0.68
for cotton treated with 12 BL PA/CH-U. Treated cotton generates fewer aliphatic aldehydes
(Abs of st C=0O vibrations is 1.23) compared to untreated cotton (1.48) and shows no
levoglucosan at 1063 cm™', a compound responsible for the high flammability of cellulose [70].
However, gas products of treated cotton contain R-NH and R-PH compounds, which may
oxidize to NOx and POx state acting in the gas phase. However, Magovac et al. research [65]
shows that by applying 12 BL of PA/CH-U FR finishes onto cotton, the char increases at the
first decomposition stage from 43.6% for untreated cotton to 57.8% for treated cotton, which
means that even small fraction of FR N-P compounds might be trapped in char acting in the
condensed phase. For comparison IR spectra of gases generated by heating Pyrovatex® treated
cotton in the air show characteristic peaks of H20 (3728 and 3625 cm™), CH4 (3017 and 1305
cm™), CO2 (2359, 2342 and 670 cm™), CO (2173 and 2118 cm™), aldehydes (1700 and 1724
cm™), levoglucosan (1050 cm™), ethen (950 cm™) and acetylene (720 cm-") [130]. Other authors
found HCN (between 706 and 716 cm™) and NO> (between 1545 and 1659 cm™) [146,147].
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According to the literature, cotton treated with different FRs generates similar gas products, so
it is expected that durable/mon-durable N-P organophosphorus FRs such as ammonium
polyphosphate, diammonium phosphate or Pyrovatex® generate similar gas products with an

identical mode of action previously explained in the introduction part of thesis [ 148].
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Figure 33: TG-IR spectra of evolved gases of 12 BL. PA/CH-U treated cotton at ~ 339 °C

Table 4: Summary of TG-IR analysis of untreated cotton (control) at 396 and 12 BL PA/CH-U treated cotton at

339 °C
Temperature (°C)
Control 12 BL PA/CH-U
396 339
; Covalent :
Fulizt;o:al bonds ::;?:1(?1%_111; cm’! Abs cm’! Abs
BfOUD vibrations BELEL
R-OH, H-0 st O-H 3800-3500 3750 0.62 3750 0.53
: 2978 0.86 2974 0.60
-CHs st C-H 3000-2750
2815 0.80 2802 0.68
CO, st C=0 2450-2300 2302 1.40 2297 1.49
2172 0.57 2177 0.51
Cco st C=0 2300-2100
2112 0.55 2112 0.49

53



Eva Magovac: Flame Retardant Surface Modification of Cotton Textiles Using Layer-by-Layer Deposition

CILO st C=0 1740-1720 1744 1.48 1744 1.23
formaldehyde
Imides, 5-ring d CNH 1510-1500 / / 1510 0.64
Ester of formic
acid st C-O-C 1210-1160 1182 1.01 1182 0.63
HCOOCH;
R-O-R, ether 1175-1038 / / 1106 0.71
st C-O-C
-0- asym
R-O-R, (asym) 1310-1000 1063 1.45 / /
Levoglucosan
Cycloalkanes st CH 920-880 / / 902 0.53
R-PH wagging PH> 840-810 / / 828 0.46
compound
i B / / 742 0.52
Amines, R d N-H 850-700
NH>, R-NH / / 702 0.50
CO, dC=0 668 667 1.10 667 0.33

TG-IR spectra of evolved gases of 12 PA/CH-U treated cotton at ~ 636 °C show several
characteristic groups of peaks (Figure 34), while the absorbance values at the second
decomposition stages of untreated and 12 BL PA/CH-U treated cotton are given in Table 5. At
~ 636 °C, the IR spectra of gas products of 12 BL PA/CH-U treated cotton consists of H>O
(3800-3500 cm™), CO2 (2450-2300 cm™, sharp peak at ~ 668 cm™), CO (2181 em™ and 2108
cm™') as seen in Figure 34 and Table 5. It is unlikely that HoO is still generated at temperatures
above 600 °C, so the possible explanation could be the background noise.

Comparing the results in Table 5, untreated cotton produces more H2O while heating relative
to PA/CH-U cotton. This is visible through reduced absorbance values of st O-H vibrations of
0,60 for untreated cotton and 0.14 for cotton treated with 12 BL PA/CH-U. Secondly, treated
cotton generates more CO2 while heating (Abs of st C=0 vibrations 1.46) compared to untreated
cotton (1.20) and less CO (Abs of st C=0O vibrations 0.53 and 0.12) compared to untreated
cotton (0.58 and 0.15). Treated cotton shows no levoglucosan at 1063 ¢m™, a compound
responsible for the high flammability of cellulose. As expected, there is no levoglucosan at
1062 cm™, which means that even a small fraction of FR compounds decreases the amount of
levoglucosan responsible for the high flammability of cellulose, thus producing more post-burn

char [70].
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Figure 34: TG-IR spectra of evolved gases of PA/CH-U treated cotton at ~ 636 °C

Table 5: Summary of TG-IR analysis of untreated cotton (control) at 578 and 12 BL PA/CH-U treated cotton at
636 °C

Temperatures (°C)
Control 12 BL PA/CH-U
578 636
Functional Covalent bonds Wavelength range St T il Ak
aroups vibrations (cm™)
-OH, H.0 st O-H 3800-3500 3746 0.60 ! /
CO: st C=0 2450-2300 2366 1.20 2358 1.46
co 4 C=0 23002100 2181 0.58 2181 0.15
S E 2108 0.53 2108 | 0.12
ReLxR, st C-O-C (asym) 10001310 1061 0.54 / /
levoglucosan

o, dC-0 668 667 114 669 0.

Zhang et al. treated cotton with 8 BL of PEI/PA and found reduced emission of flammable
gases such as CH4/CH3;OH, CO, and aliphatic esters, as well as reduced emission of COz relative
to untreated cotton. Additionally, they found PO» and PO3 compounds at 1020 cm™, but it seems
that FR coating did not influence the amount of H>0 emitted from the sample [88]. Zilke at al.
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[91] analyzed IR spectra of volatile products of cotton treated with 15 BL of PA and
polyvinylamine (PVA) and found cis and trans C=0 stretching vibrations of a flammable and
toxic acrolein at 1735 ecm™ and 1710 em’!, the C=0 stretching vibrations of formaldehyde at
1735 cm’!, CH> stretching vibrations of formaldehyde at 2800 cm™, CO: (2349 ¢cm™), H20 (~
1500 cm™) and the stretching vibrations of CO at 2171 cm™. FR cotton generally produced less
flammable gases such as acrolein, formaldehyde, and CO but produced more CH;OH relative
to untreated cotton. At the same time, coated cotton generated more inflammable gases such as
CO: and H20.

All N-P LbL FR cellulose systems seem to generate more or less identical gas compounds at
the first decomposition stage (T1), regardless of FR agents used [130]. Li et al. [149] and Liu
et al. [150] stated less inflammable gases (functional groups C-H, CO, C=0, C-0O-C) and more
inflammable gases (H»0, CO:). Pan et al. stated less flammable gases (CO, carbonyl
compounds), no CH3OH, and more COz [151]. Chen at al. reported more flammable gases (C-
H, CO), less flammable gases (C=0, C-O-C), and the same amount of inflammable gases (H20,
CO»), but they also reported inflammable gases (-N-H, -P-O-H) relative to untreated cotton
[152]. Due to the detection limits of evolved gas analysis (EGA) by FTIR, other organic
compounds and P or N gas compounds generated during the combustion of FR cotton are
detectable only by use of the PY-GC-MS technique [153,154]. Zhu et al. found that pyrolysis
products of untreated cotton and cotton treated with organophosphorus FRs differ slightly in
type and the percentages of pyrolyzed products. While untreated cotton releases H,O and CO:
(CO), alcohols, aldehydes, ketones, furans, benzene, esters, ethers, levoglucosan and other
unidentified substances, FR-treated cotton does not release aldehydes and benzene and the
percentage of H>O and CO; (CO), furans, esters and other unknown substances 1s slightly
increased, while the percentage of ketons and ethers decreases. N compounds can also be
detected [155,156].

The post-burn char of 12 BL PA/CH-U treated cotton contains C, O, P, and N, along with
impurities in traces according to EDS analysis (Figure 35), which means that P and N trapped
C and block it from complete oxidation by generating charing shield on polymer surface in the
form of bubbling typical for intumescent FR (Figure 36b) [76]. TG-IR analysis of volatile
products (Table 4) and EDS analysis of post-burn char (Figure 35) prove that N-P-based FRs
act in a gas and condensed phase. SEM images of cotton surface layered with 12 BL PA/CH-U
show a paste-like coating structure, which means that LbL coating cannot give the coating

uniformity and equality (Figure 36a).
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Figure 35: EDS analysis of post-burn char of 12 BL PA/CH-U treated cotton
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Figure 36: SEM images of a) 12 BL PA/CH-U coated cotton b) post-burn char of 12 BL PA/CH-U coated cotton
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Other authors also used PA. Liu etal. [157] coated cotton fabric with fully biobased compounds,
eggs white protein (cationic solution), and anionic PA. 2BL coated cotton passed VFT with a
39.1% add-on. The cone calorimeter (CC) data showed pHRR and THR reduction of 23% and
63% relative to untreated cotton and 52.2% of char.

PA has also been used with 3-aminopropyl triethoxysilane (APTES), a cationic coupling agent
rich in N and silicon (Si), mainly used as a sol-gel precursor in the preparation of sol-gel
materials and coatings [158]. The chemical is not biodegradable [159]. The structural formula

of APTES is shown in Figure 37 [160].
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Figure 37: Structural formula of APTES [160]

Silanes generally generate high add-on coating (~ 33%) with PA at only 5 wt% colloidal
suspension at pH 3.4. 15 BL of APTES/PA coating on cotton reduced pHRR and THR values
by 9% and 17% with only 27.3% of char, according to CC data. Coated sample passed VFT
with an LOI value of 37%. Adding CH ( 1wt%, pH 3.5) into the system as 15 QL
(APTES/PA/CH/PA) on cotton, pHRR, and THR values were reduced for 82 and 66% with the
char yield of 37%.

Among the lowest add-ons sufficient for cotton to pass VFT were achieved using ME or
sulfonated melamine formaldehyde (SMF), which are all urea-based derivates. Sulfonated
melamine formaldehyde (SMF) is a water-miscible anionic polymer used as a plasticizer in
concrete admixtures to increase the fluidity, mechanical strength, and resistance to
environments with the structural formula shown in Figure 38 [161]. According to the safety
data sheet, due to formaldehyde content, SMF may cause eye and skin irritation and is

considered carcinogenic [161,162].
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Figure 38: Structural formula of SMF [161]
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If anionic PA solution (3 wt%, pH 4) is combined with cationic PEI (0.5 wt%) and ME (2 wt%)
solution at pH 4 to form 4 BL deposited cotton, the add-on of only 5.1% was sufficient to self-
extinguish the flame in VFT. The cone calorimeter data showed a pHRR reduction of 59% and
the THR reduction of 24% relative to untreated. The percent of char left after heating in TG in
the air was 7.8% at 600 °C [107]. By adding SMF (1 wt%) to anionic PA solution (2 wt%) and
combining it with cationic CH solution (0.5 wt%, pH 5), it is possible to build 10 BL coating
sufficient to self-extinguish the flame in VFT with only 5.9% add-on [151].

Chitosan

Chitosan (CH) is a natural linear polysaccharide composed of randomly distributed 3-(1-4)-
linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) and
obtained by deacetylation of chitin found in the exoskeleton of shrimp, crustaceans, insects and
fungus wall. It can only be dissolved in acid conditions due to the amino group's pKa value of
6.5 or pH ~ 4 [163]. It has been widely used for sensing, textile, tissue engineering scaffolds,
wastewater treatment, the food industry, and drug delivery [164]. Chitosan is also an efficient
antimicrobial compound, which will be discussed in detail in Section 3 [77,165]. Figure 39

represents the structural formula of CH [166].
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Figure 39: Structural formula of CH [166]

The degree of deacetylation of chitin and the protonation of the amino groups located at the C-
2 position of the D-glucosamine give the CH molecule a positive charge, making it a good
candidate for LbL deposition. As a naturally occurring carbohydrate rich in carbon (C) and
nitrogen (N), CH is a potential intumescent FR if coupled with P compounds that generate
phosphonic acids upon heating. Besides, reactive -OH and -NH: functional groups in molecules
make CH ideal for modifying with phosphorus-containing species in the form of

hypophosphorous acid-modified chitosan (HACH) [93]. On the other side, CH 1s a well-known
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chelating agent, so to build an efficient FR nanocoating on cotton using LbL deposition,
positively charged CH solution can be mixed with low-molecular-weight compounds to
enhance flame retardancy such as U [76], P-aminobenzene sulphonic acid-modified melamine
(AMM) [167] or metal salts (Cu®") [70]. The flame retarding effect of CH as a cationic
counterpart in building LbL assembly with negatively charged PA has been discussed in detail
in the previous section while discussing PA in effective N-P flame retardant LbL coating for
cotton [76,122,150,151]. Even a shallow concentration of CH (0.5-1.0 wt%) in solution at low
pH (~ 4) can be effective in reducing the flammability of cotton if combined with anionic
phosphorus-rich polyelectrolytes such as ammonium polyphosphate (APP) [152,167] and
sodium hexametaphosphate (PSP) [98]. Ammonium polyphosphate (APP) is used as a food
additive, emulsifier. As a fertilizer, but mainly as a flame retardant (APP form 11, degree of
polymerization > 1000), for thermoplastics, polyurethane foams, textile backcoatings (instead
of banned Deca BDE/ATO flame retardant), paints, adhesives, thermosets, wood, paper etc.
[168] According to safety data sheet (SDS), APP is non-persistent, non-bioaccumulative and

non-toxic [169]. Figure 40 represents the structural formula of APP, form 11 [170].

T % 7 %
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f'q—hl'-O_FlJ_O f’—o P—O—FI’—O'-'
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Figure 40: Structural formula of APP (Form 1I) [170]

Only 1 wt% of APP is sufficient to build 3 BL of APP/CH to pass VFT with only a 10.1% add-
on. The cone calorimeter data showed 56% and 37% of pHRR and THR reduction, with 33.2%
of char left after the combustion [152]. In another study, only 3.3 wt% of anionic APP solution
and 1 wt% of cationic CH-AMM were sufficient for 15 BL-coated cotton that passed VFT with
only 18.5% of the add-on. The LOI value was 31.5%, and cone calorimeter data showed 40%
and 60% of pHRR and THR reduction [167]. Unfortunately, p-aminobenzene sulphonic acid-
modified melamine (AMM) is due to the content of phenylazoaniline considered carcinogenic
[171].
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Another phosphorus-rich, non-persistent, non-bioaccumulative, non-toxic, and water-soluble
compound used as a food additive, water softener, and chelating agent in cosmetic formulations

is hexametaphosphate (PSP) with the structural formula shown in Figure 41 [172,173].

td P\
Na* 0 o GO Na'
-*P\\ fP\ +
Na*'O 00 O Na

Figure 41: Structural formula of PSP [174]

Lazar et al. combined CH (1 wt%, pH 4) with PSP (2%, pH 4) in 15 BL coating according to
the usual textile procedure, including rinsing with DI between two dips in polyelectrolyte. The
coating cotton fabric self-extinguished in VFT, showing a pHRR reduction of 66% and a THR
reduction of 76% with only 14.8 add-on of coating. The fabric was rinsed in
tris(hydroxymethyl)aminomethane (THAM) to reduce the number of necessary steps instead of
rinsing in DI. The result showed almost identical thermal performance with 10 BL [98]. THAM
is used in biochemistry and molecular biology to prepare buffers at a physiological range of 7.3
to 7.5, so it is compatible with biological fluids [175]. The structural formula of THAM is
shown in Figure 42 [176].

Figure 42: Structural formula of THAM [176]

Other chemicals used to reduce the flammability of cotton by means of LbL deposition are
briefly shown in Table 6 and include polydiallyldimethylammonium chloride (PDAC)
[177,178], poly(acrylic acid) (PAA) [177], deoxyribonucleic acid (DNA) [178], hydrotalcite
(HT) [178], poly(vinyl alcohol) (PVA) [179], graphene nanoplatelets (GNPs) [179] and poly(4-
styrene sulfonic acid) (PSS) [179]. All of the chemicals mentioned above have been considered
safe [180-182] except PAA [183] and GNP, which chemical, physical, and toxicological

properties have not been thoroughly investigated [ 184]. Those chemicals increased the thermal

61



Eva Magovac: Flame Retardant Surface Modification of Cotton Textiles Using Layer-by-Layer Deposition

properties of cotton after a certain number of layers, such as reduced cone calorimeter values

and with increased char content, but insufficient to pass VFT.

Table 6: Chemicals used for FR LbL deposition of cotton

Number FR properties results
Primer | Recipe Literature
of layers
BPET" VFT result: did not pass
0.1%, pH 10 Add-on: 4.06%
/ 20 BL MCC results: THR reduction 20%, char 10.49%, [71]
MMT- TG in the air at 600 °C: char 2.82%
1%, pH 10 Mechanical strength: same as untreated cotton
(PEI+Si0y)’ VFT result: passed
1%, pH 5 LOI: 26%
/ 2BL Add-on: 11.3% [106]
PA" Minor loss of breaking strength
2%, pH 6
_ VET result: passed
(PEI+Si02)"
LOI: 29.6%,
2%.pH 5 (89]
Add-on 23.4%
/ 1 BL
TG in Nz at 600 °C: char 44%
PPA- } ) _
Minor loss of breaking strength: 11.9% (warp). 7.4%
4%, pH 6
(weft)
(PEI+ME) VFT result: passed
PEI 0.5%, Add-on: 5.1% [107]
ME 2%, pH 4 L CC results: pHRR reduction 59%, THR reduction
/ 24%
PA- TG 1in the air at 600 °C: char 7.8%
3%.pH 4
VFT result; passed
LOL: 37%
Add-on: 24.2%
PEI" ]
CC results: pHHRR reduction 38%, THR reduction [88]
0.5%, pH 9
8 BL 22%
PA ] )
TG in the air at 800 °C: char 5.81%
2%, pH 4 . . —
TG-IR in N»: reduced emission of CO», CO, aliphatic
esters, PO, and PO; compounds
Increased elongation break for 71.6%.
PEI" HFT results: the samples did not pass
10 BL [109]
0.5%, pH 9
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/SA

0.3%, pH 7
+ post
immersion
into:

BaCly
C4HgOsN1 x
4H,0
C4HeO4Co x

4H,0)
HFT results: both samples passed
Add-ons:
o Without crosslinking 12.1%
e With crosslinking 15.4%
PET' MCC results:
0.5% s  Without crosslinking — pHRR reduction
/HACH- 73%, THR reduction 80% [93]
0.3% 10 BL e  Crosslinking — pHRR reduction 65%, THR
+ crosslinking reduction 73%
with genipin TG in the air at 700 °C:
1% e char 18.7% (without crosslinking)
e  char 21.9% with crosslinking
Enhanced the tensile strength and elongation at the
break of the cotton fabric
Non-durable to laundering
VFET result: passed
Add-on: 18.8%
PA" MCC results: pHRR reduction 80%, THR reduction
BPEI* 5%, pH 0.7 61%, char 32.3%
1%, pH |/ 15 BL TG in the air at 700 °C: char 3.1% [91]
117 PVAmM™ TG-IR in Ns: less acrolein, less formaldehyde, more
5%. pH 8.7 CO3, more H20, less CO, more CH;OH
P/N molar ratio: 3:5
P:2.0%, N: 1.4%
Ccs? VFT result: did not pass
1% CC results: pHRR reduction 21.3%, THR reduction
/ 20 BL 14.7%, char 9.9% [72]
MMT- TG in N3 at 800 °C: char 8.5%
1%
APTES™ 15 BL VFT result; passed [149]
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5%, pH 3.4
/

PA-

2%, pH 3.5

LOL: 37%

Add-on: 33.4%

CC results: pHRR reduction 9%, THR reduction
17%, char 27.3%

TG in N> at 700 °C: char 35.2%

TG-IR in Na: fewer flammable gases (C-H, CO, C=0,
C-0-C), more inflammable gases (H20, CO3)

APTES® VFT result: passed
5%,pH 3.4 LOI: 29%
/ Add-on: 32.5%
PA- CC results: pHRR reduction 82%, THR reduction
2%, pH 3.5 15QL 66%, char 27.3% [150]
/ TG in Nj at 700 °C: char 37%
CH™ TG-IR in Na: fewer flammable gases (C-H, CO, C=0,
1%, pH 3.5 C-0-C), more inflammable gases (H.Q, CO;)
PA
CH™ VFET result: passed
0.5%,pH 5 Add-on: 5.9%
/ TG in the air at 700 °C: char 41% [151]
(SMF+PA) 10 BL TG-IR in Na: more COy, less CO, less carbonyl
SMF 1% compounds, no CH;OH
PA 2%
PA- VFET result: passed
P 2%, pH 4 Add-on: 16% [122]
10 / 30 BL MCC results: pHRR reduction 62%, THR reduction
CH™ 77%, char 41.7%
0.5%, pH 4
PA" VFT result: passed
2%, pH 4 LOI: 28%
BPEI' / Add-on: 17.3%
5% (CH+U)" 10 BL MCC results: pHRR reduction 39.5%, THR reduction | [76]
pH 4 70.3%
CH 0.5% TG in the air at 650 °C: char 14.6%
U 10%
Egg white VFT result: passed
protein’ Add-on: 39.1%
pH 8.5 CC results: pHRR reduction 23%, THR reduction
2BL [157]
/ 63%, char 52.2%
PA- TG in the air at 600 °C: char 32.9%

70%, pH 1.5
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Py-GC/MC: less alcohols, phenols, aldehydes,
ketones, esters, ethers, aromatic rings, and other
flammable substances, non-flammable H>O, CO,,

NH;

VFT result: passed
Add-on: 10.1%

APP
CC results; pHRR reduction 56%, THR reduction
1%
’ 37%, char 33.2%
APTES™ |/ )
" i 3BL TG in N> at 700 °C: char 34.3% [152]
1% H
’ _— TG-IR in N2: more inflammable gases (H.O, CO»),
%)
! found inflammable gases (-N-H, -P-O-H), more
flammable gases (C-H, CO), less flammable gases
(C=0, C-0-C)
(CH+AMM)" VFET result: passed
CH 1% LOI: 31.5%
AMM 3.3% Add-on: 18.5%
/ CC results: pHRR reduction 40%, THR reduction
15 BL [167]
APP- 60%, char 24.1%
3.3% TG in N> at 600 °C: char 32.8%
Little negative impact on the mechanical property
(maximum force, tensile elongation break)
PSP 15 BL rinsed in DI:
2%, pH 4 VFET result: passed
15 BL
/ ) Add-on: 14.8%
(rinsing in )
CH™ DI) MCC results: pHRR reduction 66%, THR reduction
1%, pH 4 76%, char 36.7%
PEI
3 [98]
1% o 10 BL .
rinsing in DI o 10 BL rinsed in THAM:
(rinsing in
or VFT result: passed
o THAM)
rinsing in Add-on: 14.6%
THAM (pH MCC results: pHRR reduction 73%, THR reduction
4) 78%. char 37.9%
PDAC” VFET result: did not pass
1% Add-on: 20%
/ HFT result: passed
PAA" CC results: pHRR reduction 4%, THR reduction
5QL [177]
1% 30%, char 20%
/
PDAC™
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APP
1%

10 BL:
PDAC’ HFT result: passed
1% Add-on: 13%
/ 10 BL CC results; pHRR reduction 20%, THR reduction
DNA- 21%, char 6%

BPEI [178]
1% 5BL
0.1% . : . o

+ (immersio | 5 BL immersion into HT:
immersion ninto HT) | HFT result: passed
into HT Add-on: 6%
(0.1%) CC results: pHRR reduction 25%, THR reduction

16%, char 8%
PVA' VFT result: did not pass
0.25% CC results: pHRR reduction 34%, THR reduction
/ 47%, char 47.8%

10 BL ) ) [179]

(GNP+PSS) TG 1n the air at 600 °C: char 1.06%
GNP 0.1%
PSS 0.1%

4.3. Multifunctional FR and antimicrobial (AM) cotton materials

The technological aspects of LbL deposition have been discussed in the first part of the

discussion. The second part emphasizes the thermal efficiency and ecological aspects of FR

chemicals used for LbL deposition. This part of the discussion deals with the multifunctional

properties of cotton fabrics, e.g., flame retardancy and antimicrobial properties. According to

Table 9, chemicals and their combination used to reduce the flammability and antimicrobial

activity of cotton by means of LbL deposition can be divided into six groups:

l.

L

organic polyelectrolytes such as polyethyleneimines (PEls);

urea (U);

inorganic salts such as ammonium polyphosphate (APP), polyhexamethylene guanidine
phosphate (PHMGP);

metal salts such as copper(Il) sulfate pentahydrate (CuSOs x 5H20), sodium
hypochlorite (NaClO);

colloidal suspensions of nanoparticles: compounds based on silanes for sol-gel reactions
such as quaternary ammonium salts poly[3-(5,5-cyanuricacidpropyl)- siloxane-co-

trimethylammonium propyl siloxane chloride] (PCQS);
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6. biopolymers and biomolecules such as chitosan (CH); alginates (ALG) such as
potassium alginates; phytates such as myo-inositol hexaphosphate (PA) and ammonium

phytate (AP); deoxyribonucleic acid (DNA).

Among chemicals mentioned above, some of them can act both as FR and antimicrobial agents,
such as polyethyleneimines (PEIs), polyhexamethylene guanidine phosphate (PHMGP), metal
salts, poly[3-(5,5-cyanuricacidpropyl)- siloxane-co-trimethylammonium propyl siloxane
chloride] (PCQS), chitosan (CH). Any highly positively charged compound can potentially act
as an antimicrobial agent.

The efficiency of chitosan (CH) to act synergically with P-rich compounds acting as a source
of carbon (C) and nitrogen (N) to form intumescent char has been discussed in the previous
section. The reason why CH is used as a new-age antimicrobial agent is enabled by protonated
highly charged -NHz groups that act against bacteria in a very complex way depending on many
factors such as concentration, types of bacteria, molecular weight (MW), positive charge
density, pH, physical state, temperature and time, chelating capacity and 1onic strength [165].
The minimum CH inhibitory concentration (MIC) required to completely inhibit bacterial
growth after incubation at 37 °C for 72 is between 0.005 and 0.1%, depending on bacteria
specics and MWs of CH. Below these concentrations, it promotes some bacteria's growth in
acid environments. Generally spoken CH shows a stronger antimicrobial effect against Gram-
positive bacteria than Gram-negative bacteria, which is probably caused by the difference in
their cell membrane structure, which in the case of Gram-positive bacteria consists of several
layers, whereas Gram-negative bacteria form a single thin layer internal to the outer membrane
layer, a capsule [185]. Magovac et al. [77] treated cotton fabric with 4 and 8 BL of anionic PA
solution (2 wt%, pH 4) and cationic CH (0.5%, pH 4). The study confirmed that despite a
different number of layers (different concentrations), CH was less effective against Gram-
negative K. Pneumoniae than Gram-positive S. aureus. By increasing the number of bilayers
(PA/CH) from 4 to 8 with increasing the add-ons from 8.3 to 14.5%, the reduction of Gram-
negative K. Pneumoniae remains ~ 71%. However, the reduction of Gram-positive S. aureus
increases from ~ 77 to 97% with increasing the number of bilayers (CH concentration) at the

same MW, as shown in Figure 43 [77].
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=K. pneumoniae mS. aureus

Figure 43: Influence of treatment on reduction of K. Pneumoniae and 8. aureus after 24 h of incubation (%)

[77]

The antibacterial activity of low MW chitosan is higher than that of the high MW samples for
some bacteria [186]. Positive charge density 1s associated with the deacetylation degree (DD)
of CH. The higher the number of amino groups linked to C-2 in chitosan, the more enhanced
the antibacterial activity is. CH with higher DD shows a stronger inhibitory effect on bacteria
than CH with a lower DD [187]. One of the most critical factors influencing the antimicrobial
activity of CH as a weak base is its solubility in water obtained by dilution in an aqueous acidic
solution (pH <6.5) [188]. Chitosan has a strong affinity capacity for transitional metal ions such
as Ni**, Zn**, Co’*, Fe** and Cu*" in acid conditions by forming complexes but weak capacity
for alkali and alkali-earth metals such as Ca*' and Mg*' [189]. The ~OH and -NH: groups of
chitosan are suitable ligands to coordinate with transition metal ions to get the chitosan-metal
complex [190]. Copper ions can be adsorbed by chelation on amino groups and hydroxyl groups
(especially in the C-3 position) of CH, forming Cu[NH2(OH)z] complex below pH 6.1. Copper
bonds to one nitrogen atom and three oxygen atoms in two different ways depending on pH,

metal concentration, and metal/ligand ratio, as shown in Figure 44 [191].
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Figure 44: Possible Cu’*-CH complex structures [191]

Adding metal ions into the CH solution increases the antimicrobial activity of CH [192]. This

2% jons into CH solution

is in line with Magovac et al. [77] research showing that adding Cu
increases the reduction of Gram-negative K. pneumoniae from ~ 71% to ~ 100% according to
AATCC TM 100-2019 test method at the same CH concentration, the same pH and the same
MW. This study also showed that adding strong electrolytes such as CuSO4 x SH>O in cationic
CH solution, even in small quantities (2 wt%), reduces the ability of polyelectrolytes to build
LbL assembly. The add-ons are only 5.2 and 5.6% for 4 BL and 8 BL. It is more likely that
strong electrolytes form stereo complex formations of much stronger binding strenght than
weak electrostatic force between two layers of PA/CH-Cu?®’,

The potential of metal ions as antimicrobial agents has been growing due to the spread of
microbial resistance to classical antibiotics. Some trace metals in the form of metal complexes
play a crucial role in biological processes as catalytic or structural cofactors. At high
concentrations, however, they appear to be very toxic. Metal complexes possess several modes
of action: exchange or release of metal ligands, redox activation, and catalytic generation of
toxic reactive oxygen species (ROS), acting as enzyme deactivators and disrupting bacteria
membrane function or damaging DNA. The most promising metal-based complexes of
antimicrobials are silver, copper, zinc, iron, ruthenium, gallium, bismuth, vanadium, gold,
iridium, cobalt, nickel, manganese, and their mixtures [193]. Among all transition metals, only
copper and iron complexes react with reactive oxygen species (ROS) such as superoxide anion
(O27) and hydrogen peroxide (H20z) generated in living organisms, which results in apoptosis
or programmed cell death of bacteria or cells attacked by pathogenic microorganisms or
carcinogenic cell [194]. O;™ is a byproduct of respiration and a crucial component of the
immune defense system. The concentrations of O»" in a cell controls superoxide dismutase

(SOD), a copper-containing enzyme that catalyze O2" into O2 or H202 [195]. The level of H20:
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should be in the optimal range to maintain cell homeostasis; otherwise, it causes apoptosis of a
cell [196]. The presence of cuprous ions is essential for many biological processes, so the
bacteria, depending on environmental conditions, allow uptake of Cu?* by the outer membrane
protein binding sites, but in very small quantitiecs and controlled manner [197]. If the
concentration of cuprous ions exceeds the optimal levels, copper ions react with O2™ and H202
in a process called the Fenton reaction [198]:

Cu**+ 0" =Cu*+ 0, (23)
Cu' + H0,=0;+OH" + OH" (24)
OH’ radicals are highly reactive and enzymatically independent, so they cannot be neutralized
through enzymatic reactions, leading to oxidative damage to proteins, DNA, and lipids and,

consequently, death [195].

In an effort to reduce the flammability of cotton with enhanced antimicrobial properties, cotton
has been treated with different compounds, as shown in Table 9. The results of antimicrobial
activity cannot be compared to one another due to the usage of different test methods such as
AATCC 100-2019 [82], ASTM E2149-20 [199], GB/T 20944.3-2008 [200] and Kirby-Bauer
Disk Diffusion Susceptibility Test Protocol [201] that express the test results differently.

Li et al. treated cotton with 30 BL of anionic PA solution (2 wt%, pH 4) and 1 wt% colloidal
suspension of a cyanuric acid copolymer of poly[3-(5.5-cyanuricacidpropyl)- siloxane-co-
trimethylammonium propy! siloxane chloride] (PCQS). Cyanuric acid is mainly used for the
disinfection of swimming pools, spas, and other waters for which it is important to maintain
chlorine disinfection that might otherwise decline rapidly due to sunlight [202], while
quaternary ammonium salt siloxane acts as an antibacterial agent. The structural formula of

PCQS is shown in Figure 45 [203].

Figure 45: Structural formula of PCOS [203]
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30 BL of coating passed the VFT with an LOI value 0f29.8%. 21.2% of add-on reduced 92.2%
of Gram-positive S. aureus, while only 47.7% of Gram-negative E. coli. according to AATCC
100-2020. The author of this study subsequently immersed 30 BL coated cotton into sodium
hypochlorite (0.5%, pH 7) to enhance the antimicrobial efficiency without disturbing thermal
properties. The resulting fabric passed VFT with a 28.5% LOI value and an increased overall
bacteria reduction of 100%. Char left after heating in TG in N, atmosphere at was ~ 36% for
both samples [90].

Metal compounds (M) can act as antimicrobial agents and/or as FRs. Because strong
electrolytes in the form of metal salts may interrupt LbL growth [77], they have been chiefly
added as a top layer. The studies have namely shown that the top layer, which comes in contact
with the bacterium, is the most important for bacteria-killing [204,205]. M added into the
intumescent organophosphorus FR system catalyzes phosphorylated cellulose crosslinking and
promotes char formation [206]. The combustion of these metal ions cross-link intermediates
probably generates metal oxides or metal carbonates acting as a barrier between the flame and
the condensed phase of the polymer surface, which stops oxygen penetration and prevents the
spread of flammable gases and flame penetration to inner layers of the polymer [207]. This
explains why the intumescent M-N-P FR systems are more efficient than N-P systems alone.
Magovac et al. [70] treated cotton fabric with 2 wt% anionic PA solution (pH 4) and cationic
0.5 wt% CH and 10% U solution (pH 4) forming &, 10, 12 BL. 12 BL coating (add-on 18.5%)
self-extinguished in VFT according to Figure 46. 12 BL coated fabric were subsequently
immersed into 2 wt% CuSOa4 x SH>O solution to impart antimicrobial properties additionally.
The resulting add-on on fabric was 19%; the fabric passed VFT with a char length of 6.5 cm
(Figure 46). The LOI value was 26%. The commercial requirements of LOI for durable FR

cotton are 28% or above [208].
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Control PA/CH-Urea PA/CH-Urea + Cu®
Number
L 8
SEBL n/a 10 12 8 10 12
Image
Char
length n/a n/a n/a 6.7 n/a n/a 6.5
(cm)

Figure 46: The results of the VFT of cotton coated with different recipes [70]

The influence of metal ions such as copper (I1) ions (Cu”*) from CuSO4 x 5H>O on the FR
intumescent system (12 BL PA/CH-U) is briefly shown in Figure 47. The pHRR of cotton at ~
389 °C is ~ 271 W/g. By treating cotton with PA/CH-U the pHRR decreases up to 40% at ~
319 °C, while by adding CuSOa4 x SH20 into the FR system, the pHRR decreases up to 56% at
~311 °C.

300

250
12 BL

200 — —-12BLCu

CONTROL
150

pHRR (W/g)

100

50

100 200 300 400 500 600
Temperature (°C)

Figure 47: MCC curves of untreated and 12 BL PA/CH-U and 12 BL PA/CH-U+CuSO; x 5H:0 treated cofton

Cu?" salts added into the intumescent 12 BL PA/CH-U system also catalyze the phosphorylated

cellulose crosslinking and promote char formation, reducing flammable, volatile compounds.
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It is also possible that CuSO4 x 5H>O forms sulfonic acid intermediates upon decomposition,
acting in a condensed phase while forming the char at the surface of the degrading polymer and
releasing H2O. The char acts as a shield protecting the fabrics from flame, while H2O cools
down the system by removing heat from the fire [18]. S species can inhibit H» and OHe radicals
in the flame [16]. Described mode of action is identical to commercial non-durable FRs based
on ammonium sulfamate and borax [34,209].

The influence of Cu?* in PA/CH-U system on thermal stability by heating from 50 to 850 °C in
the air is presented in a group comparison of DTG curves of untreated and 12 BL PA/CH-U
and 12 BL PA/CH-U+CuSO4 x 5H>0 treated cotton in Figure 48 and group TG data comparison
in Table 7. The IR spectra of gases generated by heating cotton treated with 12 BL PA/CH-U+
CuS0Oq4 x 5H20 at the first decomposition stage at 330 °C are shown in Figure 49. The group
comparison of IR spectra of evolved gases generated by heating from 50 to 850 °C in the air of
untreated (control), 12 BL PA/CH-U, and 12 BL PA/CH-U+ CuS0Oj4 x 5H:0 treated cotton with
the absorbance values is presented in Table 8 and Figure 50.

As presented in Table 7 and Table 8, the first decomposition stage of cotton occurs between
360-421 °C with volatile products such as H20, CH4+/CH30H, CO:, CO, formaldehyde,
levoglucosan, and other compounds. At 396 °C, the char yield is 43.6%. The second
decomposition stage occurs between 496607 °C, releasing H20, CO2, CO, formaldehyde, and
other compounds. At 650 °C, the char yield is 0.4%. By adding 12 BL PA/CH-U treatment,
cotton decomposes earlier at 312 °C. At 339 °C, the char yield is 57.8%, and volatile gases do
not contain levoglucosan, as presented in Table 7 and Table 8. At 650 °C, the char yield is
14.9%.

By adding CuSO4 x 5H>0 into intumescent PA/CH-U system, the first decomposition stage
starts even earlier at 261 °C (Table 7) with the release of H2O (3750 cm™) [132], CH4/CH3OH
(2978 and 2810 cm™) [133], CO, (2358 and 667 cm™") [134], CO (2172 and 2112 cm™") [133],
formaldehyde (1744 cm™) and ethers (1106 cm™) [135], CuO or CuS compounds (500 cm™) or
other sulfur compounds with S-S bonds (452 e¢m™) [210,211] as presented in Figure 49.
Levoglucosan is not found. Other compounds such as HCN (between 706 and 716 em™), NO;
(between 1545 and 1659 cm™), and sulfur dioxide (SO-) in the spectral range between 1321 and
1396 cm™' may exist, but they are overlapped with spectra of other compounds [146,147]. Other
N or P compounds may also exist but are not visible in the IR spectrum. At 650 °C, the char
yield is 13.3% (Table 7). From Figure 48, it is visible that FR treatment strongly reduces the
weight loss rate. Previous research concluded that CuSO4 x SH20 acts as a wall/shield for

absorption and dissipation of heat at the combustion zone of the cellulose, thus protecting the
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polymer from burning because CuSO4 x SH20 loses H20 above 800 °C and decomposes into
copper (II) oxide (CuO) and sulfur trioxide (SOs), which is far above the decomposition
temperature of cellulose (~ 350 °C) [212]. Magovac et al. [70] found out that CuO or CuS
nanoparticles are present in volatile gaseous products generated by heating of 12 BL PA/CH-
U+CuSOs x 5H20 treated cotton at 339 °C, which explains the fact that there is almost no
difference in amount of char left at 650 °C between 12 BL PA/CH-U (14.9%) and 12 BL
PA/CH-U+CuSO4 x SH20 treated cotton (13.3%). These nanoparticles may act as the inert dust

that absorbs and dissipates the heat, causing a lowering of temperature.

Table 7: Summary of thermogravimetric analysis of untreated and FR-treated cotton [70)]

Onset o End Char at Onset o o Char at 650
Sample 1/°C T\/°C 1/°C T\ (%) 2/°C Ta/°C End 2/°C °C (%)
Untreated 360 396 421 43.6 496 578 607 0.4
cotton
12 BL 32| 339 354 57.8 512|636 711 14.9
PA/CH-U : :
12 BL
PA/CH- 261 330 354 56.2 464 636 700 13.3
U+Cu?'
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Figure 48: DTG curves of untreated and 12 BL PA/CH-U and 12 BL PA/CH-U+CuSQy x 5H,0 treated cotton
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Figure 49: TG-IR spectra of evolved gases of 12 BL PA/CH-U+CuSOy x 5H>O treated cotton at ~ 330 °C

The critical differences between cotton treated with 12 BL PA/CH-U and 12 BL PA/CH-U+Cu

at the first decomposition stage are the lower release of flammable gases such as CH4/CH3:0OH

and aldehyde during combustion of PA/CH-U+CuSO4 x 5SH»O treated cotton relative to

PA/CH-U treated cotton as seen in Table 8 from the absorbance values. The overall levels of

flammable gases of treated cotton samples are reduced (CH4/CH3;OH, CO, aldehyde), and

highly flammable levoglucosan is not found IR spectra of treated cotton (Figure 50).
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Figure 50: TG-IR spectra of untreated (control), 12 BL PA/CH-U, and 12 BL PA/CH-U+CuSO; x 5H-0 treated

cotton at the first decomposition stage (T1) [70]

Table 8: Summary of TG-IR analysis of untreated cotton (control), 12 BL PA/CH-U, and 12 BL PA/CH-U+ CuS0y

x 5H>0 treated cotton at the first decomposition stages

Temperature (°C)
12 BL PA/CH-
Control 12 BL PA/CH-U U+ Cu
396 339 330
. Covalent
Fun((:)llllogal bonds :::‘:1({; ?ﬁl,}; cm’! Abs cm! Abs cm’! Abs
group vibrations g
R-OH, H-O st O-H 3800-3500 3750 0.62 3750 0.53 3750 0.17
2978 0.86 2974 0.60 2978 0.25
-CHs» st C-H 3000-2750
2815 0.80 2802 0.68 2810 0.27
Cco t C=0 2450-2300 2358 147
5 — =y
* 2302 1.40 2297 1.49
2172 0.57 2177 0.51 2172 0.25
CO st C=0 2300-2100
2112 0.55 2112 0.49 2112 0.25
. Kl stC=0 | 1740-1720 1744 | 148 | 1744 | 123| 1744 | 049
formaldehyde
Imides, 5-ring d CNH 15101500 ! / 1510 0.64 / !
Ester of formic
acid st C-0-C 1210-1160 1182 1.01 1182 0.63 / !
HCOOCH;
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Cycloalkanes st CH 920-880 / / 902 0.53 / /
R-PH PH, . / /
compound (wagging) 840-810 / / 828 0.46
; dN-H 850-700
NH;, R:NH / / 702 0.50 / /
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Figure 51: EDS analysis of post-burn char of 12 BL PA/CH-U+Cu treated cotton

The post-burn char of 12 BL PA/CH-U+CuSO4 x 5H20 treated cotton contains C, O, P, N, and
Cu along with impurities in traces according to EDS analysis (Figure 51), which means that N,
P, and Cu trapped C and block it from full oxidation by generating charing shield on polymer
surface in the form of bubbling typical for intumescent FR (Figure 36b) [73].
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TG-IR analysis of volatile products (Table 8) and EDS analysis of post-burn char (Figure 51)
prove that N-P-Cu-based FRs act in a gas and condensed phase.

The post-burn char of 12 BL PA/CH-U+CuSO4 x 5H>0 shows a bubbling structure typical for
intumescent FR (Figure 52b), while the cotton surface shows a paste-like structure of coating

without uniformity fo the layers (Figure 52a).

&t 1
SEM HV: 5.00 kV WD: 11.61 mm MIRANL TESCAN SEM HV: 5.00 kV WD: 11.85 mm MIRAY TESCAN

SEM MAG: 1.00 kx Del: SE 50 pm Wi SEMMAG: 1.00 kx Del: SE 50 pm Wi

Figure 52: SEM images of a) 12 BL PA/CH-U+CuSOy x 5H>0 coated cotton b) post-burn char of 12 BL PA/CH-
U+CuSO0y x 5H;0 coated cotion

Additionally, antibacterial testing according to AATCC 100-2004 against Gram-positive S.
aureus and Gram-negative K. Pneumonie showed 100% reduction, meaning adding Cu®" ions
into the P-N system enhanced flame retardancy as well as antimicrobial property could be
achieved.

Li et al. deposited 1 BL of cationic CH (pH 3) and anionic AP solution (3 wt%, pH 7) to reduce
the flammability of cotton as well as add antibacterial properties [87]. The resulting fabric
achieved excellent flame retardancy with only an 8% add-on passing the VFT with the LOI
value of 27%. The cone calorimeter data showed reduced pHRR and THR values of 59 and
64% and char of 34%. TG-IR spectra of evolved gases generated during heating in N2 showed

increased levels of flammable gases such as H20, CO», and N-H and decreased levels of
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flammable gases (C-H, C=0, C-O-C) as expected. The antibacterial activity according to GB/T
20944.3-2008 tested against Gram-negative E. Coli showed a reduction of 99.3%.
Ammonium phytate (AP) is a salt of phytic acid rich in nitrogen with the structural formula

shown in Figure 53 [213]. AP is considered as safe.

O NH;
0 -t
0 NHy
THND
e 0 "
* HNO-P-0 O=P=0 NH,
\ !
o O"NH',
HO, )
- &+
0 ) NH,

Figure 53: Structural formula of AP [213]

Fully biobased FR and antimicrobial coating of cotton by means of LbL deposition was
prepared by Casale et al. [214] consisting of cationic CH (0.5 wt%, pH 3.5) and anionic DNA
(0.5 wt%, pH 7) solution. In an effort to achieve wash resistance, a photoinitiator was added to
CH solution (4 wt%) for UV radiation as a post-treatment of 30 BL deposited cotton. The
resulting fabric passed HFT with only 4.8% of an add-on. According to the Kirby-Bauer test,
the inhibited ratio of S. aureus and E. coli was ~ 0.03 and ~ 0.04, and the bacteria reduction of
S. aureus according to ASTM E 2149-01 was 57%. UV radiation, however, did not have a
significant influence on the wash durability of the coating. Fang et al., in their two studies
[84,215], used polyhexamethylene guanidine phosphate (PHMGP), an extremely toxic

antibacterial agent with the structural formula shown in Figure 54 [216].

Figure 54: Structural formula of PHMGP [216]
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In the first study [84], 0.1 wt% of positively charged PHMGP solution was combined with
anionic APP (0.1 wt%, pH 11) to form 20 BL coating on cotton. In the second study [215], APP
was replaced with an anionic 0.1 wt% solution of alginate (ALG). Both coatings showed
inhibited ratios of S. aureus and E. Coli of ~ 0.03 and ~ 0.04 with bacteria reduction of 100%
for both bacteria according to AATCC 100-2004, but with poor flammability results. The
samples did not pass VFT as well as HFT. Chemicals used for FR LbL deposition of cotton are

shown in Table 9.

Table 9: Chemicals used for FR-antimicrobial LbL deposition of cotton

Number of FR / antibacterial results Liter
Primer | Recipe
layers ature
30 BL
VFT result: passed
LOI: 29.8%

Add-on: 21.2%
TG in N; at 600 °C: char 37%

PA- Bacteria reduction AATCC 100-2004:
2%, pH 4 S. aureus — 92.2%
/ E. coli —47.7%
30 BL
PEI’ PCQS"
30 BL + NaClO ) ) [90]
1% 1% 30 BL immersed into NaClO
+ VFT result: passed
immersion into NaClO LOI: 28.5%
0.5%,pH 7 Add-on: unknown

TG in N, at 600 °C: char 34%
Bacteria reduction AATCC 100-2004:
S. aureus — 100%

E. coli— 100%

Minimal influence on the break strength

PA- VFT result: passed
2%, pH 4 LOI: 26%
/(CH+UY Add-on: 19%
BT pH 4 MCC data: pHRR reduction 61.8%, THR
- CH 0.5% 12 BL reduction 54.3% [70]
U 10% TG in the air at 650 °C: char 13.3%
+ TG-IR in air: less H20, almost no
immersion into CuSOy4 CH4/CH3OH, more CO;, almost no CO,
x 5H,O less C=0 (aldehyde)
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Kirby-Bauer test:

2% Bacteria reduction AATCC 100-2004:
S. aureus — 100%
K. pneuwmoniae — 100%
VFT result: passed
LOI: 27%
Add-on: 8%
o CC data: pHRR reduction 59%, THR
PH 3 reduction 64%, char 20.1%
/ 1 BL )
TG in N, at 700 °C: char 34% [87]
AP TG-IR in N2: more H>O, more CO», N-H,
3%,pH 7
less C-H, less C=0, less C-O-C
Antibacterial rate GB/T 20944.3-2008:
E. coli—993%
Tensile strength improved by 10%
(CH+photoinitiator)™ HFT result; passed
pH 3.5 Add-on: 4.8%
CH 0.5% CC data: pHRR reduction 36%, THR
Photoinitiator 4% reduction 45%, char 15%
/ TG in the air at 600 °C: char 7.4%
DNA- 30 BL Kirby-Bauer test: Ll
0.5%,pH 7 Inhibited ratio — S. aureus ~ 0.03
+ post-treatment (UV Inhibited ratio — E. Coli ~0.04
radiation) Bacteria reduction ASTM E 2149-01:
Last layer CH” S. aureus — 57%
VFT result: did not pass
HFT result: did not pass
PHMGP+ LOL 19.5%
0.1% Add-on: 2.8%
/ 20 BL TG in the air at 600 °C: char 7.1% [84]
APP- Kirby-Bauer
0.1%, pH 11 test:
Inhibited ratio — 8. aurens ~ 0.03
Inhibited ratio — £. Coli ~0.04
VFT result: did not pass
PHMGP™ HFT result; did not pass
0.1% Add-on: 4.8%
/ HLRE MCC data: pHRR reduction of 29%, THR | [215]
ALG reduction of 24%
0.1% TG in the air at 600 °C: char 12.7%
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Inhibited ratio — S. aureus ~ 0.03
Inhibited ratio — E. Coli ~ 0.04
Bacteria reduction AATCC 100-2004:
S. aureus — 100%

E. coli — 100%
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5. CONCLUSION

This thesis gives an insight into the research of the possible use of LbL deposition as a response
to technological and ecological drawbacks of the current commercial finishing process. The
aim was to keep cotton FR effective while reducing the quantity of chemicals and, if possible,
to replace them with chemicals from renewable sources while reducing the energy consumption
of the process. The results of the thesis confirmed that by means of LbL deposition is possible
to reduce the amount of chemicals to only 100 g/l using DI as a solvent of eco-friendly
chemicals (BPEI, PA, CH, U) at temperatures below 100 °C. The add-on of commercial
organophosphorus flame retarding treatment for cotton is between 20 and 25%, whereas the
add-on of 10 BL of PA/CH-U coating is 17.3%, which means that LbL deposition consumes
less chemicals for similar FR efficiency. Obtained results are compared with commercial non-
durable FR cotton treatment, and what can be noticed is that a similar add-on range is present
on typical non-durable systems, e.g., boric acid/borax (~ 10% add-on) and diammonium
phosphate/ammonium sulfamate (~ 15% add-on) [34]. Data on break strength and elongation
break of cotton treated with FR/AM by means of LbL deposition are limited. Up to now, it is
reported that break strength after LbL treatments decreased by 10% [71], 12% [89], or 14%
[90]. Few papers mention an increase of breaking strength up to 10% [87] and an elongation
break increase of 71.6% [88]. For comparison, Pyrovatex ® treatment leads to a significant loss
in tensile strength (20-25%) and tear strength (up to 50%) of treated cotton [30], while other
non-durable FR finishes for cotton generally decrease the breaking strength of cotton fabrics
[217-219]. The thesis confirmed the FR effectiveness of phytic acid (PA) in the form of an
anionic solution in low quantities (20 g/I) if combined with a cationic N-rich solution of CH (5
g/l) and U (100 g/). Only 10 BL of PA/CH-U coating was sufficient to self-extinguish flame
in VFT with the LOI value of 28.0% for FR cotton. The MCC data showed a pHRR reduction
0f 59.5% and the THR reduction of 70.3% compared to untreated cotton. TGA analysis showed
a reduced weight loss rate, reduced first decomposition temperature (by 55 °C) compared to
untreated cotton (~ 400 °C), and more char yield at 650 °C (~ 15%) compared to untreated
cotton (~ 0.4%). PA as a P-rich polymer and CH-U as N-rich polymers chemically interact with
cach other forming acidic N-P intermediates, which further phosphorylate and dehydrate
cellulose at temperatures lower than those of the thermal decomposition of cellulose [139].
These reactions are accompanied by an increase in char content and a decrease in temperature
of the first decomposition stage compared to untreated cotton. Thermally stable cross-linked
char coats the polymer surface, acting as a shield, which prevents further burning and
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smouldering of the polymer. At temperatures above 600 °C, the char undergoes oxidation, but
the presence of a P compound in char inhibits complete oxidation of the carbon to COz. FT-IR
analysis of gases generated by heating PA/CH-U treated cotton in the air at the first
decomposition stage shows the generation of H-O, CH«+/CH3OH, CO, formaldehydes,
ethers/esters of formic acids, 5-ring imides, cycloalkanes, as well as PH and NH compounds.
No levoglucosan is found, which confirms that acidic N-P intermediates from PA/CH-U
successfully phosphorylated the cellulose and inhibited the generation of highly flammable
levoglucosan. Since the PH and NH compounds are found in IR spectra of gas products, they
may act in the gas phase as free radicals scavengers, which are essential for flame propagation,
but it is also possible that their intermediates act physically by reducing the O concentration of
the surrounding atmosphere thus suppressing the flame [14]. The post-burn char of PA/CH-U
treated cotton after performing VFT consists mainly of C, O, P, and N, which means that P and
N trapped C and blocked it from full oxidation by generating charing shield on the polymer
surface in the form of bubbling typical for intumescent FR and condensed phase [76]. TG-IR
analysis of volatile products and EDS analysis of post-burn char prove that PA/CH-U based
FRs act in a gas as well as condensed phase, where CH and cellulose act as carbon donors, PA
as an acid donor and U as a blowing agent that generates gas [220]. Another advantage of LbL
deposition over commercial FR finishes for cotton is compatibility with antimicrobial
treatments (for the comparison, commercial FR finishes for cotton are compatible with water/oil
repellent finishes [30], but are incompatible with antimicrobial treatments [58,62]). Cu®" salts
(in form of CuSO4 x SH>0) added as the top layer enhanced the FR effect of 12 PA/CH-U BLs
on cotton while achieving antimicrobial properties at the same time. Additionally, the pHRR
value was reduced to ~ 62% (compared to untreated cotton), which is 11% more compared to
pHRR value of samples without the additional Cu”" layer. At the same time it increased the LOI
value from 21.5 (untreated cotton) to 26.0%. For comparison 12 BL PA/CH-U treatment
increased the LOI value to 24.5%. By adding CuSO4 x SH>O into intumescent 12 PA/CH-U
system, the first decomposition stage of treated cotton starts at 261 °C with release of H>O,
CH4/CH30H, CO», CO, formaldehyde, ethers, CuO or CuS compounds or other S compounds
with S-S bonds according to FT-IR gas spectra. For comparison the first decomposition stage
of samples without the additional Cu®" layer starts at 312 °C with release of H.0, CHs/CH30H,
CO, formaldehydes, ethers/esters of formic acids, 5-ring imides, cycloalkanes, as well as PH
and NH compounds. CuO or CuS nanoparticles present in volatile gasous product generated by
heating may act as the inert dust that absorps and dissipates the heat causing a lowering of

temperature and also explains the fact that there is almost no difference in amount of char left
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at 650 °C between 12 BL PA/CH-U (14.9%) and 12 BL PA/CH-U+CuSO4 x SH>O treated
cotton (13.3%). No levoglucosan is found, which means that acidic N-P-Cu intermediates
dehydrate the cellulose by cross-linking and inhibited the generation of highly flammable
levoglucosan. The post-burn char of 12 BL PA/CH-U+CuSO4 x 5H>0 treated cotton contains
mainly C, O, P, N and Cu according to EDS analysis, which means that N, P and Cu trapped C
and block it from full oxidation by generating charing shield on polymer surface in a form of
bubbling typical for intumescent FR. However, S is not found, either due to detection limits of
EDS or due to all S gas compounds evolved while heating. TG-IR analysis of volatile products
and EDS analysis of post-burn char prove that N-P-Cu based FRs act in a gas as well as
condensed phase. 12 BL PA/CH-U+CuSO4 x SH>O coating not only reduces the flammability
of cotton to level of commercial FRs, but also kills 100% of gram-positive S. aureus and Gram-
negative K. Pneumonie bacteria at the same time. In spite of the fact that CH itself is efficient
environmentally-friendly antimicrobial agent for Gram-positive bacteria (the bacteria reduction
~ 100%), it is less efficient for Gram-negative bacteria (the bacteria reduction ~ 71%). By
immersing 12 BL PA/CH-U treated cotton into Cu®* solution (20 g/l), the bacteria reduction of
Gram-negative K. Pneumonie increases to 100%. The reason why FR treated cotton is
immersed just once at the end of LbL deposition is because it has been proven that strong
clectrolytes such as CuSO4 x SH20 solution may disturb the growth of LbL assembly. From the
ecological point of view, the gases generated by combustion of waste made of PA/CH-U and
PA/CH-U+CuSO4 x SH>0 treated cotton are not environmentally-friendly, neither is the post-
burn char left after combustion. Inhalation of toxic gases generated by combustion can lead to
death and FR compounds have been found in the atmosphere, soil, water and in biological
samples with no data on their influence on environment [221]. From that point of view it is very
difficult to solve all environmental issues arising in production, usage or waste disposal of FR
or multifunctional FR/AM treated cotton, but when developed novel treatments solves even a
small part of it, it is already a big step forward. With the wider availability of biodegradable
chemicals from renewable sources at lower costs and improving wash durability, LbL
deposition has the potential to become an industrially feasible solution for FR or multifunctional
FR/AM functionalization of cotton. Future research will be expanded to the improvement of

wash durability as well as dye compatibility with conventional dyeing/printing processes.
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