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a b s t r a c t
Magneticsulfonatedgraphene(MSG)compositewassynthesizedfrompolyethyleneterephthalatebot-
tlewastebyusingafacileandreproduciblemethodinadditiontotwographene-basednanomateri-
als, includinghighlyreducedgrapheneoxide(HRGO)andsulfonatedgraphene(SG).Further,batch
experimentswerecarriedout toexaminetheiradsorptionefficiency inrelationto twoheavymetals
ions,Cd(II)andPb(II),insinglemetalandmixed-metalsolutions.Thesynthesizedmaterialswerechar-
acterizedbyFourier transform infrared,X-raydiffraction, transmission electronmicroscope, energy
dispersiveX-Rayspectroscopy,andBrunauer–Emmett–TelleranalysiswhichindicatedthatHRGOwas
successfullydecoratedbysulfonicgroupsandmagneticnanoparticles.Operatingparametersincluding
time,initialconcentrationofmetalandadsorbentdoseontheadsorptionprocesswereinvestigatedand
optimizedatapHof5.5forbothmetalsusingaresponsesurfacemethodologymodel;however,the
optimumconditionsforCd(II)removalwere13.28mincontacttime,50mgL–1ofCd(II)initialconcen-
tration,and0.012mgofMSGat25°Cwhile,atcontacttime2.9min,100.7mgL–1ofPb(II)and0.14mg
ofMSG,completeremovalwasachieved.Adsorptionprocesswasobeyedpseudo-second-orderand
intra-particlediffusionkineticmodels,whilethecalculatedadsorptioncapacitiesofMSGforCd(II)and
Pb(II)ionsatequilibriumfitperfectlywithLangmuirandFreundlichisothermsmodels.Thenegative
valuesofΔGandpositivevaluesofΔHandΔSelucidatethattheadsorptionofCd(II)andPb(II)ions
ontoMSGisspontaneous,endothermicandrandomprocess.Inaddition,theadsorbentswereeasily
regeneratedandreusedforfivecycleswithhighadsorptioncapacity.Thisstudyindicatesthatthepre-
paredMSGisalow-costreusableadsorbentfortherapidandefficientremovalofCd(II)andPb(II)ions
from contaminated wastewater.

Keywords:Graphene-based adsorbent; Cd(II) and Pb(II) ions; Adsorption; Kinetics; Isotherm;
Thermodynamics



395N.A. Elessawy et al. / Desalination and Water Treatment 173 (2020) 394–408

1. Introduction

Intherecentyears,watersourcesonourplanetgotpol-
lutedbyvarioustoxicheavymetalsfurtherawaythantheir
permissiblelimitsduetospeedilygrowingindustrialization
andthatinturnposesapotentialrisktoecologicalbalance
andaffectshumanhealth.Heavymetals ionsasCd(II)and
Pb(II)arecommonlyfoundintheair,wateraswellasinthe
soil and they attracted a worldwide concern due to their high 
toxicityonthelivingbeingswhereasCdcancausecelldeath,
kidney,bonediseaseandlungfunctiondamage[1]whilePb
cancauseseriousblooddiseases[2], furthermoretheseele-
mentsarenon-biodegradable[3].Themaximumpermissible
limitsofheavymetalsascadmiumandleadhadbeensetfor
drinkingwaterbyWorldHealthOrganizationat0.003mgL–1 
forCd(II)and0.01mgL–1forPb(II)becausethesemetalscan
be easily accumulated inside living organisms and conse-
quentlyendangeringthepublichealth.Tosolvethisproblem,
many treatment techniqueshavebeen studied to eliminate
heavymetals fromwastewater, including ionexchange [4], 
coagulation [5], adsorption [6–8],membrane techniques [9] 
and bio-sorption [10]. Adsorption is a promising method
becauseofitshighefficiency,simpledesignandlow-cost[11].

Graphene is amonolayer of carbon atoms packed into
ahoneycombcrystalplanewithhighsurfacearea,superior
electrical,thermalandmechanicalpropertieswhichenabled
ittobeusedinmultidisciplinaryfield.However,thestrong
interactionbetweengraphenesheets,whichdecreasethesur-
face area and the absence of effectivemethods to disperse
graphene in an aqueous solution significantly, reduces the
developmentofgrapheneinpollutantremoval[12].Therefore,
considerableeffortshavebeenmadetoenhancegraphene(G)
waterdispersibility.For instance,sulfonatedgraphene(SG)
was synthesized as a good dispersibility graphene deriva-
tiveinaqueoussolutionsandcanbeclassifiedasapromis-
ingmaterialfordifferentapplicationsbecauseithastheπ-π
conjugatedstructureofgraphene.Thesynthesisofgraphene
withsulfonicgroupshasbeeninvestigatedinmanystudies,
whichessentiallyshowthattheroutessignificantlydepend
onthreemainpoints.Theinitialstepconsistsofthesynthe-
sisofgrapheneoxide(GO)bygraphiteoxidativeexfoliation
using a modified Hummers method followed by adding
sulfonating agents, such as chlorosulfonic acid [13,14], sul-
furic acid [15,16], 4-diazoniobenzenesulfonate [17–19], and
2-chloroethanesulfonic acid [20],whichhave beenused on
grapheneoxideandgraphene.However,SGhasbeenmostly
usedasanadsorbentformanypollutants,including1-naph-
thol and naphthalene from aqueous solutions [21,22], dyes 
suchasMalachiteGreen(MG)andMethyleneBlue(MB)[23],
andheavymetalsions[24,25].Unfortunately,SGnanosheets
pose difficulty in collection from wastewater after the
adsorptionprocessdue to itsnanosizeandeasedispersion
inwater.Accordingly,theresidualSGwouldcausesecond-
arypollutioninwater.Therefore,theintegrationofmagnetic
particlesonthesurfaceofSGcanrealizethehighadsorption
capacity[26]ofSGandeasilyseparatethemagneticmaterials
[12,24]; inaddition, themetalpollutantscanbeattachedto
themagneticmaterialsthroughtheiroutsideactivesites[27].
Generally,theadsorptionabilityofanymaterialiscontrolled
by the number of available functional groups. Therefore,
insertingnewfunctionalgroupsontographenesheetsleads

to an increase in the adsorption capacity [24,28].However,
manystudieshaveshownthatmaterial-basedgraphenecan
be used as an efficient adsorbent to remove heavymetals
fromwastewater [29]but it couldnotbeusedonpractical
scaleduetoitsfarhighexpensivenaturethanactivatedcar-
bon(AC).

Herein, purify contaminated wastewater using waste
materials,call the“wastes-treat-wastes”concept, is theaim
ofthisstudytoachievethebenefitsofbothwatertreatment
and waste management. Highly reduced graphene oxide
(HRGO),sulfonatedgraphene(SG),andmagneticsulfonated
graphene (MSG)werepreparedusing simple, onepot and
applicablemethod as thermal dissociation of polyethylene
terephthalate(PET)bottlewaste[30]toproducecost-effective
adsorbents.Subsequently,theeffectsofdifferentadsorption
processparametersontheremovaloftoxicmetalsasCd(II)
and Pb(II) in contaminatedwater onto preparedmaterials
were explored and optimized. In addition, the adsorption
kinetics, isotherms, thermodynamic and removal capacity
were investigated forMSG through a series of adsorption
experiments. Finally, the regeneration and recycling test
parameterswerealsostudied.

2. Materials and methods

2.1. Materials

Plastic bottleswastewere taken as sources of PET and
usedtoprepareHRGOanditsderivativesmultinanosheets.
Fuming sulfuric acid (H2SO4), ferric chloride hexahydrate
(FeCl3·6H2O), ferrous sulfate (FeSO4·7H2O) and ammonium
hydroxide (NH4OH), Cd(NO3)2·4H2O and Pb(NO3)2 were 
purchased from Sigma-Aldrich (USA). All solutions were
preparedusingdeionizedwater.

2.2. Preparation of the functionalized graphene materials

ThePETbottlewastewaswashed,driedand cut tobe
usedasmentioned inaprevious study [30].Twogramsof
waste were introduced into an enclosed autoclave jar and 
placedinsidethecenterofanelectricfurnaceat800°Cfor1h
[31].Theresultingdarkproductswerecollectedandcrushed.

Sulfonated graphene (SG) nanosheets were prepared
by the sulfonation of prepared HRGO using concentrated
H2SO4 byadding1gofHRGO into50mLof concentrated
H2SO4 [16,32]to introducehydrophilicsulfonicacidgroups
(SO3H)tothesurface.Themixturewassonicatedfor30min
andsubsequentlyheatedat150°Cundervigorousstirringfor
24h.Subsequently,thereactionmixturewascooleddownto
roomtemperature,thenthemixturewasfilteredusingvac-
uumpump,andwashedwithdeionizedwaterseveraltimes
to remove any excess acid.The solidproductwasdried at
80°Cfor12h.

As shown in Fig. 1, MSG nanocomposite was synthe-
sisedbasedontheprecursorsofferricchloride(FeCl3·6H2O),
ferroussulfate(FeSO4·7H2O),andtheprecipitatorofammo-
niumhydroxide(NH4OH)byusinganinverseco-precipita-
tionprocess[33].0.5gofSGnanosheetswereaddedto20mL
of0.2MNH4OHaqueoussolutionintoa250mLfour-neck
bottleandpurgedwithN2atmospherefor30min.1.08gof
FeCl3·6H2Oand0.54gofFeSO4·7H2Owithastoichiometric



N.A. Elessawy et al. / Desalination and Water Treatment 173 (2020) 394–408396

ratio [Fe2+]:[Fe3+] equal to1:2, corresponding toFe3O4,were
dispersedusinganultrasonicdispersionmethodinto60mL
1:1 (volume ratio)water–ethanolmixed solvents. Themix-
turewasthenpouredrapidlyintoafour-neckbottleunder
vigorous mechanical stirring for 10 min with N2 bubbling
throughoutthereaction.Thenanocompositeswereseparated
magnetically,washedwithdeionizedwateruntilthethrow-
downsolutionbecameneutral,andweredriedinavacuum
ovenat80°Cfor12h.

2.3. Acid groups content and zeta potential measurement

Thecontentofacidgroupswasdeterminedbyacid–base
titrationforSGandMSG,where0.5gofSGorMSGwasson-
icated in50mLof1MNaCl for24h.Thesuspensionwas
titratedslowlywith0.01MNaOHsolutiontoreachtheneu-
tralpoint(pH7)andwasmonitoredusingphenolphthalein
as an indicator.

Theequivalentweight(EW)wascalculatedusingEq.(1)
asfollows:

EW
NaOH NaOH

=
×
W

V C
 (1)

where VNaOH and CNaOH are the volume and concentration of 
NaOHsolutionusedinthetitrationandW is the dry weight 
ofSGorMSGsamples.Theequivalentweight(EW)forSG
andMSGwasfoundtobe0.7and0.37gmol–1.

Forzetapotentialmeasurements,0.05gofHRGO,SGor
MSGwasadded into10mLof1MNaClsolutions.Before
zetapotentialmeasurements,allsamplesweresonicatedfor
10min.ThezetapotentialwasdeterminedusingaMalvern
Nanosizer zeta potential and pH of the suspensions was
adjustedusing0.1MNaOHorHCl.

2.4. Characterization of functionalized graphene materials

X-raydiffraction(XRD)data(Shimadzu-7000,USA)was
collected with a CuKα radiation beam (λ = 0.154060 nm).
Fourier transform infrared (FTIR) analysis was conducted
usingaBrukerALFAFTIRspectrometer,(USA)witharange
from400 to4,000cm−1.A transmissionelectronmicroscope
(TEM) (TECNAI G20, Netherland with energy dispersive
X-Ray spectroscopy)was also used. Elemental analysiswas
conducted using a vario-Micro CHN elemental analyzer
(Germany).TheBrunauer–Emmett–Teller(BET)surfacearea
andtotalporevolumeweremeasuredusingBarrett–Joyner–
Halenda(BJH)adsorptionmethods.

Fig.1.ProposedschemefortheformationofSGandMSG.
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2.5. Adsorption tests

Theadsorptiontestswereconductedusingabatchequil-
ibration techniquebyaddingaspecificweightofprepared
adsorbentmaterials to50mLofCd(II)andPb(II)solutions
at 25˚C using a thermostated shaker at 150 rpm.Different
initial concentrations of metal solutions (50, 100, 150 and
200mgL–1)werepreparedbydilutionof1gL–1 stock solu-
tions ofCd(NO3)2·4H2Oor Pb(NO3)2with deionizedwater.
After theadsorptionprocesses, thesolidand liquidphases
wereseparatedbycentrifugingat3,600rpmfor10minfor
HRGO and SG adsorbent while a permanent magnet was
used forMSGadsorbent. The residualmetal concentration
in the solution was determined using Inductive Coupled
PlasmaMassSpectrometer(ICP-MS,Agilent7700,USA).

Theadsorbedmetalamountsweredeterminedusingthe
followingformulas[34]:

q C C
m

Vt
t=

−( )0  (2)

q C C
m

Ve
e=

−( )0  (3)

where qt and qe (mg g−1)aretheamountsofthemetaladsorbed
perunitweightoftheadsorbentattimetandequilibrium,C0,
Ct and CemgL−1 are the metal concentrations at the initial 
time, time t and theequilibrium time respectively;V (L) is
thevolumeofmetalsolution;andm (g) is the weight of the 
adsorbent. The removal efficiency (R %) was calculated as 
follows:

R C C
C

t% ( )
=

−
×0

0

100  (4)

Thedistributioncoefficient(Kd)ofCd(II)andPb(II)onto
different prepared adsorbentwas calculated using the fol-
lowingequation[35]:

K q
Cd
e

e

=  (5)

Aselectivitycoefficient(α)forthebindingofaparticular
adsorbateinthepresenceofinterferingionswascalculated
usingthefollowingequation[36]:

α =
K
K
d

d

( )
(I)
T  (6)

where Kd(T)istheKd value of the targeted metal as lead and 
Kd(I)istheKd value of the other metal in the multi-metal solu-
tions as cadmium.

To optimize the conditions for removing Cd(II) and
Pb(II), a relationship between factors and responses using
the responsesurfacemethodologymodelswasestablished. 
The design matrix follows Box–Behnken design [37] with
13 trials using three factors:X1 (time; min),X2 (metal ini-
tial concentration;mgL−1), andX3 (adsorbentdose;mg) at
three levels (−1, 0, and1)were chosen to estimate theper-
formanceof theadsorptionprocess [38].Dataanalysisand
optimizationwere conducted using the statistical software
“Statistica”. After optimization of the adsorption process

byresponseoptimizer,thekineticandisothermparameters
were investigated.

Considering the competition of both cations, the effect
of co-existing of the twometal ions in wastewater on the
adsorptionprocesswasexplored.

2.6. Kinetics of adsorption process

The rate and mechanism of the adsorption process
couldbeelucidatedbasedonkinetic studieswithdifferent
initialconcentrationsofCd(II)andPb(II)variedfrom50to
200mgL–1.Forkineticstudies,thepHwasfixedat5.5(avoid-
ingprecipitatewithhydroxyl)andadsorptiontimewasvar-
iedfrom1to30minanddoseofadsorbent;0.02mgmL–1.In
order toelucidate theadsorptionkinetics, thepseudo-first- 
orderandpseudo-second-ordermodelswereapplied[12,31].

qt=qe[1-exp(-k1t)] (7)

q k q t
k q tt
e

e

=
+
2

2

21
 (8)

where k1 and k2arepseudo-first-orderandpseudo-second-or-
deradsorptionrateconstants,respectively.

Thepseudo-first-orderkineticmodelismoresuitable for 
lowconcentrationofsolute.Itcanbewritteninthefollowing
form[31]:

ln (qe−qt)=lnqe−k1t (9)

where qe is the amount of metal adsorbed at saturation
per gramof adsorbent (mgg–1), qt is the amount of metal 
adsorbedat time t pergramof adsorbent (mgg–1), andk1 
(min−1)istherateconstantofthepseudo-first-orderadsorp-
tion. While, the pseudo-second-order kinetic model is
dependentonthesoluteamountadsorbedonthesurfaceof
adsorbentandtheadsorbedamountatequilibrium.

TotestthediffusionmechanismofCd(II)andPb(II)onto
preparedgraphene-basedadsorbents,anintra-particlediffu-
sion model was used at different initial concentrations in the 
followingform[31]:

qt=ki t1/2 + C (10)

where ki (mg g–1 min–1/2) is the intra-particle diffusion rate
constantwhichistheslopeofthestraightlineofqt vs. t1/2 and 
Cisthevalueofinterceptwhichisaconstantreflectingthe
significanceoftheboundarylayerormasstransfereffect.

2.7. Sorption isotherms

The adsorption thermodynamics and isotherms were
testedtovalidatethemetaluptakebehaviouroftheHRGO,
SG, and MSG using Langmuir and Freundlich isotherms.
The sorption capacity of thepreparedmaterial at different
initialconcentrationsatequilibriumcanbeillustratedbythe
adsorption isotherms. Adsorption isotherms describe how
theadsorbateinteractswithadsorbentsandgiveathorough
understandingofthenatureofinteraction.Severalisotherm
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equationshavebeendevelopedandemployedforsuchanal-
ysisandthetwoimportantisothermswereapplied.

2.7.1. Langmuir isotherm model

Langmuir’sisothermwasusedformonolayeradsorption
on a surface containing a finite number of identified sites
withnegligibleinteractionbetweenadsorbedmoleculesand
assumesuniform energies of adsorption on the surface. In
additionthemaximumadsorptiondependsonthesaturation
levelofmonolayer.TheLangmuirisothermisrepresentedby
thefollowinglinearequation:

q
C K q

C
q

e

e L m

e

m

= +
1  (11)

where qeisthesolid-phaseconcentrationinequilibriumwith
theliquid-phaseconcentrationCe expressedinmoleL−1,qm is 
themaximummonolayeradsorptioncapacity(mgg−1),and
KL isanequilibriumconstant(Lmol−1). A straight line with 
slopeof1/qm and interceptof1/qmKL isobtainedwhenCe/qe 
isplottedagainstCe.Theseparation factor (RL) is a dimen-
sionless constant which is an essential characteristic of the 
Langmuirmodel.TheequationofRLisexpressedas:

R
k CL
L

=
+
1

1 0( )
 (12)

where C0(mgL−1)isthehigheststudiedinitialconcentration,
(C0=150mgL−1). RL indicatesiftheisothermisunfavorable
when RL >1,linearatRL =1,favorableat0<RL <1,orirrevers-
ibleatRL=0.

2.7.2. Freundlich isotherm model

Adsorbents that follow the Freundlich isotherm equa-
tion are assumed to have a heterogeneous surface consisting 
of siteswithdifferent adsorptionpotentials, andeach type
ofsite isassumedtoadsorbmolecules,as in theLangmuir
equation:

ln ln
( ln )

q K
n Ce f

e

= +
1  (13)

where Kf is constant (functionof energyof adsorptionand
temperature)andnisaconstantrelatedtoadsorptioninten-
sity,byplottinglnqe vs. ln Ce which gave a straight line with 
slopeof1/nandinterceptoflnKf.Themagnitudeofthe“n”
showsanindicationofthefavorabilityofadsorption.

2.8. Sorption thermodynamics

Adsorption thermodynamic experiments were
performedwith initial concentrationof 100mgL–1 at 25°C
and 35°C. Thermodynamic parameters were calculated by
thefollowingequations[31,34]whereKD istheequilibrium
partition constant, ΔG (kJ mol–1) is the Gibbs free energy
change,R (8.314 J mol–1 K–1) is the universal gas constant, 
T (K)isthetemperature,ΔH (kJ mol–1)istheenthalpychange
andΔS (kJ mol–1K–1)istheentropychange.

KD=qe/Ce (14)

ΔG=−RT lnKD (15)

lnK S
R

H
RTD =

∆







 −

∆







  (16)

The values of ΔG were calculated from the KD values 
foreachtemperature, thevaluesofΔH andΔS were calcu-
latedfromtheslopeandinterceptoftheplotoflnKD vs. 1/T,
respectively.

2.9. Regeneration and reuse test

Regeneration and reuse experiments are necessary for
evaluating the practical feasibility for an adsorbent. Thus,
to investigatethereversibilityofmetal ionadsorptionwith
MSG,10mgofMSGweremixedwith50mLof20mgL–1 
Cd(II) and Pb(II). Themixturewas shaken at 120 rpm for
15min.Immediatelyafteradsorptionprocess0.1MHClwas
added and then the solution was ultrasonically treated at 
roomtemperaturefor15min;thentheadsorbentwassepa-
ratedbyanexternalmagneticfield,washed,driedinanoven
at40°Cfor2handreused.Themetalionconcentrationswere
determined via ICP-MS. Five cyclic adsorption–desorption
processeswereconductedtostudytheregenerability.

3. Results and discussion

3.1. Characterization of functionalized graphene materials

Allthesamplesweresubjectedtotheelementalanalysis
todeterminetheircompositionofsamplesasshowninsup-
plementaryinformation(Table 1). 

To investigate the functional groups of theHRGO, SG,
and MSG samples, further investigations were conducted
withtheFTIRandbycomparingthesampleofHRGOwith
thesampleofSGasshowninFig.2a,additionalbandsat839
and1,090cm–1werenoted.Thebandswereassociatedwith
theS=Obond[39],illustratingthesuccessfulgraftingofthe
SO3HgroupsontopreparedHRGOandtheexistenceofthe
bandat1,118cm–1,specifiedtotheS–phenylvibration[39].
ThepeakintheMSGsampleat525cm–1 was characteristic of 
theFe–Ostretchingvibration[24]comparedwiththeHRGO
andSG.However,thepeakatapproximately1,720cm–1 for 
all sampleswasassigned to theC=Obond,which referred
to the lower-content oxygen atoms on the samples while
thebroadbandassignedtothe–OHstretchingmodeofthe
hydroxylgroupswascenteredatapproximately3,440cm–1.

Table1
ElementalcompositionandSO3HcontentsofSGandMSG

Elementalcomposition(wt.%) SG MSG

C 63.3 70.4
S 5.6 3.1
Fe – 6.12
O 31.1 20.4
SO3Hcontents(mmolg–1) 0.7 0.37
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InthepowderXRDpatternofpreparedsamples(Fig.2b),
themainpeakat26°and44.3°2θcorresponds to the (002)
and (100) reflections for HRGO. The reappearance of a
broadenedweakpeakatapproximately2θ=26°fortheSG
sample was attributed to limited ordering of a few layers
andthe irregular interlayerspacingover thewholesample
[14,40]. For MSG, due to Fe3O4 nanoparticles between the

MSGnanosheets,aslightdecreasein2θoccurredfollowed
byanincreaseininterlayerspacing[41,42].Thepeaksat2θ
valuesof30.28(220),35.78(311),53.78(422),57.18(511),and
62.88(440)wereconsistentwiththestandardXRDdatafor
thecubicface-centeredstructureofFe3O4phase(JCPDScard:
19-0629),whichindicatedtheexistenceofFe3O4intheMSG
sample.

Fig. 2. (a) FTIR, (b)XRD, (c)TEM images (i)HRGO, (ii) SG, (iii)MSG, (d) comparable chart forBET surface area, averagepore
diameterandtotalporevolumeofHRGO,SG,andMSGand(e)N2adsorption–desorption isothermsfor thepreparedgraphene
materialsat77K.



N.A. Elessawy et al. / Desalination and Water Treatment 173 (2020) 394–408400

As shown in Figs.2c-iandc-ii,theTEMimagesofHRGO
and SG nanosheets demonstrate an exfoliated, randomly
aggregated, crumpled, transparent flake-like morphology
withseverallayers.While,theTEMimageofMSG(Fig. 2c-iii) 
shows entrapped well-dispersed magnetite nanoparticles
insidetheSGmatrix.The left inset inFig. 2c-iii shows that 
MSG could be homogeneously dispersed into an aqueous
solutionandseparatedbyanexternalmagnet,andthatthe
clearsolutioncouldbeeasilyremoved.

BET analysis was used to investigate the specific sur-
faceareaofdifferent samples.The resultsof analyzing the
surfaceareaandtheporevolumeofallsamplesbynitrogen
adsorption–desorption isotherms are illustrated in Table 2. 
As shown in Fig.2e,theisothermcurvesofallsampleswere
elucidatedastype-IVisothermsaccordingtoIUPACclassifi-
cation[43]withdistincthysteresisloopsintherangeofrela-
tivepressures(P/P0)from0.45to1.0,indicatingexistenceof
mesopores.ThesurfaceareaandtheporevolumeofSGwere
slightlylowerthanthatofHRGO,whichhadapartiallydam-
agedporousstructurefromthesulfonationprocess.

Theporesizedistributionsofpreparedgraphene-based
materials are shown in Fig.3.Allsamplescontainmicropores
withsizelessthan2nminadditiontomanymesoporeswith
size ranged between 2 and 20 nmwhereas themesopores
structure can facilitate the ion diffusion.

3.2. Surface chemistry and the effect of solution pH

As shown in Fig. 4a, thezetapotentialof theprepared
materials was investigated and it was noted that as pH

increasedfrom3to9,thezetapotentialvaluesofHRGO,SG,
andMSGdecreasedduetothesurfacesofHRGO,SG,and
MSGbeinghighlyoxidizedwithalargenumberofoxygen
functionalitiesassulfonic,carboxylic,andhydroxylgroups
andthatinturnmakesthegraphene-basedadsorbentsmore
suitablefortheadsorptionprocessofheavymetalcationsin
all environmental pH conditions [3]. The zeta potential of
SGwaslowerthanthatofHRGOandMSGoverthewhole
pHrange,whichmayreturntoitshighercontentofsulfonic
groups and thus, stabilization of colloidal particles occurs
andthatwouldmakeSGhardtoseparatefromwater.

ThesolutionpHisoneoftheimportantparameterscon-
trollingtheadsorptionprocess,anditaffectstheinteraction
between the adsorbate and the charges on the adsorbent
surface.Forthisreason,theinfluenceofsolutionpHonthe
adsorptionefficiencyofHRGO,SGandMSGtowardCd(II)
andPb(II)wasevaluated in therangefrom3 to9 todeter-
minetheoptimalpHvalue.AsshowninFigs.4bandc,the
removalefficiencydramaticallyincreasedwhenthepHwas
increasedfrom4to7.However,whenthesolutionwasinthe
rangeof7–8,theremovalefficiencyhadslowprogress.Once
pHwentbeyond8, the adsorptionamountwasdecreased.
Many reasons could explain Cd(II) and Pb(II) adsorption
behaviouronthepreparedadsorbentsrelativetothepHval-
ues.Forinstance,atlowpHvalues(lessthan4),thesurfaces
ofHRGO,SG,andMSGwouldbesurroundedbynumerous
hydroniumionsthatcompetewithmetalions.Ontheother
hand,byincreasingsolutionspHtheelectrostaticrepulsion
between the metal ions and the surface of the adsorbent
is reduced; therefore, the removal efficiency is gradually
increased.HoweveratapHslightlybelow6,MSGshowed
ahighertendencyofremovingCd(II)andPb(II)morethan
HRGOandSG.Thiscouldbeduetotheelectronicdensityof
theMSGsurfacecausedbytheFe3O4 addition which would 
prompt lowbonding energywithCd(II) andPb(II) due to
its oxidized surface. Conversely, a relative repulsion could
occuratapHof6,whichwouldbepossibleduetotheFe3O4 
on MSG surface at that pH having a net positive charge
(thepointofzerochargeofFe3O4isbetween6and6.4)[44].
Therefore,apHof5.5wasselectedastheoptimumpHfor
removingCd(II)andPb(II)intheotherexperiments.

On the other hand, Cd(II) and Pb(II) exist in various
forms at different pH as, when the pH is greater than 7,
hydroxideprecipitates can be easily formed and itwould
bedifficulttobeadsorbedontothenegativelychargedsur-
face of the adsorbent due to electrostatic repulsion. Thus,
theconcentrationsoftheCd(II)andPb(II)ionsdramatically
decreaseatpHmorethan8becauseCd(OH)2andCd(OH)3–
begin to form [3], in the same time with Pb(OH)2 and 
Pb(OH)3–whicharedifficulttoberemovedbytheadsorbent.

3.3. Competitive adsorption

Essentially, the distribution coefficient (Kd) represents
thetrueperformanceofanadsorbentaccordingtotheratio
of adsorption capacity of adsorbent to final concentration
of adsorbate in the liquid at equilibrium [34,35]while, the
adsorption capacity and removal efficiency can be altered
by the operating conditions. Distribution coefficient (Kd) 
wasusedtoevaluatetheeffectivenessofdifferentprepared
adsorbentmaterialsinthisstudyusingEq.(5)(Table 3) and 

Fig.3.PoresizedistributionofHRGO,SG,andMSGcalculated
usingDFTmethod.

Table2
Texturefeature(surfacearea,porevolume,andsize)forHRGO,
SG,andMSG

HRGO SG MSG

BETsurfacearea(m2 g–1) 702 475 607
Totalporevolume(cm³g–1) 0.386 0.288 0.469
Averageporediameter(nm) 2.2 2.4 3.09
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analyzetheselectivityofMSGforPb(II)toCd(II)inthemulti-
metalsolutionsusingEq.(6)asshownintheinsetofFig. 4d 
andcomparethedistributioncoefficientvalueswithothers
frompreviousstudiesasillustratedinTable4[27,36,45–49].

As shown in Fig.4d,with increasingpHanincrease in
Kd values for Cd(II) and Pb(II) occurred due to increasing
pHactivatemoreadsorptionsitesandmoremetalionswere
available tomigrate from the solution to the surfaceof the
MSG.Inaddition,MSGshowedmoreprominentselectivity
forPb(II)overCd(II)ateachpHvalue.Accordingtoselectiv-
itycoefficientvaluesandsinglemetaladsorptionontoMSG,
Pb(II) presented great affinity for MSG in the single- and
themulti-metal system, indicating thatMSG had selective
adsorptionforPb.

3.4. Optimization of Cd(II) and Pb(II) adsorption

Anoptimizationoftheadsorptionprocesseswasachieved
usingBox–Behnkendesignwiththreevariables,time(min),
metalinitialconcentration(mgL–1),andadsorbentdose(mg),
as illustrated in Table 5 forCd(II) andPb(II) onMSG.The
solutionpHvaluesduringthewholereactiontimewerekept
constantatpH5.5.

The statistical relationship between variables and
responseswasexplainedusingquadraticmodelintermsof
codedfactorsinthefollowingequations:

YCd(II)=92+6.5375X1–5.275X2+8.4125X3–4.0375X1
2 +  

0.6875X2
27.3375X3

2 +1.65X1X2 + 3X2X3 +  
0.975X1X3 (17)

Fig.4.(a)ZetapotentialofHRGO,SG,andMSG,andeffectofsolutionpHontheremovalof(b)Cd(II),(c)Pb(II)adsorbedonto
HRGO,SG,andMSG(Experimentalconditions:C0:100mgL−1;doseofadsorbent:0.2mgmL–1; temperature:25°C;time:30min;
volume:50mL),(d)effectofpHondistributioncoefficientforCd(II)andPb(II)adsorbedontoMSGandtheinsetistheselectivity
coefficientofMSGforPb(II)toCd(II)inthemulti-metalsolutions.

Table3
Performance metrics of the prepared nanomaterials used for Cd(II) and Pb(II) removal at pH 5.5 and 100 mg L–1 metal initial 
 concentration

Maximumadsorption 
capacity(mgg−1)

Maximumremoval 
efficiency (%)

Distribution 
coefficient(Lg–1)

Cd(II) Pb(II) Cd(II) Pb(II) Cd(II) Pb(II)

HRGO 462 464 92 93 60 65
SG 468 472 94 94 73 83
MSG 480 497 96 100 117 764
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YPb(II)=99.1+0.3625X1–2.925X2+4.6875X3–0.0625X1
2 – 

1.6375X2
23.1625X3

2 +0.45X1X2 +3.25X2X3  +  
0.175X1X3 (18)

where Yistheresponse(yieldofremoval)andX1,X2,andX3 
arecontacttimes,initialmetalconcentration,andadsorbent
dose,respectively.

As shown in Fig.5,the3Dsurfaceplots,whichpresent
the results of the Box–Behnken design, show the type of
interactionbetween the testedvariables,whichdisplay the
optimumconditions. Itwasobservedthat theremovaleffi-
ciency decreased with an increase in initial metal concentra-
tionsfrom50to150mgL–1whileitincreasedbyincreasing
the contact time and then remained approximately con-
stant. This observation revealed that in the beginning, the

metalionswereadsorbedexternallyandtheadsorptionrate
increased rapidly.When the external surface became satu-
rated, themetal ionsadsorbed into theporousstructureof
theadsorbentandfinallyreachedaconstantvaluewhereno
moreadsorptionoccurred.

To removeCd(II) completely according to the solved
equation,theoptimallevelsofthethreecomponentsatthe
maximumpointof thepolynomialmodelwere13.28min
contact time, 50 mg L–1 of Cd(II) concentration, and
0.012mgofMSGatapHof5.5°Cand25°C.However,at
contact time 2.9min, 100.7mg L–1 of Pb(II) and 0.14mg
ofMSG complete removalwas achieved.A confirmation
test (threereplicate) tookplacebyusingstatisticalanaly-
sisconditionwhichprovide99.5%removalforCd(II)and
99.8%removalforPb(II).

Table4
Areviewoftheperformanceofsomecarbon-basedadsorbentmaterialsusedtoremoveCd(II)andPb(II)fromwater

Adsorbentnanomaterials Adsorbate Optimum
adsorption
condition 
(temperature
(°C),pH)

Adsorbate
initial 
concentration 
(mgL−1)

Maximum
adsorption
capacity
(mg g−1)

Adsorbate
final 
concentration 
(mgL−1)

Distribution
coefficient 
(Lg–1)

References

Chitosan-pyromellitic
dianhydride modified 
biochar(CPMB)

Cd(II) 25,5 500 30.12 470 0.06 [35]

Pb(II) 9.24 491 0.02

Hydratedmanganeseoxide
biocharnanocomposite
(HMO-BC)

Cd(II) 25,6 – 22.3 34 0.66 [44]
Pb(II) 67.9 58 1.2

Magneticgraphenes
compositematerial
(Fe3O4-GS)

Cd(II) 25,7 5 27.83 0.57 49 [45]

27.95 0.59 47Pb(II)

Poly3-
aminopropyltriethoxysilane
oligomer-linkedgraphene
oxidecomposite(PAS-GO)

Pb(II) 30,5 400 312.5 87.5 3.6 [46]

Magneticethylenediamine-
functionalizedgraphene
oxide(MDFGO)

Cd(II) 25,6.2 50 142 3 47 [26]
Pb(II) 145 2 73

Magneticgrapheneoxide/
MgAl-layereddouble
hydroxidenanocomposite

Cd(II) 25,6 300 45.05 142 0.3 [47]

1,000 192.31 327 0.6Pb(II)

Sulfanilicacidfunctionalized
grapheneoxide(SGO)

Pb(II) 25,7 30
454.54 11.8 38

[48]

400 14 29
Reduced sulfonated 
grapheneoxide(rSGO)
Grapheneoxide(GO) 303.03 18 17
Reducedgrapheneoxide
(rGO)

140.84 24 6

MSG Cd 25,5.5 100 840 4 210 Thiswork
Pb 100 926 0.9 1,029 Thiswork
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Table5
Central composite matrix of experimental and predicted values for Cd(II) and Pb(II) removal (%) using prepared MSG at 
solutionspH5.5

Trial Time 
(X1;min)

Adsorbateinitial 
concentration  
(X2;mgL–1)

Adsorbent 
dose (X3;mg)

Removal (%)

Measured Predicted

Cd(II) Pb(II) Cd(II) Pb(II)

1 10 50 0.005 86.8 96 75.1 92.1
2 10 150 0.005 69.4 82.1 69.4 91.4
3 10 50 0.015 95.3 100 96 98.1
4 10 150 0.015 89.9 99.1 77 93.9
5 5 50 0.01 89 99.1 82.3 96
6 5 150 0.01 76 93.9 86.8 96.6
7 15 50 0.01 98 100 89 99.1
8 15 150 0.01 91.6 96.6 89.9 99.1
9 5 100 0.005 65.1 92.1 91.6 99.1
10 5 100 0.015 82.3 100 92 100
11 15 100 0.005 77 91.4 95.3 100
12 15 100 0.015 98.1 100 98 100
13 10 100 0.01 92 99.1 98.1 100

Fig.5.Responsesurfaceplotsforremovalefficiency(%)ofCd(II)andPb(II)onMSG.
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3.5. Adsorption kinetic models

The pseudo-first-order and the pseudo-second-order
models were two kinetic models used to test the effect of 
varying the adsorption time on the rate of the adsorption
process(Fig.6).

Thesemodelswerehelpfulinunderstandingtheadsorption
mechanismofCd(II)andPb(II)atvariousinitialconcentrations
(50,100,and200mgL–1)usingthepreparedMSGadsorbent.

The pseudo-first-order presumed that the adsorption
capacity was restricted by only one mechanism acting on
one class of adsorbing sites [50]. By comparing the experi-
mental adsorption capacities with the calculated capaci-
tiesvalues,itwasfoundthatthecalculatedvalueswerefar
from their comparable experimental values. Therefore, the 
pseudo-first-orderreactionkineticmodelwasnotadequate
todepictadsorptionofCd(II)andPb(II)onMSG.

Conversely,thepseudo-second-orderkineticmodelwas
dependentontheadsorbateamountadsorbedonthesurface
of theadsorbentand theadsorbedamountat equilibrium.
As illustrated in Table6,thecalculated qe values (qe,cal) agreed 
with the experimental qe values (qe,exp) and the correlation 
coefficient (R2)valuesobtainedwereconsistentlyhigherthan
those of the pseudo-first-order. From the previous results,
the adsorption perfectly obeyed the pseudo-second-order
modelwhichmeantthecontrollingratestepwaschemisorp-
tionand the rateofadsorption forboth ionsdependedon
theaccessibilitytoadsorptionsitesonthesurfaceofadsor-
bentmaterials.Moreover,asinitialconcentrationsofCd(II)
orPb(II) increased, thek2 valuesdecreased,whichmaybe
attributedtohighercompetition for theadsorptionsitesat
highconcentrationscomparedwithlowconcentrations [48].

Inordertofurtherresearchinthediffusionmechanismof
Cd(II)andPb(II)ontoMSG,anintra-particlediffusionmodel

was used at different initial concentrations. As shown in  
Fig.6c, theadsorptionmechanismforCd(II) intoMSGwas
basically divided into three steps: external diffusion of the
adsorbate from the aqueous solution to the surface of the
adsorbent, followed by gradual adsorption step from the
adsorbentsurfacetoinsidetheporesandlastly,thefinalequi-
libriumstepwhereas anadsorption reactionoccurredwith
thefunctionalgroupswithinthepores.However,theadsorp-
tionratemainlydependedonthefirsttwoprocesseswhich
most likely depend on electrostatic interactions and it is a
rapid interaction, therefore the rapid removal of cadmium
occurred.On theotherhand, the intra-particlediffusionof
Pb(II)asshowninFig.6dcouldbealmostdividedintotwo
steps, a rapid initial stepwhich represents thediffusionof
Pb(II)fromsolutiontothesurfaceofMSGfollowedbyarela-
tivelyslowstepwhichexplainsthemacroporeandmesopore
diffusionofionsintoMSGwithcontrollingintra-particledif-
fusion[50].

3.6. Adsorption isotherms

By using Langmuir and Freundlich adsorption iso-
therm models [49,51] at different initial concentrations 
andtwodifferenttemperatures(25°Cand35°C),asillus-
trated in Table7,itcouldbeconcludedthattheLangmuir
model best represented the adsorption data suggesting
thatCd(II)andPb(II)ionsadsorptionismonolayercover-
ageandthemaximumvalueqmofCd(II)ionsadsorption
onMSGis901mgg–1whileforPb(II)ionsis926mgg–1and 
theadsorptionbehaviourwasmoreeffectiveathightem-
peratures. Furthermore, for the Freundlich model, the
values of 1/nF, which measure the adsorption intensity
or surface heterogeneity, fluctuated between 0 and 1,
which elucidated a greater heterogeneity as the values 

Fig.6.Pseudo-second-orderandintra-particlediffusionkineticmodelsfortheadsorptionofcadmiumonMSG(a)and(c)respectively
andlead(b)and(d)(conditions:doseofadsorbent;0.02mgmL–1,temperature;25°C).



405N.A. Elessawy et al. / Desalination and Water Treatment 173 (2020) 394–408

approached zero. It was also concluded that, a hetero-
geneous chemisorption process occurred and that is in
goodagreementwiththeintra-particlediffusionkinetics
andthefactthatCd(II)andPb(II)ionssorbedontoMSG
mainly through inner surfacewithcontrolling intra-par-
ticlediffusion.Inconclusion,theresultsindicatethatthe
adsorptionofbothmetalsiseffectiveusingLangmuirand
Freundlichisothermmodels.

3.7. Adsorption thermodynamics

Thermodynamic parameters such asGibbs free energy
(ΔG),enthalpy(ΔH),andentropy(ΔS)wereexploredat25°C
and 35°C and listed inTable 8. The negative values ofΔG 
showedthatCd(II)andPb(II)adsorbentsystemswerespon-
taneous[52]andthischaracterincreasesasthetemperature
increases.ThepositivevaluesofΔH indicate an endothermic 
natureof the adsorptionprocess,while thepositivevalues
of ΔS indication for randomness increasing in the solid– 
liquidinterfaceduringtheadsorptionprocess[31].Aboveall,
itwasconcludedthattheadsorptionofCd(II)andPb(II)on
theMSG is an endothermic, randomness and spontaneous
process.

3.8. Speculation of adsorption mechanism

ItwasproposedthattheadsorptionofCd(II)andPb(II)
onHRGO,SG, andMSGwasdependenton the functional
groups,thesurfacearea,theporesizeandporeuniformityin

Table6
ParametersanddeterminationcoefficientsofthekineticmodelsforCd(II)andPb(II)adsorptiononpreparedMSG

Cd(II)initialconcentrations 
(mgL–1)adsorbedonMSG

Pb(II)initialconcentrations 
(mgL–1)adsorbedonMSG

50 100 200 50 100 200

qe,exp (mg g–1)a 250 489 866 250 497 913

Pseudo-first-order

qe,cal(mg g–1) 22 47 751 0.26 3.2 22
k1 (min–1) 0.12 0.1 0.15 0.02 0.05 0.06
R2 0.8 0.95 0.97 0.94 0.91 0.83
Pseudo-second-order

qe,cal(mg g–1) 255 488 893 250 497 909
k2 (min–1) 0.003 0.0005 0.0006 0.98 0.07 0.01
R2 0.99 0.99 0.99 1 1 0.99

aEquilibriumtimeforcadmiumremovalwasequalto15min,whileforleadremovalitwasequalto5min.

Table7
AdsorptionisothermparametersfortheadsorptionofCd(II)andPb(II)onpreparedMSG;adsorbentdosage0.02mgmL–1

Temperature°C

Cd(II)adsorptiononMSG Pb(II)adsorptiononSG

25°C 35°C 25°C 35°C

Langmuirisotherm

qm (mg g–1) 840 901 926 926
KL(Lmg–1) 0.5 0.7 0.75 0.74
R2 0.998 0.997 0.999 0.999
RL 0.009 0.007 0.007 0.007

Freundlichisotherm

KF (mg g–1) 220 216 228 232
1/nF 0.22 0.21 0.24 0.21
R2 0.999 0.997 0.995 0.993

Table8
Thermodynamicparametersforadsorptionof100mgL–1Cd(II)
andPb(II)onMSGat25°Cand35°C

T(K) ΔH (kJ mol–1) ΔS (J mol–1 K–1) ΔG (kJ mol–1)

Cd(II) 298 3.06887 39.49851 –11,862
308 –13,205.3

Pb(II) 298 3.50338 52.1216 –15,636.6
308 –17,240.4
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theadsorbentmaterials.ThepreparedHRGO,SG,andMSG
typicallyhaveveryhighsurfaceareas,which ifexposedto
thesolutionphase,couldprovidesurfacesitesforrapidand
extensiveadsorptionprocess(Fig. 7a and Table 3). According 
toliterature,themainadsorptioninteractionsofmetal ions
ongraphene-basednanomaterialsurfaceswereelectrostatic
interactionsandcation-πbonding.Theadsorptioncapacity
ofCd(II)andPb(II)onHRGOwasduetothepresenceofthe
–OHand–COOHgroups in theplaneandwhen function-
alizedwitha–SO3Hgroup,theeffectivesitesofHRGOfor
adsorption increaseddue to the sulfonic grouppowerfully
attractingpositivelychargedions.Theincorporationofmag-
neticparticlesonthesurfaceofSGaffordalargenumberof
active siteswhich is full of negatively charged, that reflect
on increasing the interaction between adsorbate andmetal
ionsandhencetheadsorptioncapacityofMSG.Inaddition,
thegraphene latticecontainsdelocalizedπelectronsystem
whichactasLewisbaseinaqueoussolutionandformelec-
trondonoracceptor interactionwithmetals ionswhichact
asLewisacid [53]anda complexbetweengraphene-based
adsorbents and the heavy metal ions can occur through

Lewis acid–base interaction [54] which also contributes to
Cd(II)andPb(II)adsorptiononSGandMSG.

In summary, theadsorptionofCd(II) andPb(II)by the
graphene-basedadsorbentswasmainlythrough:(i)theelec-
trostatic attraction which was the dominant mechanism in 
adsorptionprocess;(ii)Lewisacid–baseinteractionbetween
π-electrondepletedregionsonthesurfaceofgrapheneand
metal cations.

3.9. Desorption–adsorption tests

InordertoevaluatetheregenerabilityandreuseofMSG
which are important factors to estimate the cost effective-
nessoftheadsorbent,0.01gofMSGafteradsorptionprocess
weredispersed intoa solutionof0.1MHClandsonicated
for15min.Afterthat,theadsorbentwaswashedandreused.
Afterfivecycles,theremovalefficiencywasstillhighandthe
variations in theremovalpercentagewerequitesmallafter
eachdesorptionasshowninFig.8,andthatisagoodindica-
tionforMSGtobeusedpotentiallyinwastewaterapplication.

4. Conclusion

The post-modification method generally encompasses
theintricateandharshstepsofthereductionofGOfollowed
by sulfonation of reduced GO. In this study, SG carried
massiveSO3Hfunctionalgroupsobtaineddirectly through
a simple process, as demonstrated. Themethod usedwas
low-costwithsimplestepsandwaseffectivefortheprepa-
ration of SG andMSG compared with previous methods.
Accordingtotheresults,theporosityandadsorbentsurface
area, inadditionto thefunctionalgroupsontheadsorbent
surfacewere important factors in determining the adsorp-
tion efficiency and the adsorption rate.However, low ace-
tic solutionspromotedCd(II) andPb(II) adsorptiondue to
the electrostatic interaction and cation-π bonding between
adsorbateandadsorbentsurface.Optimisationoftheexperi-
mentalresultsshowedtheMSGadsorptionequilibriumtime
fora50mgL–1ofCd(II)wasonly13.28min,whilethatfor
100.7mgL–1ofPb(II)wasapproximately2.9min.However,
MSGhas excellent reusabilitywhichnominates it tomany
potentialapplications.

Fig.7.(a)ComparingtheremovalpercentageofCd(II)andPb(II)usingthethreepreparedgraphenebasedadsorbentsatpH5.5, 
(b)schemefortheadsorptionmechanism.

Fig. 8.Adsorption-desorption cycles of Cd(II) and Pb(II) onto
MSG(C0;20mgL–1,adsorbentdose;0.02gL–1,pH;5.5,tempera-
ture;25°C).
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In conclusion, the prepared MSG exhibited superior
adsorptionpropertiesforCd(II)andPb(II)inhighenviron-
mental concentrations aswell as in low concentrations. In
addition,thismaterialcanbeusedseveraltimeswithgood
stability and cost effectiveness.
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