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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
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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
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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.
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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).
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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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