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a b s t r a c t
Metallicnanoparticles(NPs)areofimmensesignificanceduetosuprapropertiesespeciallyforcontam-
inantremediationfromwater.However,NPsreleaseinecosystemisalsothreatening.Toovercomethis
prospect,ironoxide(Fe2O3)NPswerecompositedwithcellulosefibers(FeCt)bysimpleco-precipitation
method, and used for removal ofmercury, chromium, cobalt, lead, and nickel ions from synthetic
wastewater. The batch experiments determined that adsorption kinetics follow Langmuir isotherm
modelandbestfitinpseudo-second-orderreaction.FeCtcompositematerialexhibitedenhancedmetal
adsorptioncapacityascomparedwithcellulosepolymer.Thecompetitivecapacityofall fiveheavy
metalsontotheadsorbentsfollowedtheadsorptionorderasNi2+ > Hg2+ > Pb2+ > Cr3+ > Co2+thatisalso
relatedtothenatureandstrengthofelectrostaticinteractionamongmetalions.Thestatisticalinference
(Hotelling’s t2 statistics and ttest)supportsadsorptionkinetics.ThesynthesizedNPscompositemate-
rialcanbeefficientlyusedfortreatmentofwastewaterindomesticandindustrialwaterfiltrationplants.
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1. Introduction

Wastewater management is one of the main environ-
mental issuesincethetoxinsparticularlyheavymetalsgain
accesstosurfacewaterandgroundwaterwhichmaybeused
fordrinkingpurpose[1,2].Accumulationofmetal ionsmay
leadtoseriousecologicalandhealthproblemsthatareunan-
imously recognized as carcinogenic and non-biodegradable
inorganicpollutants[3].Therefore,eliminationoftoxicheavy
metalsfromwastewaterhasbecomecrucialtoprotecthuman
population and the environment. Some heavy metals are

predominantlyimportantincleaningfromwastewaterssuch
asarsenic,mercury,chromium,cadmium,lead,andnickel[4,5].
Severalmethods such as coagulation–flocculation, chemical
precipitation, flotation, electrolytic reduction, ion-exchange
andmembranetechnologies,existfortheremovalofharmful
metal ions [6]. Currently, adsorption is an alternative treat-
ment procedure. Natural and low-cost adsorbent materials, 
that is, industrial by-products, agricultural waste, zeolites,
claysandchemicallymodifiedpolymericmaterialshavebeen
studiedforadsorptionofheavymetals[2].

Various solid-phase sorbents (e.g., ion imprinted poly-
mers, carbon nanotubes, nanoparticles [NPs], fullerenes,
and biosorbents) have been examined to treat wastewater.
These innovative materials are considered superior to the
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traditionalagentshavingupgradedperformanceinthewith-
drawaloftargetanalytes[7].However,thesemethodshave
some drawbacks, that is, maintenance or operation costs,
high capital, slow speedor limited capacity, and laborious
procedures[8].Hence,thereshouldbesimple,comparatively
fast,quantitative,andeconomicalcollectionprocesses.One
oftheultimaterequirementsofanyadsorbentormetalcol-
lectorisitscapacitytoberenewedandrecycledoveranum-
berofadsorption/desorptioncycles[9].

Cellulosefibershavebeenusedinseveralapplicationsas
biosorbentbyreasonoftheiradvantagesandpropertiessuch
ashighadsorptioncapacityandpoorelectricalconductivity.
Cellulosederivativeshavebeenusedinwatertreatmentfor
bothorganicandinorganiccontaminants[10–14]duetothe
intrinsic properties such as renewability, biocompatibility,
favorable hydrophilicity, and biodegradability [15–18]. The
commercially available cotton fiber is a kind of renewable
and recyclable cellulose that is appropriate for fabricating
noveltypeoffunctionalmaterials[19,20].Themostcontem-
poraryknownmethodofmodification is the impregnation
orcoatingofNPsontotheporoussurfaceofcellulosefibers
[21]. In comparison,magnetic adsorbent is also considered
as an effective and rapid technique for separating cations
fromaqueoussolutionsbecauseofbetterseparationability
andlessenergyrequirement[22].IronoxideNPshavebeen
extensivelyresearchedintheseparationtechnologiesbecause
of its cost-effective preparation, simple surface modification 
orcoatingandtheabilitytomanipulateorcontrolmaterials
onananoscaledimensions,whichexhibitexcellentversatil-
ity in the fieldofseparationandenvironmental techniques
[23–31].However, releaseofNP in treatedwater itselfpol-
lutes the treatedwater.Toovercome thisproblem,binding
theNPwithpolymerssupportisultimatesolution.

The aim of this studywas to investigate five different
toxic metal ions (Hg2+, Cr3+, Co2+, Pb2+, and Ni2+) adsorption 
at normal conditions on cotton impregnated with Fe2O3 
NPs (FeCt). We examined the synthesis and structure of
the fabricatedFeCtmaterialusingFourier transform infra-
red spectroscopy (FTIR), X-ray powder diffraction (XRD),
and scanning electron microscopy (SEM). The adsorption
equilibriumoftoxicmetalionsontheFeCtisalsoinvestigated
through isotherms and pseudo-order reaction kinetics fol-
lowedbystatisticalvalidation.

2. Materials and methods

All the reagents usedwere of analytical grade.Double
distilledwaterwasused throughout.Laboratoryglassware
was kept overnight in 10% (v/v) HNO3 solution and then
rinsedwithdoubledistilledwater.ThenitratesaltsofHg2+, 
Cr3+, Co2+, Ni2+, and Pb2+ofanalyticalgrade(Merck,Germany)
wereusedwithout furtherpurification.Cottonwool (com-
mercial grade), ferrous sulfate heptahydrate (FeSO4.7H2O), 
ferric chloride hexahydrate (FeCl3.6H2O), urea, ammonium 
hydroxide (NH4OH) and ethanol were purchased from
Aldrich(USA).

2.1. Synthesis of Fe2O3 NPs impregnated cotton (FeCt)

The commercially available bulk cotton cluster was
slashedintosmallpiecesbeforeuseandthoroughlywashed

with water and absolute ethanol. Thereafter, the cellulose
wassonicatedfor15–20min(threetimes) in icecoldwater
anddriedovernightinovenat50°C.

The sample (FeCt adsorbent)waspreparedbymodify-
ingthemethodappliedinourpreviousstudy[32,33]collec-
tivelywiththetechniqueusedbyJiangetal.[34]forparticles
synthesis.

Stoichiometric ratio 1:2 of ferrous sulfate heptahydrate
(FeSO4.7H2O) and ferric chloride hexahydrate (FeCl3.6H2O) 
was dissolved in deionized water under vigorous stirring to 
prepare 0.2 M ferrite solution as an iron source. Concentrated 
ammoniawasdiluted inanaqueoussolution to form3.5M
ammoniumhydroxide(NH4OH)asabasesource.Finally,1g
driedcottonwool(cellulose)wasfirstimmersedin500mLof
ferritesolutionandthen10gofureawasalsoadded.Themix-
turewasheatedgentlyupto80°C–100°Conconstantstirring
at250rpmfor1htodecomposeurea.Thereafter,duringrig-
orousstirring,themixturewastitratedtohaveapHofaround
10–11byaddingdropsof3.5Mammoniumhydroxideatroom
temperature. Itwas observed that the color ofmaterial and
solutionbecamebrownowingtotheformationofFe2O3 parti-
cles.Thebrownmixturewasthenheatedagainat60°C–70°C
inawaterbathfor30minyieldingFe(III)-loadedcotton(FeCt).
Thematerialwasthoroughlywashedwithdeionizedwater.

2.2. Characterization

2.2.1. Fourier transform infrared spectroscopy

FTIR analysis of the prepared sample material (FeCt)
wasperformed to elucidate the role of different functional
moieties while deposition of Fe2O3 on cotton surface. For
this purpose bench-top Spectrum™ 65was used having a
4,000–600 cm–1frequencyrangeswith16scansperspectrum
of speed. 

2.2.2. X-ray diffraction (crystallographic structure)

Successful deposition of Fe2O3 NPs on cotton (FeCt)
andcrystallinitywasstudiedbyXRDanalysisusingX’Pert³
Powder (PANalytical,Netherlands)withnickelmonochro-
matehavingthetarangesfrom20°to80°.Wavelengthofradi-
ationsource(CuKα)was1.5406Å.Avoltageof40kVwith
30mAofcurrentatroomtemperature is theworkingcon-
ditionsofXRD.UsingScherrer’sequation(D =0.9λ/βcosθ)
crystallinesizeofaspreparedNPswascalculated,whereD 
istheaveragesize,λistheX-ray’swavelength(1.5406Å),β
correspondstoangularfullwidthathalfmaximum,andθis
thediffractionangle.

2.2.3. Scanning electron microscopy

Morphological studies of Ct and FeCt were carried
out using JEOL-JSM-6490LA SEM (JEOL, Tokyo, Japan).
Operating conditionsof SEMwere supplyof 20kVvoltage
witha2,838cpscountingrate.MicrographsproducedbySEM
analysisgiveideaaboutthedepositionofFe2O3 NPs on cotton.

2.3. Preparation of heavy metal stock solution

Thestocksolutionsofmercury,chromium,cobalt, lead,
andnickelwerepreparedindeionizedwaterfromstandard
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heavymetal solutions. The pH of the stock solutions was
adjustedto5.5using0.1%NaOHorHCl.

2.4. Batch adsorption experiments

The adsorption experiments were carried out in batch
mode. A 1,000 mL of an artificial wastewater sample by
adding different concentrations (2–8 mg/L) of metal salts
wastreatedwith0.5and1gofbothFeCtandCt(control)at
optimumpH(5.5)and25°C.Themixtureinconicalflaskwas
shakenat150rpmfor400minandtheconcentrationoffive
metal ions (Hg(II), Cr(III), Co(II), Pb(II), and Ni(II)) was ana-
lyzedafterevery10minusingatomicabsorptionspectrome-
teronflamemode(modelPerkinElmerAAS800).

The adsorption capacities at any time (qt, mg/g) and at 
equilibrium (qe,mg/g)were calculated using the following
equations:

q C C V mt t= ( )0 − /  (1)

q C C V me e= ( )0 − /  (2)

whereC0istheinitialconcentrationofmetalions(mg/L),Ct 
istheconcentrationofmetalionsatanytimet(mg/L),Ce is 
theconcentrationofmetalionsatequilibrium(mg/L),Visthe
volumeofthemetalionssolution(L),andthemistheweight
of adsorbent used (g). 

The removal ratio (R%) at adsorption equilibriumwas
calculatedusingthefollowingequation:

R C C Ce= ×( ) %0 0 100− /  (3)

3. Results and discussion

CottonfunctionalizedbyFe2O3NPshasbeensuccessfully
synthesized and characterized. The synthesized composite
materials efficiently removedmetal ions fromwaterunder
ambient conditions. 

3.1. Characterization of Ct and FeCt nanocomposite

3.1.1. FTIR analysis 

FTIR pattern of cotton and FeCt samples presented
that Fe2O3 is successfully linked on the surface of cotton.
All those peaks that appear in cotton intensified in FeCt
nanocompositedepictingthatastrongbondingexistbetween
cottonandFe2O3NPs.FTIRpatternofpurecottonobtained
at 3,402, 2,926, and 1,749–1,579 cm–1 is due to O–H, C–H, 
andC–O stretching, respectively,while incidence of peaks
at 1,491–1,109 and 1,058–945 cm–1 arise due to functional 
moieties of ester and carboxyl groups [19,35]. Majority
of peaks raised at 615–845 cm–1 attribute to C–H bending 
vibrations(Fig.1).Ontheotherhand,intensepeaksincase
ofFeCtnanocompositeobservedfrom3,402upto1,300cm–1 
showthatstrongbondingoccursbetweenFe2O3 NPs and cel-
luloseduetohydroxylgroup(–OH)[36].Majorityofpeaks
thatappearedatarangeof1,300–615cm–1 disappeared and 
characteristics peaks at 875, 689, and 637 cm–1 indicate the
presenceofironoxideparticles[37].

3.1.2. XRD analysis

Major diffractionpeaks observed for bothCt and FeCt
nanocomposite corresponds to the angle of 22.92°, 41.99°,
48.92°, and 72.51° inCtwhile 23.10°, 35.99°, 42.08°, 43.61°,
48.69°,49.54°,and72.01° inFeCt (Fig.2).Diffractionpeaks
observedat 35.99°, 43.61°, and49.54° indexing (110), (400),
and(024)arecharacteristicpeaksforFe2O3whileotherpeaks
aresameasobservedforCt.TheseresultsshowthatFe2O3 
wassuccessfullycoatedonthesurfaceofcotton.Ourresults
areconsistentwithotherstudies[38,39].

3.1.3. SEM analysis 

Inordertostudythemorphologicalchangesonthesur-
face of Ct upon treating with Fe2O3, SEM was performed
(Fig.3).IncaseofpureCt,fiber-likemorphologyisobserved
thatiscoveredbyFe2O3incaseofFeCtnanocompositever-
ifying successful coating of Fe2O3 on the surface of cotton.

Fig.1.FTIRof cotton (Ct)and ironnanoparticles impregnated
cotton(FeCt).

Fig.2.X-raydiffractionpatternsofCtandFeCtnanocomposites.
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SEManalysisalsoshowsthatsizeofFe2O3 wasintherange
of nanoscale.

3.2. Solution pH and concentration of metal ions

Two concentrations of adsorbent (0.5 and 1 g) were
treatedwithheavymetalsconcentrationsfrom2to8ppmat
pH 5.5 and room temperature. Figs.4(A)–(D)describe that
the percentage removal of Cr3+ is almost 99% and 90% for
FeCtconcentrations0.5and1g,respectively,butthecontrol
(Ct)didnotshowbetterremovalpercentage(55%–70%).The
percentageremovalorderachievedisinthesequenceofCr3+ 
> Hg2+ > Ni2+ > Pb2+ > Co2+.Leadandcobaltshowedverylesser
removalpercentage (5%–15%)withcontrol;however,more
than50%removalpercentagewasachievedwiththesample
FeCt (Fig. 4).Theadsorptionefficiency ishigher in caseof
0.5gFeCtforallmetalionsremovalexceptCo2+ion.Themax-
imumuptakewasachievedwithin30–50minwhereafter,it
becameconstant.Thismeansthatthestudiedcellulose-based
adsorbent(FeCt)hasfastkineticsrelativetosolitarycellulose
fiberswithdifferent functionalities [40].Thismightalsobe
attributedtothehydrophilicaswellasswellingcharacterof

cellulose.Theinitialrapidrateofadsorptionmightbedueto
theavailabilityofthevacantactivesurfacesoftheadsorbents
for cationic species in the solution. Later slow adsorption
rate isdueto theelectrostatichindrancecausedbyalready
adsorbedadsorbatesandslowporediffusionoftheions[41].

3.3. Kinetics studies on heavy metal adsorption

The batch adsorption kinetics of Hg2+, Cr3+, Co2+, Pb2+, 
and Ni2+ by Ct and FeCt is assessed with three models:
pseudo-first-orderkinetic,pseudo-second-orderkinetic,and
intra-particle diffusionmodels, to decipher the controlling
mechanismoftheadsorptionprocess.Thepseudo-first-order
modelisexpressedas[11,14,42]:

log( ) log .q q q K te t e− −= 1 2 303/   (4)

whereK1 is the rate constant of pseudo-first-order (min–1). 
Thekineticparametersweredeterminedfromthelinearplot
of (t/qt) vs. t for pseudo-second-order or of log(qe – qt) vs. t for 
pseudo-first-order.Thevalidityofeachmodelwaschecked

Fig.3.SEMimagesofCtandFeCtnanocomposites.
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by the fitnessof thestraight line (R2)aswellas theconsis-
tence between experimental and calculated values of qe.The
datawerefoundtofitwellthepseudo-second-ordermodel
asshowninFig. 5 and Tables 1 and 2.

The pseudo-second-order model is expressed as
[24–26,43]:

t q K q t qt e e/ / /= +1 12
2  (5)

whereK2 isthepseudo-second-orderrateconstantofadsorp-
tion (g/mmol min), qe and qt (mmol/g) refer the amount of
metalionadsorbedatequilibriumandattime(t),respectively.

Fig.5displaysthepseudo-second-orderkineticofHg2+, 
Cr3+, Co2+, Pb2+, and Ni2+ ontoCtandFeCtat twodifferent
concentrations. As presented in Tables 1 and 2, parame-
ters (R2) of pseudo-second-order kinetic model (R2 > 0.9) 
arebigger than thoseofboth theother twomodels forall
the concentrations. Furthermore, qe experimental values 
agree well with the calculated qe values by using the
pseudo-second-order model. 

The transferring ofHg2+, Cr3+, Co2+, Pb2+, and Ni2+ from 
watertothesurfaceofCtandFeCtsamplescomprisessev-
eralsteps(e.g.,adsorptionontheporesurface,externaldif-
fusion, surface diffusion, and pore diffusion) [44]. During
the process of the adsorption at the outside surface of the
samples(CtandFeCt),heavymetalsmaymovefromthesur-
faceoffiberstotheinnerporesthroughintra-particlediffu-
sion,whichisgenerallyarelativelyslowprocess.Hence,the

intra-particlediffusionmodelwasestimatedwiththefollow-
ingequation[45]:

q K t ci= +1 2/  (6)

whereKi is the rate constant of the intra-particle diffusion
(mg/g min1/2) and cistheintercept.Ifastraightlinepassing
throughtheorigininthismodelispresentedfromplottinga
graphofqt vs. t1/2,itispossiblethattheprocessofadsorption
iscomprisedofdiffusionofheavymetals.Therateconstant
of intra-particle transport (Ki)isobtainedbytheslopeofthe
linear curve. 

Therateofadsorption ispossiblyaffectedbyvarious
factors including the concentration of the adsorbate, the
degreeofmixing, thesizeof theadsorbatemoleculeand
its affinity to the adsorbents, the size distribution of the
adsorbent,thediffusioncoefficientoftheadsorbateinthe
bulkphase, and so on. The results reveals that although
theprocessofadsorptionofHg2+, Cr3+, Co2+, Pb2+, and Ni2+ 

onto the FeCt cannot be simulated by the model of the
intra-particle diffusion verywell, the pore diffusion still
includeintheprocessofadsorptionbecauseoftheporous
natureofFeCt.

3.4. Equilibrium studies on heavy metals adsorption

LangmuirandFreundlichisothermmodelswereselected
to evaluate theadsorptionprocess.Contact timeof 50min

Fig.4.Effectofcontacttimeonthemetalionsremovalbycottoncellulose(A)0.5g,(B)1gascontrol(Ct)andFe2O3 impregnated 
cottoncellulose(FeCt)shownas(C)0.5gand(D)1g.
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wasconsideredasequilibriumtimeoftheadsorptionprocess
of Hg2+, Cr3+, Co2+, Pb2+, and Ni2+ ontoFeCt.

3.4.1. Langmuir adsorption isotherm

The Langmuir adsorption isotherm predicts the max-
imum monolayer adsorption capacity of FeCt and deter-
mineswhether the adsorptive process is favorable for this
model or not. Fig.6presentstheplotsofCe/qe vs. Ceforthe

LangmuiradsorptionisothermsofHg2+, Cr3+, Co2+, Pb2+, and 
Ni2+ removalontoCtandFeCtat0.5and1g.Thecorrelation
coefficients (R2) and constant parameters are summarized in 
Table3.ThelinearizedLangmuirisothermsareasfollows:

C q C Q bQe e e m m/ / /= +( ) ( )1  (7)

wherebrepresentstheLangmuiradsorptionconstant(L/mg),
Cerepresentsthesoluteconcentrationatequilibrium(mg/L),

Fig.5.Pseudo-second-orderkineticadsorptionmodelplotsfortheadsorptionofHg2+, Cr3+, Co2+, Pb2+, and Ni2+ionsbytwoconcentra-
tions(0.5and1g)ofadsorbents(CtandFeCt).

Table1
Pseudo-second-order and pseudo-first-order adsorption parameters of Hg2+, Ni2+, Cr3+, Co2+, Pb2+, and Ni2+ ions for control cotton

Metals Pseudo-second-orderreactionkinetics Pseudo-first-orderreactionkinetics
qe (exp) qe (cal) k h R2 –k log(qe) R2

For0.5gcontrol(Ct)

Hg 10.30 9.710 0.380 9.710 0.998 0.0011 –0.3657 0.053
Cr 0.646 0.543 0.160 0.049 0.998 0.0034 –1.5807 0.998
Co 0.586 0.243 0.091 0.005 0.907 0.0034 –1.0225 0.371
Pb 1.034 0.177 5.031 0.159 0.070 0.0027 –0.5121 0.274
Ni 11.30 8.330 0.008 0.613 0.986 0.0039 –0.1849 0.493

For1gcontrol(Ct)

Hg 5.050 4.275 0.033 0.604 0.995 0.0018 –0.438 0.303
Cr 0.274 0.231 0.001 0.019 0.997 0.0055 –2.225 0.337
Co 0.170 0.059 0.721 0.002 0.590 0.0004 –1.049 0.006
Pb 0.652 0.184 0.295 0.010 0.460 0.0011 –0.602 0.022
Ni 8.890 4.545 0.0064 0.133 0.966 0.0043 –0.014 0.755
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Qm represents themaximum concentration retained by the
adsorbent (mg/g), and qerepresentstheadsorptioncapacity
in equilibrium (mg/g). Themaximum adsorption amounts
calculated are 71.43, 22.73, 0.77, 24.16, and 69.45 mg/g for 
Hg2+, Cr3+, Co2+, Pb2+, and Ni2+ onto0.5gFeCt, respectively,
whereasthemaximumadsorptionamountscalculatedfor1g
FeCtare11.81,1.75,1.31,6.11,and75.76mg/gforHg2+, Cr3+, 
Co2+, Pb2+, and Ni2+, respectively. Similarly, the maximum
adsorption amounts for all metal ions were also calculated 
forthecontrolmaterial(Ct)at0.5and1g(Table3).Thecom-
petitivecapacityofallfiveheavymetalsontotheadsorbents
followtheadsorptionorderasNi2+ > Hg2+ > Pb2+ > Cr3+ > Co2+. 
Thisisrelatedtothenatureandstrengthofinteraction.The
observedhighervalueforNi2+ and Hg2+mightbeattributed
to thehigher electrostatic interaction. Thehigher value for
othercationsalsoattributestothestrengthofbondformation
(stability)alongwithJahn–Tellereffectwhichispredominant
forsuchcationiccomplexeslikethatofCu2+[27,28,30,31,46].

3.4.2. Freundlich isotherm model

The Freundlich isothermmodel is based onmultilayer
adsorptionprocessandtheequationisasfollows:

log log ( )logq k n Ce e= + 1/  (8)

wherek and nrepresentisothermconstantofthismodelthat
suggesttheintensityandcapacityofadsorption,respectively.
Inthismodel,theconstantsk and ncorrelatewithadsorption
mechanismandtherateofadsorptionofheavymetals.The
parametersandcorrelationcoefficientsofFreundlichmodel
are listed in Table4.Thevaluesofk and nchangewiththe
conditionsappliedsuchasincreaseordecreaseinadsorbent
andadsorbateconcentrationsaswellastemperature[22,31],
andcommonlythevalueofnremainsbiggerthan1,suggest-
ingthatHg2+, Cr3+, Co2+, Pb2+, and Ni2+ favorablyadsorbedby
FeCt on both concentrations. In addition, the higher value

of nsuggeststheformationofstrongerbondbetweenheavy
metalionsandFeCtadsorbents.

TheR2valueforCtandFeCtofLangmuirandFreundlich
isotherm is greater than 0.9.However, for both concentra-
tionsofFeCt,theLangmuirisothermvaluesofconstantsand
R2 (>0.99) from Tables3and4showmoreperfectionwhen
comparedwithFreundlich isotherm.Hence, thebest fitted
isotherm for FeCt is Langmuir isotherm which specifies
theoccurrenceofadsorptionprocessonthehomogenously
monolayeredsurfaceofthesorbent[30,32,47].

3.5. Desorption of heavy metals and reuses

Theiron-oxideNPsrespondverywelltomagneticfields
withoutanypermanentmagnetizationsotheFeCtsamples
canbeeasilyseparatedwithamagnet.Thischaracteristicis
veryvitalfortheindustrialandwatertreatmentapplications.

3.6. Design of the cotton fibers and mechanism of adsorption

In view of all the above results, the schematic illus-
tration of the preparation of FeCt and the mechanism of
adsorption of heavymetal ions onto FeCt is proposed and
illustrated in Fig.7.Inthiswork,itisattemptedtodesigna
novel cellulose-based adsorbent for the removal of heavy
metalsfromwaterthroughasimpleoptimalco-precipitation
technique, inwhich thesurface functionalgroupsmake the
adsorbent retaininghigh levels of operating convenience in
adsorptionanddesorptionprocesses.Dependingonthesolu-
tionpH,thesurfaceoxideactsasacidorbaseandundergoes
protonationordeprotonation.Electrostatic interactionsmay
alsotakeplaceamongheavymetalionsandthesurfaceoxides
[33].HighsurfacenegativechargesofFeCtalsofacilitatethe
fastmigrationofpositivechargedheavymetalstotheperiph-
eryoftheFeCtthroughelectrostaticattraction.Itcanbecon-
cludedthatbothphysicalandchemicaladsorptionaregreatly
essentialinheavymetalremovalfromwater,whichimprove
theabsorptivecapacityofFeCtforheavymetals[16,22,24,31].

Table2
Pseudo-second-order and pseudo-first-order adsorption parameters of Hg2+, Ni2+, Cr3+, Co2+, Pb2+, and Ni2+ionsbyironnanoparticles
impregnated cotton

Metals Pseudo-second-orderreactionkinetics Pseudo-first-orderreactionkinetics
qe (exp) qe (cal) k h R2 –k log(qe) R2

For0.5gFeCt

Hg 12.79 11.47 0.013 1.804 0.997 0.0036 –0.480 0.451
Cr 0.940 0.757 0.062 0.035 0.986 –0.0025 –0.652 0.035
Co 1.950 0.809 0.039 0.026 0.970 0.00368 –0.473 0.230
Pb 9.684 8.163 0.013 0.917 0.998 0.00345 –0.359 0.481
Ni 30.26 25.12 0.003 2.163 0.992 0.00299 0.1386 0.268

For1gFeCt
Hg 5.390 4.348 0.014 0.267 0.991 0.0073 –1.209 0.581
Cr 0.410 0.319 2.067 0.021 0.997 0.0039 –1.682 0.304
Co 1.142 1.031 0.121 0.128 0.996 0.0027 –1.505 0.066
Pb 4.123 3.521 0.028 0.349 0.997 0.0048 –0.990 0.575
Ni 17.80 11.36 0.003 0.420 0.985 0.0062 –0.119 0.781
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Fig.6.AdsorptionequilibriumisothermofHg2+, Cr3+, Co2+, Pb2+, and Ni2+ removalontoCtandFeCtattheconcentrationsof0.5and1g.
Langmuirisothermfittingcurve(equilibriumtime50min).
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3.7. Statistical analysis

Treatmenteffectonfivemetalelementsusingcontrol(cot-
ton/cellulose)andFeCtgroupsisshowninFig.8.Treatment
ofFeCtonelementsHg,Cr,andCoshowsmorevariationas
comparedwith other twometal elements (Pb andNi) and
forcontrolgroupthereislessvariationascomparedwiththe
treatment group. 

Toprovethisargumentstatistically,Hotellingt2 test was 
usedinwhichthenullhypothesisistheequalityoftreatment
meansagainstthealternativethatanyoftwotreatmentsare
notequal.Pvalueofthistestislessthanthesignificancelevel
(0.05)sowedonotacceptthenullhypothesisandwemay
concludethatanyofthetwotreatmentsmeansarenotequal.
Therefore, to check which treatment means are different,
t test was used (Table 5). 

Table3
LangmuiradsorptionisothermparametersandthecorrelationcoefficientsofHg2+, Cr3+, Co2+, Pb2+, and Ni2+ removalontoCtandFeCt
attheconcentrationsof0.5and1g

Metals Ct 0.5 g FeCt0.5g Ct 1 g FeCt1g
Q b R2 Q b R2 Q b R2 Q b R2

Hg 21.2766 0.4226 0.999 71.429 0.218 0.998 8.772 0.5977 0.99 11.807 0.4241 0.997
Cr 1.07192 9.5193 0.999 22.730 2.701 0.995 0.301 52.112 0.99 1.7431 4.1663 0.996
Co 0.03718 0.6049 0.93 0.7691 1.433 0.927 0.004 0.5381 0.69 1.3033 8.1801 0.998
Pb 0.00480 0.1635 0.16 24.155 0.414 0.997 0.011 0.1701 0.67 6.1088 0.8994 0.997
Ni 3.04414 0.0916 0.99 69.445 0.147 0.995 3.398 0.1297 0.97 75.758 0.1222 0.988

Table4
FreundlichadsorptionisothermparametersandthecorrelationcoefficientsofHg2+, Cr3+, Co2+, Pb2+, and Ni2+ removalontoCtandFeCt
attheconcentrationsof0.5and1g

Metals Ct 0.5 g FeCt0.5g Ct 1 g FeCt1g
K n R2 K n R2 K n R2 K n R2

Hg 15.63 1.960 0.997 12.8 4.464 0.989 8.694 1.612 0.992 7.73 2.00 0.993
Cr 0.203 1.562 0.997 0.68 14.70 0.792 0.066 1.086 0.997 0.18 3.125 0.984
Co 151.8 0.100 0.978 2.29 0.499 0.963 2.7 × 105 0.044 0.921 1.02 1.136 0.998
Pb 1.6 × 1025 0.031 0.723 12.1 2.222 0.993 4.198 0.046 0.907 7.55 1.428 0.996
Ni 7.9 × 104 0.304 0.995 69.7 2.032 0.990 1,992.05 0.458 0.981 27.6 2.631 0.958

Fig.7.SchematicdepictionofthepreparationofFeCtandtheadsorptionmechanismofheavymetalionsbyFeCt.
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Concentration dependant adsorption has two levels.
Fig.9showsthereisalmostthesamevariationforallthemet-
alsforthetreatmenteffectexceptforCometal.

P value of Hotelling t2 test shows that all the treat-
ment means are not equal. To check which treatment
meansarenotequal,again t testwasusedagainsteach
metal (Table 6).

4. Conclusion

In present work, environment friendly, cotton
(cellulose-based) fibers were fabricated with iron oxide

NPs by simple co-precipitationmethod. The influence of
experimental conditions over the adsorption phenome-
nonrevealsthatadsorptionprocessescanbecontrolledby
combiningphysicalandchemicaladsorptivemechanisms.
The unique characteristics of the FeCt such as large sur-
facearea,enhancedadsorptionsitesintheformofporous
microsphereand inherentmagneticpropertiesmakes ita
promising candidate for heavymetal remediation. Batch
experimentalstudyelucidatesthattheadsorptionprocess
isvery fast andwithin short contact time.Theadsorbent
showed high removal efficiency of Hg2+, Ni2+, Pb2+, and 
Cr3+species.TheadsorptionofallmetallicionsbyFeCtis

Fig.8.Hotelling’st2 statisticaimedatthetreatmenteffectsofcontrolandFeCtonmetalions.

Table5
Sample descriptive using ttestforequalityofmeanstocomparetheeffectsofadsorbents(FeCt)onmetalions

Hg Cr Co Pb Ni

MeanofFeCtgroup 74.39614 82.82758 40.804074 63.225819 68.22273
Mean of control group 63.40477 56.39433 6.950617 3.886936 27.18377
t Statistic –11.504 –19.938 –20.683 –90.216 –38.047
P value 2.2e–16 2.2e–16 2.2e–16 2.2e–16 2.2e–16
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predominantbyelectrostaticattractionbetweentheadsor-
bentssurfaceandheavymetals.Thecompetitivecapacity
ofallfivemetalsontotheadsorbentsfollowtheadsorption
order as Ni2+ > Hg2+ > Pb2+ > Cr3+ > Co2+.Fittingequilibrium
data to the Langmuir and Freundlich isotherms revealed
that the metals adsorption study are in good agreement
with the Langmuir isotherm. The sorption process also
followspseudo-second-orderratekineticscomparedwith
pseudo-first-orderratekinetics,asdemonstratedbyhigher
values of the correlation coefficient. Moreover, FeCt are
amenabletoeasyfiltration,forbiddingdrainingoutofthe
metaladsorbedgrainsthroughthefiltersduringfiltration
process. These characteristics make the prepared nano-
magneticcottoncellulosepromisinginthefieldofwaste-
water treatment. 
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