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A B S T R A C T ! !

The! use! of! eco-friendly! techniques! and! green! reagents! to!modify! the! properties! of! synthetic! biopolymers! is!
attracting!an!increasing!attention.!In!this!work,!L-cysteine!(CYS)!modi"ed!polyvinyl!alcohol!electrospun!"bers!
(PVA-CYS)!were!prepared!using!an!easy,! fast,!and!green! technique.!The! incorporation!of!CYS!as!a! source!of!
nitrogen!and!sulfur!shows!an!important!enhancement!in!dye!removal!ef"ciency!compared!to!polyvinyl!alcohol!
"bers!(PVA).!The!successful!grafting!of!CYS!on!PVA!was!proved!by!FTIR,!elemental!analysis,!SEM,!AFM!and!TGA!
analysis.!Doehlert!experimental!design!was!used!to!optimize!the!adsorption!process!of!crystal!violet!(CV)!on!PVA!
and!PVA-CYS.!The! two!models! show!good! correlations!between! experimental! and!predicted! responses,!with!
coef"cients!of!determination!equal!to!0.946!and!0.976,!for!PVA!and!PVA-CYS,!respectively.!The!most!in#uencing!
parameter!was! the! pH! for! CV! removal! by! adsorption! on! PVA.!However,! this! parameter! affects! less! the! dye!
removal!using!PVA-CYS.!The!modi"ed!"bers!exhibit!excellent!adsorption!ability!toward!CV,!and!the!maximum!
adsorption!capacity!reaches!197!mg!g−1!at!neutral!pH.!An!application!of!this!process!on!a!doped!real!wastewater!
demonstrates!its!ef"cacity!and!selectivity!with!a!percentage!of!removal!up!to!85%.!!!

1. Introduction!

Global!dyes!and!pigments!market!was!valued!at!36.4!billion!dollars!
in!2021!and!is!expected!to!expand!at!a!compound!annual!growth!rate!
(CAGR)!of!5.2%!from!2022!to!2030.!Increasing!demand!from!various!
industries,!such!as!paints,!coatings,!construction,!plastics,!and!textiles!is!
expected!to!drive!market!growth![1].!These!industries!consume!a!high!
amount!of!water!and!produce!a!huge!quantities!of!polluted!and!toxic!
wastewater! [2,3].!>100,000! types! of! textile! dyes! are! present! in! the!
market!and!approximately!700,000!to!1,000,000!tons!of!dyes!are!pro-
duced!while!280,000!tons!of!them!are!discharged!annually![4].!Most!of!
the!cationic!dyes!are!dif"cult!to!degrade!in!water!because!of!their!aro-
matic!structure!and!they!have!mutagenic!and!carcinogenic!properties,!
which!are!considered!as!emergent!dangers!to!the!environment,!marine!
life,!and!human!health![5,6].!Crystal!violet!(CV)!is!a!synthetic!cationic!
dye!also!known!as!aniline!violet,!gentian!violet,!or!pyocyanin!(Fig.!1).!It!
is!widely!used!in!medicine!applications!as!a!biological!stain,!colorant,!
bacteriostatic! and! antimicrobial! agent! [7].! It! is! also! employed! as! a!

purple!dye!in!textile!industries!such!as!cotton!and!silk,!and!to!provide!a!
deep!violet!color!in!painting!and!printing![8].!CV!has!been!reported!as!a!
recalcitrant!dye!that!persists!in!the!environment!for!long!periods!and!
poses!toxic!effects!on!the!ecosystem![9].!It!affects!the!aquatic!environ-
ment!by!reducing!light!penetration!through!water!surface![10].!This!dye!
is!absorbed!easily!through!the!skin!and!causes!both!skin!and!digestive!
tract!irritations![11].!It!also!causes!eye!irritation,!painful!sensitization!to!
light,! and! permanent! injury! to! cornea! and! conjunctiva! [9].! CV! is! a!
mitotic!poisoning!agent!that!is!carcinogenic,!considered!as!a!potential!
biohazard![12],!and!banned!in!food!industries!by!the!European!Union.!
However,!it!is!still!widely!used!in!textile,!and!inkjet!printing,!due!to!its!
low!cost!and!its!peculiar!color.!Physical,!chemical!and!biological!tech-
niques!have!been!reported!in!the!literature!to!study!their!ef"ciency!in!
wastewater!decolorization![13].!Dyes!can!be!successfully!removed!by!
coagulation-#occulation![14,15].!However,! this! technique!produces!a!
huge! amount! of! sludge,!which!makes! its! handling! dif"cult! and! con-
tributes!signi"cantly!to!disposal!costs![16].!Photocatalysis!has!been!used!
to!degrade!anionic!and!cationic!dyes,!using!solar!energy!and!different!
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catalysts.! They! are! often! semiconductors! activated! by! promotion! of!
electrons!from!the!valence!band!to!the!conductive!band,!and!include!Ag/!
ZnO! thin!"lms! [17],!magnetic!TiO2! [18]!and!bismuth! titanate!nano-
particles![19].!The!weaknesses!of!this!process,!which!limit!their!indus-
trial! applications,! include! low-usage! of! visible! light,! fast! charge!
recombination,!and!low!migration!ability!of!the!photo-generated!elec-
trons!and!holes![20].!Microorganisms!such!as!bacteria,!fungi,!and!yeasts!
have!been!found!to!ef"ciently!decolorize!various!kinds!of!organic!dyes!
present! in!wastewater! [21].! Enzymes,! like! laccase! have! been!widely!
used! for! the!biological! remediation!of! dyes,! due! to! their! abundance,!
affordable! cost,! and!no! requirement! for!additional! chemical! reagents!
[22,23].!

The!adsorption!process!is!cost-effective,!ef"cient,!easy!to!implement!
at!an!industrial!scale!and!the!adsorbed!dye!can!be!recovered!by!regen-
erating!the!adsorption!support![13].!Many!materials!have!been!tested!to!
decolorize! CV! present! in!water,! such! as! biopolymers! [24],! activated!
carbon!prepared!from!biowastes![25,26],!magnetic!graphite!composites!
[27],!zeolite![28],!chitosan![29],!alginate![30]!and!electrospun!"bers!
[31].! As! for! electrospinning,! it! is! a! promising! technique,! getting! an!
increasing!interest!due!to!its!simplicity,!ef"ciency,!low!cost,!and!scal-
ability! [32].! The! development! of! biobased! "bers! for! the! removal! of!
organic!dyes!has!become!a!major!research!topic!in!the!last!years![21].!
Hosseini! et! al.! (2021)! prepared! PVA! (Polyvinyl! Alcohol)! /Chitosan/!
Montmorillonite!"bers!and!evaluated!their!ef"ciency!in!the!removal!of!
cationic!dye![33].!Kim!et!al.!(2022)!fabricated!PVA/Lignin!based!"bers,!
showing!high!adsorption!capacity!toward!methylene!blue!equal!to!354!
mg! g−1! [34].! Polydopamine/β-cyclodextrin! composite! electrospun!
membranes!have!proven!a!good!ability!to!remove!cationic!and!anionic!
dyes! from! aqueous! media! [35].! Cellulose! acetate! "bers! have! been!
employed! by! Santos-Sauceda! et! al.! (2021)! for! the! decolorization! of!
wastewater!ef#uents![36].!These!membranes!have!been!prepared!with!
biopolymers!and!stabilized!by!crosslinkers;!however,!this!crosslinking!is!
usually!done!using!glutaraldehyde,!which!is!classi"ed!as!a!carcinogen!
[37,38].!To!overcome!this!issue,!citric!acid!was!used!as!green!and!eco-!
friendly! crosslinker! during! the! preparation! of! PVA! based! "bers!
[39–41].! Functionalization! of! PVA! "bers! has! been! reported! in! the!
literature,!as!a!method!to!enhance!their!adsorption!capacity!for!pollut-
ants![42].!This!step!requires!the!use!of!additional!reagents,!that!could!be!
harmful! and! toxic! to! the! environment! such! as,! poly(hexadimethrine!
bromide)!and!poly(methyl!methacrylate)![43],!polyethyleneimine![44]!
and!mercaptopropionic! acid! [45].! However,! L-cysteine! is! a! nontoxic!
amino!acid!and!exhibits!a!simple!molecular!structure!consisting!of!car-
boxylic! (-COOH),! amine! (−NH2)! and! thiol! (-SH)! groups! [46].! CYS!

emerges! as! an! outstanding! candidate! for! integrating! into! adsorbents!
designed! for! the! removal! of! pollutants! and! few!works!have! been! re-
ported!on!this!topic.!Enache!et!al.!(2017)!prepared!CYS!functionalized!
silica!coated!magnetite!nanoparticles!as!potential!adsorbent!of!Pb![47].!
Mittal! et! al.! (2021)! synthesized! a!novel!bio-nanocomposite!Alginate-!
Cysteine-Kaolin!for!the!effective!removal!of!CV!dye![48].!Moran-Salazar!
et! al.! (2023)! have! produced! a! novel! L-cysteine-functionalized! silica!
adsorbent!designed!for!the!removal!of!As(V)!ions!from!aqueous!solutions!
using!a!modi"ed!sol-gel!route![49].! In! this!work,!CYS!offers! two!ad-
vantages!due!to!the!presence!of!the!amino,!carboxylic!and!thiol!groups!in!
its! structure.! It! can! bind! to! PVA! through! the! formation! of! ester! and!
amide!bridges,!ensuring!thus!the!crosslinking!of!this!polymer!and!it!has!
also!notable!af"nity!to!bind!strongly!to!organic!dyes.!

Response! surface! methodology! is! a! powerful! statistical! tool! for!
modeling!and!optimizing!complex!processes!in!various!"elds,!such!as!
food! science![50],!biosensors! [51],!water! treatment! [52],!agriculture!
[53],!medicine![54]!and!drug!delivery!materials![55].!Doehlert!experi-
mental!design!is!a!second!order!polynomial!model!offering!simultaneous!
study!of!multiple!factors!at!different!number!of!levels![56].!This!model!
requires!fewer!number!of!experiments!compared!to!other!models!(CCD,!
BBD),! which! is! valuable! when! conducting! costly! or! time-consuming!
experimental!runs![57].!Doehlert!matrix!is!characterized!also!by!a!uni-
form!distribution!of!points!over!the!whole!experimental!domain.!In!this!
context,!this!model!has!been!employed!to!study!the!adsorption!process!
of!CV!on!PVA!and!PVA-CYS!"bers.!

In!this!work,!green!in-situ!incorporation!of!L-cysteine!into!the!PVA!
"bers!has!been!performed!in!a!single!step!by!solubilizing!the!polymer,!
amino! acid! and! crosslinker! together! and! then! proceeding! with! the!
electrospinning!process.!This!procedure!is!quite!easy,!eco-friendly,!and!
to!the!best!of!our!knowledge,!not!well!exploited!in!literature.!The!pro-
duced!"bers!were!characterized!by! the!determination!of!pH!of!Point!
Zero! Charge! (PZC),! elemental! analysis,! Fourier! Transform! InfraRed!
spectroscopy! (FTIR),! Scanning! Electron! Microscopy! (SEM),! Atomic!
Force! Microscopy! (AFM),! and! thermogravimetric! analysis! (TGA).!
Experimental!design!approach!has!been!applied!to!study!the!effects!of!
each!parameter!and!their!interactions!on!the!adsorption!uptake!of!CV!on!
both!PVA!and!L-cysteine!modi"ed!PVA,!called!PVA-CYS!in!this!manu-
script.!The!effect!of!water!salinity!has!been!investigated.!CV!removal!
mechanism! was! elucidated! based! on! the! characterization! of! Fourier!
transform!infrared!(FTIR),!adsorption!kinetics!and!isotherm!models!and!
the!work!were!concluded!with!an!application!on!a!real!ef#uent.!

2. Materials!and!methods!

2.1. Materials!

Polyvinyl! alcohol! (PVA)! with! an! average! molecular! weight! of!
89,000–98,000! Da! (99%! hydrolyzed),! citric! acid! (99%),! L-cysteine!
(CYS)! (99%),! sodium! hydroxide,! hydrochloric! acid,! sodium! chloride!
(99%),!were!purchased!from!Sigma!Aldrich.!Sodium!nitrate!(99%),!so-
dium! sulfate! (99%)! and! sodium! carbonate! (99%)! were! provided! by!
Merck.!Deionized!water!was!used!to!prepare!the!solutions.!

2.2. Fibers!preparation!

1!g!of!PVA!has!been!dissolved!in!10!mL!of!water!at!85!◦C.!Then,!
0.195!g!of!citric!acid!was!added!to!the!solution.!For!the!preparation!of!
PVA-CYS,!after!cooling!to!room!temperature!PVA!blend,!0.3!g!of!CYS!
were!introduced!into!the!polymer!mixture!and!stirred!for!1!h!to!obtain!a!
homogeneous!solution.!Prior!to!electrospinning,!the!mixture!was!soni-
cated!for!30!min.!The!electrospinning!set-up!was!self-made!in!laboratory!
and!is!composed!of!a!volumetric!pump,!a!power!supply,!and!a!rotary!
collector!(Linari!NanoTech!Easy!Drum,!Pisa,!Italy).!The!electrospinning!
process!was!performed!using!30!kV!"eld!strength,!15!cm!tip-to-collector!
distance! (Speed:! 75! rpm)! and! 0.9! mL! h−1! #ow! rate.! After! electro-
spinning,!the!"bers!were!cured!by!thermal!treatment!at!180!◦C!for!30!

Fig.!1. Chemical!structure!of!CV![10].!!
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min.!Two!types!of!"bers!have!been!prepared!during!this!work:!PVA!pure!
"bers! and! PVA-CYS! "bers! after! addition! of! the! amino! acid! to! the!
mixture.!!

1.1.! Characterization!

The!pH!of!zero!charge!(pHpzc)!of!PVA!and!of!PVA-CYS!was!deter-
mined!using!the!procedure!proposed!by!Faria!et!al.![58]:!30!mg!of!the!
material!were!introduced!in!six!vials!containing!10!mL!of!NaCl!(0.01!
mol!L−1)!then!the!pH!was!adjusted!in!the!range!2!to!12!with!HCl!or!
NaOH!(0.1!and!1!mol!L−1).!The!mixtures!were!maintained!under!stirring!
for!24!h.!Finally,!the!"nal!pH!was!measured!using!pHmeter!(Metrohm,!
Switzerland).!The!pHpzc!is!the!intersection!point!of!the!graph!Initial!pH-!
Final!pH!versus!Initial!pH!with!the!x!axis.!Water!solubility!of!the!"bers!
was! determined! at! room! temperature! according! to! the! method!
mentioned!by!Cecone!et!al.![59]!with!slight!modi"cations.!Brie#y,!20!
mg!of!"bers!was!mixed!with!5!mL!of!distilled!water!at!room!temperature!
for!24!h.!Then,!the!mixture!was!centrifugated!and!the!membrane!was!
dried!in!the!oven!at!60!◦C!until!it!reached!constant!weight.!The!soluble!
fraction!was! calculated! from! the! residue! after! evaporation! using! the!
following!equation:!

Wloss(%) =
(w0 − w1)

w0

× 100  

where,!w0! is! the! initial!weight! (mg)!and!w1! is! the!"nal!weight!after!
drying!(mg).!

The!chemical!composition!of!the!"bers!(CHNS-O!elemental!analysis)!
before!and!after!washing!was!measured!using!a!Thermo!Fisher!FlashEA!
1112!Series!elemental!analyzer!(Waltham.!MA.!USA).!A!Perkin!Elmer!
Spectrum!100!FTIR!Spectrometer!(Waltham,!MA.!USA)!equipped!with!a!
universal! ATR! (Attenuated! Total! Re#ection)! sampling! accessory!was!
used! for! the! recording! of! FTIR! spectra.! They! were! collected! in! the!
wavenumber!range!from!650!to!4000!cm−1,!with!a!resolution!of!4!cm−1.!
The!morphology!of!the!prepared!materials!was!observed!by!SEM!using!
Tescan!VEGA!3! instrument! (Brno.!Czech!Republic).!The! images!were!
recorded!using!secondary!electrons!at!15!kV!accelerating!voltage.!To!
reduce!the!sample!charging,!specimens!were!coated!with!gold!before!
analysis!using!a!Baltec!SCD!050!sputter!coater!(Pfaf"kon,!Switzerland)!
operating!under!vacuum!and!at!60!mA.!Nanosurf!Easyscan2!AFM!in-
strument! shielded! in! an! insulated! enclosure! and! placed! on! an! anti-
vibration!platform!equipped!with!a!high-resolution!scan!head!(10!× 10!
μm)!was!used!to!perform!AFM!analysis.!Measurements!were!operated!in!
air!at!room!temperature!in!the!intermittent-contact!mode!using!a!sharp!
Si!cantilever!225!μm!long!(Tap190Al,!BudgetSensors)!with!a!tip!height!
of!17!μm!and!an!apex!radius!< 10!nm.!AFM!images!of!256!× 256!lines!
were!collected!at!0.2–0.3!Hz!scan!rate.!Thermogravimetric!analysis!was!
performed!using!TA!Q500!instrument!(New!Castle,!USA)!to!evaluate!the!
thermal!stability!of!the!"bers.!The!initial!sample!weight!was!about!7!mg.!
Measurements!were!carried!out!in!nitrogen!atmosphere,!at!a!tempera-
ture!range!of!30!to!650!◦C,!with!a!heating!rate!of!10!◦C!min!−1.!

2.3. Adsorption!experiments!

The!ef"ciency!of!PVA!and!PVA-CYS!toward!CV!removal!was!evalu-
ated! by! batch! adsorption! study.! Kinetic! studies! were! conducted! at!
different!times!ranging!from!15!to!180!min,!with!a!CV!concentration!of!
50!mg!L−1,!pH!equal!to!5.88,!1!g!L−1!"bers!and!stirred!at!450!rpm!(tested!
volume!= 10!mL).!The! residual!concentration!of!CV!was!determined!
using!Varian!Cary!300!Scan!UV–Visible!spectrophotometer!measuring!
the!absorption!at!590!nm!after!removal!of!the!"bers.!

The!removal!percentage!Y!(%)!and!the!adsorption!capacity!qe!(mg!
g−1)!were!calculated!according!to!the!equations:!

Y = [(C0 −Ce)/C0 ] × 100 (1)!!

qe = (C0 −Ce)×V/W (2)!!

where,!C0!(mg!L
−1)!is!the!initial!concentration,!Ce!(mg!L

−1)!is!the!con-
centration!at!equilibrium,!V!(L)!is!the!solution!volume!and!W!(g)!is!the!
adsorbent!amount.!

Adsorption!isotherms!were!performed!in!the!concentration!range!50!
to!250!mg!L−1,!pH!equal!to!5.88,!1!g!L−1!"bers!and!at!room!temperature.!
All! presented! data! are! done! in! triplicate! and! expressed! as! mean!±
standard!deviation!(SD).!Thermodynamic!studies!were!carried!out!at!pH!
equal!to!5.88,!1!g!L−1!"bers!and!four!different!temperatures!(293,!303,!
313,!323!K).!The!regeneration!of!PVA-CYS!was!tested!by!recovering!the!
"bers!after!adsorption!experiments!and!drying!them!overnight!at!80!◦C.!
Desorption! experiments! were! conducted! using! four! solvents:! sodium!
hydroxide!NaOH!(0.1!mol!L−1),!sodium!chloride!NaCl!(0.1!mol!L−1),!
sodium!hydrochloride!HCl! (0.1!mol!L−1)!and!distilled!water.!The! re-
generated!"bers!were!washed!several!times!with!distilled!water,!dried!
and!reused!for!further!CV!adsorption!experiments.!

2.4. Doehlert!experimental!design!

Three!factors!Doehlert!design!was!chosen!to!investigate!effect!and!
the!interaction!of!the!selected!parameters!on!the!removal!percentage!of!
CV.!This!model!has!the!speci"city!of!attributing!different!levels!to!each!
parameter! and! it! is! always! recommended! to! select! the! variable!with!
highest!effect!as!the!second!factor,!presenting!seven!levels![60].!Thus,!
seven!levels!were!attributed!to!the!variable!pH!(X2),!"ve!levels!to!the!
adsorbent!amount!(X1)!and!three!levels!to!the!dye!concentration!(X3)!in!
the!experimental!range!presented!in!Table!1.!The!required!number!of!
experiments!for!this!design!is!equal!to!k2!+ k!+ cp,!where!k!is!the!number!
of!variables!and!cp!is!the!number!of!replicates!of!the!central!point![61].!
In!our!study,!"fteen!experiments!have!been!carried!out.!Two!responses!
(Y1!and!Y2!were!recorded!for!each!experiment,!corresponding!to!the!
adsorption!capacity!of!CV!on!PVA!and!on!PVA-CYS,!respectively.!The!
model!was!evaluated!through!Fischer’s!test,!p-value!and!the!coef"cient!
of!determination!r2.!Nemrodw!software!was!used!to!elaborate!the!sta-
tistical!tests!and!2D!isoresponse!graphs.!

2.5. Effect!of!salinity!

The!effect!of!ionic!strength!has!been!tested!using!different!concen-
trations!of!NaCl,!from!0.01!to!0.4!mol!L−1.!Moreover,!to!investigate!the!
in#uence!of!coexisting!ions,!"bers!were!also!added!into!10!mL!of!50!mg!
L−1!CV!solution!in!the!presence!of!50!mg!L-!1!of!SO4

2−,!NO3
2− and!CO3

2−.!
The!solutions!were!mixed!and!stirred!at!450!rpm!for!2!h.!

2.6. CV!adsorption!in!spiked!real!wastewater!

CV!was!spiked!in!real!wastewater!at!the!concentration!of!100!mg!L−1.!
Wastewater! characterization! was! performed! by! inductively! coupled!
plasma! optical! emission! spectroscopy! (ICP-OES)! PerkinElmer,! model!
Optima!7000!DV!(Waltham,!MA.!USA)!equipped!by!a!Te#on!Mira!Mist!
nebulizer,!a!cyclonic!spray!chamber,!and!an!Echelle!monochromator.!
The!applied!power!was!1300!W.!Plasma,!auxiliary,!and!nebulizer!gas!
#ows!were! 15,! 0.2,! and! 0.6! L!min−1,! respectively.! The! signals!were!
measured!in!triplicate.!The!concentrations!of!K,!Na,!Ca,!Mg,!Sr,!Si,!Cr,!Pb!
and! Cd! were! measured! at! 766.490,! 589.592,! 317.933,! 285.213,!
407.771,!251.611,!267.716,!220.353!and!228.802!nm,!respectively.!

Table!1!
Variables!and!experimental!range!of!the!Doehlert!design.!!

Independent!Variables! -1! 0! +1!

X1! Adsorbent!amount!(g!L−1)! 0.5! 1! 1.5!
X2! pH! 3! 6.5! 10!
X3! Dye!concentration!(mg!L−1)! 50! 100! 150!!
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3. Results!and!discussions!

3.1. Fiber!characterization!

Chemical!properties!of!PVA!and!PVA-CYS!"bers!are!summarized!in!
Table!2.!The!pH!of!zero!charge!of!the!two!"ber!types!was!determined!to!

be!4.48! and!4.16! for!PVA!and!PVA-CYS,! respectively,! indicating! the!
materials!are!negatively!charged!in!a!large!range!of!pHs!(i.e.,!for!pHs!>
pH!of!zero!charge).!This!parameter! is!crucial! to!understand!the!elec-
trostatic!interactions!between!the!cationic!dye!and!the!charged!surface!
of!the!"bers,!depending!on!the!solution!pH![62].!Elemental!analysis!of!
PVA-CYS!"bers!shows!the!presence!of!nitrogen!and!sulfur!(Table!2).!This!
result!con"rms!the!effective!functionalization!of!the!amino!acid!within!
the!PVA!matrix![63]!and!is!in!accordance!with!FTIR!absorption!bands!
observed!in!Fig.!2!at!1650!and!1521!cm−1,!corresponding!to!C––O!amide!
stretching!vibration!and!N–H!bending!vibration,!respectively![28,64].!
After! washing! the! PVA-CYS! "bers,! 90%! of! the! starting! material! is!
recovered,!which!con"rms!the!occurrence!of!the!crosslinking!reactions!
[59].!The!weight!loss!of!10%!is!correlated!to!the!decrease!in!the!per-
centage!of!nitrogen!and!sulfur,!as!shown!in!Table!2,!and!can!be!associ-
ated!to!loss!of!unreacted!amino!acid!not!strictly!bonded!to!the!polymeric!
network.! PVA! "bers! are! stable! in! water! and! the! soluble! fraction! is!
negligible.!

Surface!functional!groups!of!CYS,!pure!PVA,!crosslinked!PVA!"bers!
with! citric! acid! (PVA-CA)! and! PVA-CYS!were! characterized! by! FTIR!
spectroscopy,! as! shown! in! Fig.! 2.! All! the! spectra! show! the! speci"c!

Table!2!
Chemical!properties!of!PVA!and!PVA-CYS.!!!

PVA! PVA-CYS!

pH!of!zero!charge! 4.48! 4.16!
Soluble!fraction!(%)! 0.70!± 0.32! 10.26!± 3.08!
Elemental!analysis!! BW*! AW*!
Carbon!(%)! 52.44!± 0.12! 50.24!± 0.68! 50.54!± 0.72!
Hydrogen!(%)! 8.10!± 0.01! 7.70!± 0.15! 7.89!± 0.22!
Oxygen!(%)!*! 39.34!± 0.12! 36.96!± 0.34! 38.43!± 0.38!
Nitrogen!(%)! 0.00!± 0.00! 2.03!± 0.10! 1.35!± 0.27!
Sulfur!(%)! 0.00!± 0.00! 3.06!± 0.17! 1.79!± 0.31!

*BW:!Before!Washing.!*AW:!After!Washing!the!"bers,!*!Oxygen!(%):!The!oxygen!
content!has!been!calculated!by!difference.!

Fig.!2. FTIR!Spectra!of!pure!PVA,!CYS,!PVA-CA!and!PVA-CYS!(a).!!
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absorption!bands!of!PVA:!large!O–H!stretching!band!centered!at!3285!
cm−1![65],!C–O!stretching!of!alcohols!at!1090!cm−1![66].!Symmetric,!
asymmetric!stretching!and!bending!vibrations!of!C–H!are!observed!at!
2937!cm−1,!2900!cm−1!and!1427!cm−1,!respectively![67].!The!signals!
observed! at! 832! cm−1,! 916! cm−1,! 1235! cm−1! and! 1328! cm−1! are!
correlated!to!PVA!skeleton!vibrations:!-CH2!wagging!and!rocking,!C–C!
stretching!and!O–H!bending,!respectively![8,9].!

L-cysteine!spectrum!presents!two!characteristic!peaks!at!1579!cm−1!

and! 1421! cm−1! corresponding! to! the! symmetric! and! asymmetric!
stretching!vibrations!of!the!COO− group,!respectively![70].!The!bands!
appearing!at!3168!cm−1and!1533!cm−1! belong! to! the! stretching!and!
bending!vibration!of!the!amino!group![71].!S–H!bending!vibration!is!
observed!at!2550!cm−1.!

The! new! band! appearing! at! 1725! cm−1! in! the! PVA-CA! "bers!

corresponds!to!the!carbonyl!of!an!ester!group.!The!presence!of!this!band!
con"rms!the!reaction!between!hydroxyl!groups!of!PVA!and!carboxylic!
groups!of!citric!acid!to!form!crosslinked!PVA-CA!"bers![41,72].!During!
the!thermal!process,!CA!is!"rstly!dehydrated!to!its!anhydride!and!sub-
sequently!an!ester!group!is!formed!through!ring!opening!reaction!of!the!
anhydride!by!the!-OH!groups!of!PVA!(Fig.!3a!and!b)![73].!Hussein!et!al.!
indicated!that!CA!could!react!with!-OH!of!two!separate!PVA!chains!or!
with! -OH! of! the! same! chain,! forming! intermolecular/intramolecular!
crosslinking! [67].! After! addition! of! L-cysteine,! it! is! noticed! that! the!
carbonyl!band!signal!shifts!to!lower!wavenumber!(1712!cm−1).!An!in-
crease!in!the!hydrogen!bonding!interaction!between!the!OH!groups!of!
PVA!and!the!amino!group!of!CYS!may!be!responsible!for!this!shift![74].!
Compared! with! PVA-CA! spectrum,! two! new! absorption! bands! are!
observed! at! 1650! cm−1! and! 1521! cm−1! in! the! PVA-CYS! spectrum!

Fig.!3. Possible!reactions!between!CA,!CYS!and!PVA!during!the!crosslinking!treatment:!(a)!Formation!of!citric!anhydride!intermediate,!(b)!Ester!bond!formation!
during!the!crosslinking!of!PVA-CA!and!(c)!Ester!bonds!formation!as!bridges!between!PVA!and!both!CA!and!CYS!and!amide!bonds!between!CA!and!CYS.!

Fig.!4. SEM!images!of!PVA!(a,!b),!PVA-CYS!(d,!e),!and!Diameter!size!distribution!of!PVA!(c)!and!PVA-CYS!(f).!!
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(Fig.!2b).!The!"rst!broad!shoulder!can!be!assigned!to!the!amide!I!band!
[75],!while!the!second!small!band!belongs!to!amide!II![64].!These!ob-
servations!con"rm!that!the!amino!group!of!L-cysteine!has!reacted!with!
the!carboxylic!group!of!citric!acid!during!the!crosslinking!process!of!the!
PVA!"bers,!through!the!formation!of!amide!groups!(Fig.!3!b).!Similar!
"ndings!have!been!demonstrated!by!Urunga!et!al.!during!the!synthesis!of!
gelatin!"bers!crosslinked!with!citric!acid![76].!

Detail!of!the!spectra!in!the!range!1850–1500!cm−1!(b).!
The!morphology!of!the!prepared!"bers!was!studied!via!SEM!tech-

nique!and!is!illustrated!in!Fig.!4.!PVA!"bers!are!nonwoven,!bead!free,!
smooth!and!show!an!apparently!uniform!diameter,!as!observed!by!other!
authors![77,78].!SEM!images!of!PVA-CYS!(Fig.!4!d-e)!show!nonwoven!
and!smooth!"bers!with!the!presence!of!beads!in!some!regions.!The!for-
mation!of!beads!could!be!associated!with!the!instability!of!the!polymer!
solution!jet!due!to!solution!viscosity,!net!charge!density!carried!by!the!
electrospinning!jet!and!surface!tension!of!the!solution,!as!observed!by!
some! authors! [79].!Diameter! size!distributions! of! PVA!and!PVA-CYS!
"bers!are!shown!in!Fig.!4!(c-f).!The!PVA!"bers!have!a!mean!diameter!
of!179!± 39!nm!that!increased!to!217!± 34!nm!after!the!addition!of!L-!
cysteine.!

The! AFM! imaging! was! performed! for! analyzing! the! surface!
morphology,!composition,!and!roughness!of!the!PVA-based!"bers.!AFM!
images!of!PVA!and!of!PVA-CYS!are!illustrated!in!Fig.!5!(a-b),!respec-
tively.!From!the!3D!images!it!is!also!clear!that!both!PVA!and!PVA-CYS!
"bers!are!entangled!and!randomly!distributed!forming!"ber!mat!mem-
branes.!Furthermore,!it!is!also!clear!that!PVA-CYS!have!bigger!diameters!
than!pure!PVA!"bers!and!that!they!present!beads.!Furthermore,!from!the!
phase!signal!of!the!two!samples!(insets!at!the!bottom!right!of!Fig.!5a,b)!
the!contrast!in!the!phase!signal!can!be!observed!to!be!mainly!in#uenced!
at!this!magni"cation!by!the!morphology,!with!no!signi"cant!substruc-
ture! (i.e.! domains! are! continuous! along! the! "ber! axis! without! in-
terruptions)![80].!This!"nding!indicated!that!the!composition!along!the!
"ber!axis!at!the!surface!is!homogeneous!and!that!there!are!no!variations!
in! surface! properties,! such! as! elasticity,! adhesion! and! friction! deter-
mined!by!the!different!composition!and!phases!segregation![81].From!
the!morphological!signal!of!the!two!samples,!root-mean-square!rough-
ness!(Rrms)!and!mean!roughness!(Ra)![82]!were!calculated!to!be!162!nm!
and!130!nm!for!PVA,!and!339!nm!and!267!nm!for!PVA-CYS,!respectively.!

The!roughness!values!of!samples!were!calculated!after!removal!of!highly!
curved/sloped!surfaces!of!"bers!and!bottom!mat!regions!(Fig.!S2).!From!
these! results,! we! can! state! that! the! higher! roughness! values! were!
calculated! for! "bers! with! larger! diameters! (i.e.,! PVA-CYS! "bers),! as!
observed!by!other!authors!for!PLC!"bers![83].!

The!thermal!stability!of!PVA!and!PVA-CYS!"bers!was!analyzed!using!
TGA!(Fig.!6).!The!pro"le!of!the!curves!presents!four!weight!losses.!The!
"rst!one,!observed!at!55!◦C,!is!related!to!the!evaporation!of!adsorbed!
water![84].!Then,!a!second!and!a!third!weight!losses!between!200!and!
310!◦C!can!be!assigned!to!the!loss!of!side!groups,!namely!the!L-cysteine!
derivative!in!PVA-CYS!and!-OH!by!dehydration!in!PVA,!with!the!for-
mation! of! polyene! [85,86].! A! shift! is! also! noticed! in! the! following!
decomposition!step,!between!350!◦C!and!400!◦C,!corresponding!to!the!
cleavage!of!C–C!in!PVA!main!chain![87].!The!different!pro"les!of!these!
steps! can! be! ascribed! to! a! different! organization! of! the! polymeric!
matrices! and! con"rm! the! presence! of! cysteine! in! the! modi"ed!
membranes.!

Fig.!5. 3D!topography!AFM!images!of:!PVA!(a)!and!PVA-CYS!"bers!(b).!The!top!insets!in!(a,b)!illustrate!the!2D!10!× 10!μm!top-view!images,!while!the!bottom!insets!
in!(a,!b)!show!2D!phase!signal!images!of!the!same!regions.!

Fig.!6. TGA!and!DTGA!thermograms!of!PVA!and!PVA-CYS.!!
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3.2. Application!of!Doehlert!experimental!design!

Before!performing!the!adsorption!experiments!of!the!experimental!
design,! it! was! necessary! to! investigate! the! kinetics! of! adsorption,! to!
determine!the!time!required!to!reach!the!adsorption!equilibrium!(Fig.!7).!
The!graph!shows!rapid!adsorption!in!the!"rst!30!min,!then!the!rate!slows!
down,!and!equilibrium!is!reached!after!approximately!2!h,!indicating!
saturation!of!the!active!sites.!The!time!of!two!hours!was!considered!for!
the!rest!of!the!experiments!carried!out.!

The! response! values! obtained! for! each! experiment! are! listed! in!
Table!3.!The!adsorption!capacities!of!CV!ranged!from!10.29!to!123.72!
mg!g−1!and!48.71!to!134.41!mg!g−1!for!PVA!and!PVA-CYS,!respectively.!
The!Fischer!test!was!applied!to!evaluate!the!signi"cance!of!the!model!
(Table!S1).!The!p!values!of!the!two!models!are!<0.001!and!0.01!for!CV!
adsorption! on! PVA! and! PVA-CYS,! respectively.! The! coef"cients! of!
determination!are!equal!to!0.946!and!0.976!for!Y1!and!Y2,!respectively.!
These! results! prove! a! good! and! satisfactory! correlation! between! the!

experimental!and!predicted!responses.!
The!Doehlert!design!is!a!second!order!model,!relating!the!studied!

responses! to! the!variables!amount,!pH!and!concentration!of! the!dye,!
through!the!following!equations:!

Y1!= 33.40–10.21!× 1!+ 47.33!× 2!+ 0.93!× 3!+ 31.06!× 2
2!+ 8.58!×

3
2–24.67!× 1!× 2!+ 6.09!× 2!× 3.!

Y2!= 81.42–32.67!× 1!+ 5.75!× 2!+ 28.06!× 3!+ 15.40!× 1
2–22.40!×

2
2–9.19!× 1!× 2.!

Pareto!chart!is!principally!used!to!identify!the!factors!and!interaction!
effects!that!have!the!most!impact!on!the!adsorption!process!(Fig.!8)![88].!
The!length!of!each!bar!in!the!diagram!represents!the!in#uence!of!the!
parameter.!Fig.!8!(a)!shows!for!PVA!that!pH!(X2)!is!the!most!in#uencing!
factor!on!the!CV!adsorption!capacity!with!an!effect!percentage!>50%!
followed!by!the!interaction!between!adsorbent!amount!(X1)!and!pH!in!
much!more!limited!way.!However,!Fig.!8!(b)!revealed!that!the!adsorbent!
amount! (X1)! and! the! initial! dye! concentration! (X3)! have! the! higher!
percentage!of!effect!on!CV!adsorption!on!PVC-CYS!followed!by!the!pH!
(X2)!in!a!much!more!limited!way.!

The!isoresponse!graphs!were!obtained!using!the!Nemrodw!software.!
The!model!equation!is!basically!transformed!into!isoresponse!curves!for!
the!purpose!of!the!model’s!graphical!evaluation![89].!The!study!of!the!
in#uence!of!different!parameters!on!the!adsorption!capacity!of!CV!was!
performed!by!varying!two!factors!and!"xing!the!third!one.!These!plots!
are!presented!in!Figs.!9-11.!

as!a!function!of!adsorbent!amount!and!pH!at!constant!dye!concen-
tration!(100!mg!L−1).!

The!solution!pH!is!a!very!important!factor!in!the!adsorption!process!
of!CV!dye.!Adsorbent!and!adsorbate!may!include!functional!groups!that!
can!be!protonated!or!deprotonated!to!generate!different!surface!charges!
in! solution,! depending! on! pH,! leading! to! electrostatic! attraction! or!
repulsion!between!the!charged!adsorbate!and!adsorbent![90].!Therefore,!
pH!was!investigated!in!the!range!of!3!to!10!to!study!its!impact!on!the!CV!
dye!removal!on!PVA!and!PVA-CYS.!As!shown!in!Fig.!9!(a),!a!signi"cant!
improvement!in!the!adsorption!capacity!of!CV!on!PVA!is!observed!as!pH!
increases.!In!fact,!at!high!pH!values,!CV!dye!is!almost!totally!positively!
charged![91,92],!whereas!the!"bers!are!negatively!charged!as!the!pH!is!

Fig.!7. Effect!of!contact!time.!Experimental!conditions:!1!g!L−1!"bers,!pH!= 5.88,!and!50!mg!L−1!CV.!!

Table!3!
Matrix!of!experiments!and!recorded!responses.!!

Run! X1! X2! X3! Y1! Y2!

1! 1.50! 6.50! 100.00! 31.73! 59.25!
2! 0.50! 6.50! 100.00! 35.43! 134.41!
3! 1.30! 10.00! 100.00! 80.77! 58.22!
4! 0.80! 3.00! 100.00! 10.29! 70.77!
5! 1.30! 3.00! 100.00! 11.08! 58.05!
6! 0.80! 10.00! 100.00! 123.72! 86.86!
7! 1.30! 7.67! 150.00! 41.27! 89.95!
8! 0.80! 5.33! 50.00! 36.19! 73.83!
9! 1.30! 5.33! 50.00! 29.86! 48.71!
10! 1.00! 8.83! 50.00! 62.73! 59.91!
11! 0.80! 7.67! 150.00! 64.92! 134.55!
12! 1.00! 4.17! 150.00! 29.83! 95.46!
13! 1.00! 6.50! 100.00! 33.48! 81.82!
14! 1.00! 6.50! 100.00! 33.01! 83.06!
15! 1.00! 6.50! 100.00! 32.39! 79.39!!
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higher!than!the!pH!of!the!zero!charge!(equal!to!4.48).!In!this!condition,!
an!electrostatic!attraction!between!the!cationic!dye!ions!and!the!nega-
tively!charged!"ber!surface!takes!place,!which!enhances!the!removal!of!
CV!dye.!By!contrast,!at!pH!solution!lower!than!pH!of!zero!charge,!there!is!
an! electrostatic! repulsion! between! the! CV! cations! and! the! positively!
charged! surface! of! the! "ber! [93].! Furthermore,! in! acidic! media! the!
adsorption!capacity!decreases!due!to!the!large!concentration!of!H+ ions,!
which! compete! with! the! positively! charged! CV! molecules! for! the!
adsorption!on!the!"bers,!resulting!in!lower!CV!adsorption!capacity!on!
PVA![94].!The!maximum!adsorption!capacity!of!CV!on!PVA!reached!114!
mg!g−1!at!pH!10!and!0.75!g!L−1!of!adsorbent!amount!(Fig.!9!a).!

Fig.! 9! (b)! shows! the! effect! of! pH! and! adsorbent! amount! on! CV!
adsorption!by!PVA-CYS.!It!is!observed!that!pH!variation!affects!differ-
ently! the! removal!uptake!of!CV!on!PVA-CYS!compared! to!PVA.!This!
difference!lies!in!the!incorporation!of!cysteine,!introducing!novel!func-
tional!groups!like!NH2!and!SH!groups!onto!the!modi"ed!"bers.!The!re-
sults!have!shown!that!at!acidic!pH,!CV!uptake!decreases!for!PVA!due!to!

the!electrostatic!repulsions!between!cationic!dye!and!negatively!charged!
surface!of!PVA.!However,!the!CV!adsorption!capacity!remains!high!for!
PVA-CYS!even!in!acidic!media.!The!amino!and!sulfur!group!of!CYS!can!
interact!with! CV!molecules! not! only! via! electrostatic! forces! but! also!
through! hydrogen! bonding,! dipole-dipole,! and! hydrophobic! in-
teractions.!The!involvement!of!these!various!mechanisms!is!responsible!
for!enhancing!the!dye!removal!ef"ciency!at!lower!pH!compared!to!PVA.!
These!"ndings!con"rm!that!the!adsorption!mechanism!did!not!include!
only! electrostatic! interactions! but! also! physical! and/or! chemical! in-
teractions! established! between! the! dye! molecule! and! the! polymeric!
matrix.!The!use!of!PVA-CYS!as!an!adsorbent!has!an!effective!capacity!for!
dye!removal!at!a!close!to!neutral!pH,!which!is!also!the!natural!pH!of!CV!
solution![91].!This!outcome!is!important!for!the!large-scale!use!of!the!
adsorption!process!since!it!will!not!require!any!pH!adjustment!of!the!
ef#uent!prior!to!treatment.!

The!isoresponse!curves!of!CV!adsorption!capacity!as!a!function!of!
initial!concentration!and!amount!of!PVA!and!PVA-CYS!are!presented!in!

Fig.!8. Pareto!Graph!for!CV!adsorption!capacity!on!PVA!(a)!and!PVA-CYS!(b).!!

Fig.!9. Contour!plots!of!CV!adsorption!capacity!on!PVA!(a)!and!PVA-CYS!(b).!!
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Fig.! 10! (a,! b).! The! results! show! that! with! an! increase! in! both! "ber!
quantities,! the! adsorption! capacity! of! CV! dye! decreases.! When! the!
amount!of!PVA!increases!from!0.5!to!1.0!g!L−1,!the!adsorption!capacity!
decreases!from!41.23!to!30.95!mg!g−1!(Fig.!10!a).!Similarly,!the!capacity!
decreases!from!134.55!to!56.59!mg!g−1!when!the!PVC-CYS!amount!in-
creases!from!0.5!to!1.0!g!L−1!(Fig.!10!b).!

Fig.! 11! shows! the! effect! of! initial! dye! concentration! and! pH! on!
adsorption!capacity!of!CV!on!PVA!and!PVA-CYS.!Adsorption!capacity!of!
CV!increased!with!the!initial!concentration!at!all!pH!values!for!PVA-CYS!
(Fig.!11!b).!Higher!concentrations!enhance!the!mass!gradient!between!
the!dye!solution!and!the!"bers,!which!subsequently!acts!as!a!driving!
force!for!the!transfer!of!dye!molecules!from!the!bulk!solution!to!the!"ber!
surface,!leading!to!a!higher!CV!uptake!on!PVA-CYS![95].!These!graphs!
show!better!adsorption!on!highly!basic!media!for!PVA!and!in!neutral!
media! for!PVA-CYS.!These!observations! are! in!agreement!with! those!
reported! previously! for! the! effect! of! pH! on! CV! adsorption! capacity!
(Fig.!9).!

as!a!function!of!dye!concentration!and!pH!at!a!constant!amount!(1!g!
L−1).!

3.3. Effect!of!salinity!

The!effect!of!solution!ionic!strength!(i.e.,!salinity)!was!evaluated!by!
the!addition!of!different!concentrations!of!sodium!chloride,!as!shown!in!
Fig.! 12.! The! increase! in! ionic! strength! has! a! negative! effect! on! the!
adsorption!capacity!of!CV!on!PVA!"bers,!which!decreases!from!58!to!46!
mg!g−1.!This!effect!con"rms!that!electrostatic!attraction!between!the!
cationic! dye! and! the! "bers! controls! the! adsorption! process! [96,97].!
However,!a!slight!increase!in!the!adsorption!capacity!from!66!to!70!mg!
g−1!is!observed!for!PVA-CYS!"bers,!indicating!that!the!adsorption!of!CV!
is!not!affected!by!the!solute!ionic!strength!which!con"rms!the!results!
already!discussed!during!the!study!of!pH!effect!(Fig.!9.b).!Therefore,!the!
electrostatic!interaction!is!not!the!main!mechanism!of!CV!adsorption!on!
PVA-CYS!"bers.!Similar!results!have!been!obtained!by!Tran!et!al.!during!
the!adsorption!study!of!cationic!dye!methylene!green!on!biochar![98].!

Fig.!13!presents!the!effect!of!nitrate!and!sulfate!ions!on!CV!removal!
by!adsorption!on!PVA!and!PVA-CYS.!The!presence!of!nitrate!does!not!
affect!the!adsorption!capacity!of!the!dye!for!both!"bers,!whereas!only!a!
slight!decrease!of!5%!was!observed!for!PVA!and!PVA-CYS!"bers!when!
the!sulfate!ions!were!added.!These!results!prove!that!PVA-CYS!have!an!

Fig.!10. Contour!plots!of!CV!adsorption!capacity!on!PVA!(a)!and!PVA-CYS!(b)!as!function!of!adsorbent!amount!and!dye!concentration!at!constant!pH!(6.5).!!

Fig.!11. Contour!plots!of!CV!adsorption!capacity!on!PVA!(a)!and!PVA-CYS!(b).!!
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excellent! selectivity! toward! CV.! On! the! contrary,! the! study! of! CV!
removal! in!the!presence!of!carbonate!was!affected!by!a!problem!that!
made!impossible!a!good!evaluation!of!the!"bers!adsorbing!properties:!
the! CV! solution! color! changed! from! purple! to! green! yellowish! with!
modi"cation!of!the!absorption!spectrum!pro"le.!

3.4. Adsorption!Kinetics!

Describing!adsorption!kinetics!is!essential!for!determining!the!rate!of!
solute!uptake.!To!"t!the!experimental!data,!three!kinetic!models!were!
applied:!Pseudo-"rst!order!and!Pseudo-second!order!and!Elovich!model.!
They!are!expressed!in!the!three!following!equations,!respectively![99].!

qt = qe

(

1− e−k1 t
)

(3)!!

qt =
k2qe

2 t

1 + qek2 t
(4)!!

qt = A+B ln(t) (5)!!

where,!qt!and!qe!are!the!adsorption!capacity!at!time!t!and!at!equilibrium,!
respectively!(mg!g−1),!k1!is!the!rate!constant!of!pseudo-"rst-order!model!
(min−1),!k2!is!the!rate!constant!of!pseudo-second-order!model!(min-1),!A!
(mg!g−1!min−1)!and!B!(g!mg−1)!are!the!Elovich!constants.!

Fig.!14!shows!the!nonlinear!"tting!for!the!three!models!and!Table!4!
summarizes! the! kinetic! parameters! of! each!model.! The! pseudo-"rst-!
order!kinetic!model!is!the!most!appropriate!for!describing!the!adsorp-
tion!of!CV!dye!on!both!PVA!and!PVA-CYS,!as! it! exhibits! the!highest!
correlation!coef"cient!(R2)!and!the!lowest!chi-square!(χ2)!value!among!
the!models!considered.!The!calculated!equilibrium!adsorption!uptake!qe!
(cal)!obtained!from!the!"tting!results!are!in!agreement!with!the!exper-
imental!value!qe! (exp)! for! the!pseudo!"rst!order!model,!as! shown! in!
Table!3.!This!model!suggests!that!the!adsorption!occurs!through!physical!
forces!between!the!solute!molecules!and!the!adsorbent!surface.!

3.5. Adsorption!isotherms!

The! Langmuir! and! Freundlich! models! were! used! to! evaluate! the!
adsorption!isotherms,!and!they!are!expressed!in!the!following!nonlinear!
forms,!respectively![100]:!

qe =
qmKLCe

1 + KLCe

(6)!!

qe = KFCe
1/n (7)!!

where!qe!(mg!g
−1)!and!qm!(mg!g

−1)!are!the!equilibrium!and!maximum!
adsorption!capacities!of!CV!on!the!"bers,!respectively;!Ce!(mg!L

−1)!is!the!
equilibrium!concentration;!KL!is!the!Langmuir!constant!(L!g

−1);!KF!is!the!
Freundlich!constant!(mg!g−1).!(L!mg−1)1/n! and!n!is!the!heterogeneity!
factor.!

The! non-linear! "tting! plots! of! the! two!models! are! represented! in!
Fig.!15!and!the!corresponding!parameters!are!summarized!in!Table!5.!
Experimental!data!of! the! two!systems!are!better!"tted!by!Freundlich!
model!that!takes!into!account!that!the!adsorption!has!not!reached!the!
saturation! yet,! nevertheless! Langmuir! monolayer! capacity! will! be!
considered!to!give!a!more!precise,!although!underestimated,!comparison!
between! the! adsorption! capacity! of! the! two! systems.! The! Langmuir!
maximum!adsorption!capacity!of!CV!has!increased!from!89.68!mg!g−1!to!
197.21! mg! g−1! after! incorporating! L-cysteine! in! PVA! "bers.! This!
enhancement!with!more!than!the!double!con"rms!the!valuable!role!of!
the!amino!acid!in!increasing!the!interaction!between!the!dye!and!"bers.!
Table!6!presents!a!comparison!of!the!ef"ciency!of!PVA!and!PVA-CYS!
with!other!adsorbents!reported!in!previous!studies.!Gellan!gum/bacte-
rial!cellulose!hydrogel![101],!functionalized!chitosan![102],!and!acti-
vated!carbon![103]!show!maximum!adsorption!capacities!of!CV!lower!
than!100!mg!g−1.!However,!PVA-CYS!"bers!show!excellent!adsorption!
capacity!reaching!197!mg!g−1,!due!to!the!existence!of!different!func-
tional!groups!after!addition!of!L-cysteine.!The!physical!form!of!the!ad-
sorbents! points! out! the! positive! aspect! of! an! easy! recovery! of! the!
electrospun!"bers,!prepared!in!this!work,!with!respect!to!other!dispersed!
systems.!

3.6. Thermodynamic!studies!

The!effect!of!temperature!on!the!removal!ef"ciency!of!CV!on!PVA-!
CYS!was! investigated! at! four! different! temperatures! (293,! 313,! 323,!
333!K).!The!thermodynamic!parameters!consisting!of!Gibbs!free!energy!
(ΔG

◦

T),!enthalpy!(ΔH
◦

T),!and!entropy! (ΔS
◦

T)!were!calculated!using! the!
following!equations:!

ΔG
◦

T = −R T ln(Kc) (8)!!

Fig.!12. Effect!of!ionic!strength.!Experimental!conditions:!1!g!L−1!"bers,!pH!
5.88,!2!h!of!adsorption,!and!100!mg!L−1!CV.!

Fig.!13. Effect!nitrate!and!sulfate!ions!on!CV!removal!by!PVA!and!PVA-CYS!
"bers.! Experimental! conditions:! 1! g! L−1! "bers,! pH! 5.94,! 2! h! of! adsorption,!
50!mg!L−1!CV,!and!50!mg!L−1!of!SO4

2− and!NO3
−.!
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lnKc =
ΔS

◦

T

R
−

ΔH
◦

T

R T
(9)!!

Kc =
C0 − Ce

Ce

(10)!!

where,!T!is!the!temperature!(K),!R!is!the!universal!gas!constant!(8.314!J!
mol−1!K−1),!Kc! is! the!coef"cient!of!distribution,!C0! is! the! initial!con-
centration!(mg!L−1),!and!Ce!is!the!concentration!at!equilibrium!(mg!L

−1).!

Fig.!14. Kinetics!models!for!CV!adsorption!on!PVA!(a)!and!PVA-CYS!(b).!
(Experimental!conditions:!1!g!L−1!"bers,!pH!= 5.88,!and!50!mg!L−1!CV).!

Table!4!
Kinetic!parameters.!!

Model! Parameters! PVA! PVA-CYS!

Pseudo!First!order!

qe!(exp)!(mg!g
−1)! 37.738! 44.850!

qe!(cal)!(mg!g
−1)! 38.402! 44.611!

k1!(min
−1)! 0.070! 0.095!

R2! 0.998! 0.999!
χ2! 0.407! 0.269!

Pseudo!second!order!

qe!(exp)!(mg!g
−1)! 37.738! 44.850!

qe!(cal)!(mg!g
−1)! 41.729! 47.336!

k1!(min
−1)! 0.002! 0.004!

R2! 0.991! 0.997!
χ2! 1.528! 0.679!

Elovich!

A!(mg!g−1!min−1)! 15.469! 26.261!
B!(g!mg−1)! 4.932! 4.022!
R2! 0.969! 0.986!
χ2! 5.362! 3.260!!

Fig.!15. Adsorption!isotherms!of!CV!on!PVA!(a)!and!PVA-CYS!(b)!Experimental!conditions:!1!g!L−1!"bers,!pH!5.85,!2!h!of!adsorption.!!

Table!5!
Parameters!of!Langmuir!and!Freundlich!models!for!CV!adsorption!on!PVA!and!
PVA-CYS.!!

Fibers! Langmuir!model! Freundlich!model!

qm!(mg!g
−1)! KL!(L!

g−1)!
r2! KF!(mg!

g−1).!
(L!mg−1)1/!
n!

n! r2!

PVA!
89.68!±
3.72!

0.67!±
0.21!

0.831!
48.18!±
3.25!

8.07!±
0.93!

0.943!

PVA-!
CYS!

197.21!±
13.71!

0.51!±
0.24!

0.779!
78.52!±
7.37!

5.38!±
0.56!

0.961!!
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Temperature! plays! a! crucial! role! in! controlling! the! strength! of!
adsorptive!forces!between!the!adsorbent!and!dye!molecules![107].!The!
adsorption!capacity!of!CV!on!PVA-CYS!increased!from!68.32!to!79.94!
mg! g−1! as! the! temperature! rose! from! 293! K! to! 333! K,! as! shown! in!
Table! 7.! The! "ndings! indicate! that! the! adsorption! process! of! CV! is!
endothermic,!implying!that!rising!temperature!would!enhance!the!en-
ergy! and! promote! the! adsorption! process.! Bibi! et! al.! 2023! reported!
similar!"ndings!while!removing!CV!by!adsorption!on!microalgae!from!
real!wastewater![108].!The!values!of!thermodynamic!parameters!can!be!
directly!obtained! from! the! slope!and! intercept!of! the!van’t!Hoff!plot!
(Fig.!16),!and!they!are!summarized!in!Table!7.!The!negative!values!of!

Gibbs!free!energy!at!all!temperatures!reveals!that!the!adsorption!process!
is!spontaneous!and!favorable![109].!The!positive!value!of!ΔH

◦

T indicates!
the!endothermic!aspect!of! the!adsorption.!The! low!value!of!enthalpy!
suggests!the!involvement!of!physisorption!in!CV!adsorption!on!PVA-CYS!
[110].!The!positive!value!of!entropy!demonstrates!an!enhancement!in!
the!randomness!between!the!solid!and!the!liquid!interface.!

3.7. Regeneration!of!PVA-CYS!

Regenerating! the! used!material! is! essential! for! assessing! the! eco-
nomic! viability! and! sustainability! of! the! adsorption! process.! The!
desorption!and!reuse!of!PVA-CYS!"bers!were!evaluated!using!four!sol-
vents!H2O,!NaCl!(0.1!mol!L

−1),!NaOH!(0.1!mol!L−1)!and!HCl!(0.1!mol!
L−1).!Fig.!17!presents!the!evolution!of!the!CV!removal!percentage!after!5!
regeneration!cycles.!Water!was!excluded!from!subsequent!regenerations!
due!to!an!uptake!lower!than!30%!after!just!one!cycle.!After!"ve!cycles!of!
desorption!using!NaOH!and!HCl,!the!removal!percentage!of!CV!remains!
above! 95%.! However,! NaCl! did! not! desorb! CV! successfully! with! a!

Table!6!
Comparison!of!the!ef"ciency!of!PVA-CYS!to!other!adsorbents!reported!in!pre-
vious!studies.!!

Adsorbent! Qmax!(mg!
g−1)!

Physical!
form!

Ref!

Gellan!gum/bacterial!cellulose!hydrogel! 13.49! Hydrogel! [101]!
Functionalized!chitosan! 37.03! Powder! [102]!
Activated!carbon/Fe3O4!magnetic!
nanocomposite!

35.30! Powder! [25]!

Activated!carbon! 61.57! Powder! [103]!
Polyacrylamide!grafted!Actinidia!deliciosa!
peels!

75.188! Powder! [104]!

Alginate@silver!nanoparticles!
bionanocomposite!

186.93! Powder! [99]!

Alginate-whey! 220.00! Beads! [30]!
Chitosan-modi"ed!l-cysteine/bentonite!
bionanocomposite!

240.00! Powder! [105]!

Microporous!silica! 250.00! Powder! [106]!
ZnCl2!activated!cocoa!leaves! 253.30! Powder! [7]!
PVA!
PVA-CYS!

89.68!
197.21!

Membrane!
This!
work!!

Table!7!
Thermodynamic!parameters!of!CV!dye!adsorption!on!PVA-CYS.!!

Temperature!
(K)!

Q!(mg!
g−1)!

ΔG
◦

T (kJ!
mol−1)!

ΔH
◦

T (kJ!
mol−1)!

ΔS
◦

T (kJ!K
−1!

mol−1)!

293! 68.320! −1.334!

10.834! 0.039!
313! 74.740! −2.196!
323! 77.000! −2.542!
333! 79.940! −2.873!!

Fig.!16. Van’t!Hoff!plot!for!CV!adsorption!on!PVA-CYS.!
(Experimental!conditions:!1!g!L−1!"bers,!pH!= 5.88,!and!100!mg!L−1!CV).!

Fig.!17. Regeneration!of!PVA-CYS.!!

Fig.!18. FTIR!spectra!of!pure!CV,!PVA-CYS!before!and!after!adsorption!of!CV.!!
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decrease!in!the!removal!uptake!from!96%!of!36%!after!5!cycles.!Mirza!
et!al.!(2020)!have!found!that!82%!of!CV!could!be!desorbed!from!Algi-
nate/pectin!nanocomposite!using!HCl!as!desorbing!agent![12].!These!
observations! underscore! the! ef"ciency! of! PVA-CYS! "bers! for! CV!
adsorption,!coupled!with!their!outstanding!regeneration!capabilities.!

3.8. Adsorption!mechanism!of!CV!on!PVA-CYS!"bers!

The!adsorption!mechanism!of!CV!was!hypothesized!considering!the!
FTIR!spectra!presented!in!Fig.!18,!the!pH!of!zero!charge!of!the!adsorbent!
and! the! effect! of! pH! on! the! removal! uptake! of! the! dye,! reported! in!
Fig.!19.!The!pH!of!zero!charge!of!PVA-CYS!"bers!was!equal!to!4.16,!with!
respect!to!which!higher!pH!values!create!a!positively!charged!surface!
and!lower!pH!values!create!a!negatively!charged!surface![101].!CV!is!a!
cationic!dye,!and!its!adsorption!should!be!enhanced!by!the!electrostatic!
interaction!with!negatively!charged!"bers!at!pH!>4.16.!However,!Fig.!9!
b! shows! that! the! uptake! of! CV! is! less! affected! by! the! solution! pH,!
compared!to!PVA!and!the!adsorption!capacities!remain!relatively!high!
when!the!pH!changes.!This!result!proves!that!the!adsorption!mechanism!
cannot! be! mainly! attributed! to! electrostatic! interactions,! hence!
hydrogen! bonds! between! tertiary! amino! groups! of! CV! and! hydroxyl!
groups!of!PVA!should!be!taken!into!account![102].!Fig.!18!presents!the!
FTIR!spectra!of!CV,!PVA-CYS!before!and!after!adsorption.!Absorption!
bands,! indicated! in! the! "gure! by! red! arrows,! appeared! in! the! FTIR!
spectrum!after!CV!adsorption!at!1585,!1365!and!1180!cm−1:!they!are!
correlated!to!C––C!stretching!vibration!of!benzene!ring,!C–N!stretching!
of!aromatic!tertiary!amine!and!N-CH3!stretching,!respectively,!and!are!
characteristic!of!CV!vibrations![111,112].!Their!presence!in!the!spec-
trum!is!a!proof!of!the!dye!adsorption!on!PVA-CYS.!Also,!a!shift!in!the!
absorption!band!of! ester! carbonyl!group! from!1712! to!1724!cm−1! is!
observed! for! PVA-CYS! after! adsorption,! con"rming! an! interaction!
involving!the!ester!group!has!been!established!with!CV!molecule![113].!
In! addition,! as! Cysteine! is! considered! an! almost! hydrophobic! amino!

acid,!an!interaction!involving!the!hydrophobic!part!of!the!amino!acid!
and!the!aromatic!rings!of!CV,!is!also!possible![114].!This!complex!sit-
uation!has!been!summarized!in!the!scheme!reported!in!Fig.!19,! from!
which!we!can!evidence!an!additional!point:!CV!possesses!three!tertiary!
amino!groups!that!can!interact!at!the!same!time!with!at!least!three!OH!
groups!of!PVA!chains.! If! structural! factors!block! the!PVA!chains!and!
hamper!their!winding,!as!expected!in!the!electrospun!"bers,!it!is!possible!
that!one!molecule!of!CV!could!interact!with!more!than!one!polymeric!
chain!causing!a!decrease!of!the!ef"ciency!of!the!adsorption!increasing!
the!amount!of!the!adsorbent,!as!indicated!by!the!experimental!design!
results.!

3.9. Treatment!of!real!ef#uent!

The!effectiveness!of!the!process!of!CV!adsorption!has!been!assessed!
through!the!application!of!the!PVA-CYS!"bers!as!an!adsorbent!on!a!real!
ef#uent!spiked!with!CV.!The!ef#uent!was!characterized!by!determining!
its! pH,! ions,! metals! identi"cation! and! concentrations,! as! shown! in!
Table!8.!The!adsorption!experiments!were!conducted!using!10!mg!of!
"bers! in! 10! mL! of! wastewater! for! 2! h! of! contact! time! at! room!

Fig.!19. Possible!interactions!between!CV!and!PVA-CYS!"bers.!!

Table!8!
Application!on!real!ef#uent.!!

Parameter! Before!treatment! After!treatment!

pH! 8.34! 7.94!
Na!(mg!L−1)! 91.48! 85.17!
K!(mg!L−1)! 16.54! 15.56!
Mg!(mg!L−1)! 31.95! 28.65!
Ca!(mg!L−1)! 85.43! 75.52!
Cr,!Pb,!Cd! ≤ LD! ≤ LD!
Sr!(mg!L−1)! 0.86! 0.79!
Si!(mg!L−1)! 9.17! 7.02!
CV!(mg!L−1)! 108.43! 17.12!!
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temperature.!A!slight!decrease!is!observed!for!some!properties!like!pH!
and!ions!present!in!the!real!sample.!The!removal!yield!of!the!dye!was!up!
to!80%,!with!an!adsorption!capacity!of!91!mg!g−1,! showing!that! the!
adsorbent!is!effective!in!reducing!the!color!of!the!wastewater.!

4. Conclusions!

A! simple,! green,! and! easy! electrospinning!method!of! PVA!and! L-!
cysteine!blend!has!been!performed!to!prepare!promising!membranes!for!
dye!removal.!The!morphology,!structure!and!physico-chemical!charac-
terization! show!mat!membranes!with! "ber! diameters! of! ca.! 179! nm!
(PVA)!and!217!nm!(PVA-CYS).!The!successful!homogeneous! incorpo-
ration!of!L-cysteine!in!PVA!"bers!is!con"rmed!by!FTIR!spectroscopy!and!
AFM!phase!imaging.!Doehlert!experimental!design!was!adopted!to!evi-
dence!the!effect!of!pH,!amount!of!adsorbent!and!dye!concentration!on!
the!adsorption!process!of!CV!on!PVA!and!PVA-CYS.!The! two!experi-
mental!designs!show!good!correlations!between!experimental!and!pre-
dicted!responses.!It!was!found!that!the!most!in#uencing!parameter!is!the!
pH!for!CV!removal!with!PVA!"bers.!However,!this!parameter!affects!less!
the!dye!removal!using!PVA-CYS!as!adsorbent.!This!outcome!is!important!
for!the!large-scale!application!of!this!membrane!since!there!is!no!need!of!
ef#uent!pH!adjustment!prior!to!treatment.!The!adsorption!capacity!of!
CV! on! PVA-CYS! reached! 197.21! mg! g−1,! more! than! double! of! the!
adsorption!capacity!on!PVA!"bers,!showing!the!good!performance!of!the!
composite!material.!The!effect!of!salinity!and!co-existing! ions!on!the!
adsorption!was!negligible,!demonstrating!the!membrane!can!work!also!
in! salted! waters,! whereas! the! spiking! experiment! demonstrated! the!
membrane! maintains! a! high! ef"ciency! in! CV! capture! also! in! real!
wastewaters.!
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M.!Sillanpää,!Adsorption!isotherm!models:!a!comprehensive!and!systematic!
review!(2010−2020),!Sci.!Total!Environ.!812!(2022),!151334,!https://doi.org/!
10.1016/j.scitotenv.2021.151334.!

[101] H.T.!Nguyen,!F.A.!Ngwabebhoh,!N.!Saha,!T.!Saha,!P.!Saha,!Gellan!gum/bacterial!
cellulose!hydrogel!crosslinked!with!citric!acid!as!an!eco-friendly!green!adsorbent!
for!safranin!and!crystal!violet!dye!removal,!Int.!J.!Biol.!Macromol.!222!(2022)!
77–89,!https://doi.org/10.1016/j.ijbiomac.2022.09.040.!

[102] H.!Kandil,!H.!Ali,!Simultaneous!removal!of!cationic!crystal!violet!and!anionic!
reactive!yellow!dyes!using!eco-friendly!chitosan!functionalized!by!talc!and!
Cloisite!30B,!J.!Polym.!Environ.!31!(2023)!1456–1477,!https://doi.org/10.1007/!
s10924-022-02682-0.!

[103] K.!Mohanty,!J.T.!Naidu,!B.C.!Meikap,!M.N.!Biswas,!Removal!of!crystal!violet!from!
wastewater!by!activated!carbons!Prepared!from!Rice!husk,!Ind.!Eng.!Chem.!Res.!
45!(2006)!5165–5171,!https://doi.org/10.1021/ie060257r.!

[104] R.!Ahmad,!K.!Ansari,!Polyacrylamide-grafted!Actinidia!deliciosa!peels!powder!
(PGADP)!for!the!sequestration!of!crystal!violet!dye:!isotherms,!kinetics!and!
thermodynamic!studies,!Appl!Water!Sci!10!(2020)!195,!https://doi.org/10.1007/!
s13201-020-01263-7.!

[105] R.!Ahmad,!M.O.!Ejaz,!Ef"cient!adsorption!of!crystal!violet!(CV)!dye!onto!benign!
chitosan-modi"ed!l-cysteine/bentonite!(CS-Cys/bent)!bionanocomposite:!
synthesis,!characterization!and!experimental!studies,!Dyes!Pigments!216!(2023),!
111305,!https://doi.org/10.1016/j.dyepig.2023.111305.!

E.!Ben!Khalifa!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



[106] Y.!Li,!S.!Wang,!Z.!Shen,!X.!Li,!Q.!Zhou,!Y.!Sun,!T.!Wang,!Y.!Liu,!Q.!Gao,!Gradient!
adsorption!of!methylene!blue!and!crystal!violet!onto!compound!microporous!
silica!from!aqueous!medium,!ACS!Omega!5!(2020)!28382–28392,!https://doi.!
org/10.1021/acsomega.0c04437.!

[107] M.A.!Al-Ghouti,!R.S.!Al-Absi,!Mechanistic!understanding!of!the!adsorption!and!
thermodynamic!aspects!of!cationic!methylene!blue!dye!onto!cellulosic!olive!
stones!biomass!from!wastewater,!Sci.!Rep.!10!(2020)!15928,!https://doi.org/!
10.1038/s41598-020-72996-3.!

[108] S.!Bibi,!A.!Bibi,!M.N.!Mullungal,!M.!Abu-Dieyeh,!M.A.!Al-Ghouti,!Macroalgae!as!
an!eco-friendly!and!successful!green!technology!for!the!removal!of!crystal!violet!
from!synthetic!and!real!wastewater,!Arab.!J.!Chem.!16!(2023),!105191,!https://!
doi.org/10.1016/j.arabjc.2023.105191.!

[109] M.O.!Ani,!M.C.!Menkiti,!C.O.!Aniagor,!C.E.!Nworie,!D.O.!Ochi,!Canarium!
schweinfurthii!stone-derived!biochar:!a!promising!adsorbent!for!crystal!violet!dye!
removal,!Res.!Surf.!Interf.!12!(2023),!100144,!https://doi.org/10.1016/j.!
rsur".2023.100144.!

[110] A.!Jebli,!A.E.!Amri,!R.!Hsissou,!A.!Lebkiri,!B.!Zarrik,!F.Z.!Bouhassane,!E.!
Mahdi!Hbaiz,!E.H.!Ri",!A.!Lebkiri,!Synthesis!of!a!chitosan@hydroxyapatite!

composite!hybrid!using!a!new!approach!for!high-performance!removal!of!crystal!
violet!dye!in!aqueous!solution,!equilibrium!isotherms!and!process!optimization,!
J.!Taiwan!Inst.!Chem.!Eng.!149!(2023),!https://doi.org/10.1016/j.!
jtice.2023.105006,!105006.!

[111] J.!Cheriaa,!M.!Khaireddine,!M.!Rouabhia,!A.!Bakhrouf,!Removal!of!
triphenylmethane!dyes!by!bacterial!consortium,!Scienti"cWorldJournal.!2012!
(2012),!512454,!https://doi.org/10.1100/2012/512454.!

[112] K.!Belkassa,!M.!Khelifa,!I.!Batonneau-Gener,!K.!Marouf-Khelifa,!A.!Khelifa,!
Understanding!of!the!mechanism!of!crystal!violet!adsorption!on!modi"ed!
halloysite:!hydrophobicity,!performance,!and!interaction,!J.!Hazard.!Mater.!415!
(2021),!125656,!https://doi.org/10.1016/j.jhazmat.2021.125656.!

[113] D.!Yu,!Y.!Wang,!M.!Wu,!L.!Zhang,!L.!Wang,!H.!Ni,!Surface!functionalization!of!
cellulose!with!hyperbranched!polyamide!for!ef"cient!adsorption!of!organic!dyes!
and!heavy!metals,!J.!Clean.!Prod.!232!(2019)!774–783,!https://doi.org/10.1016/!
j.jclepro.2019.06.024.!

[114] B.R.!Iyer,!R.!Mahalakshmi,!Hydrophobic!characteristic!is!energetically!preferred!
for!cysteine!in!a!model!membrane!protein,!Biophys.!J.!117!(2019)!25–35,!https://!
doi.org/10.1016/j.bpj.2019.05.024.!

E.!Ben!Khalifa!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!


