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Heavy metals adsorption onto graphene oxide: effect of mixed systems and
response surface methodology modeling
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ABSTRACT

Competitive adsorption based removal of aqueous cadmium, chromium, and lead from tertiary mixed
systems, was investigated using graphene oxide (GO). The surface characterization findings indicated
that the produced GO is mesoporous with several oxygen based functional groups important for the
adsorption of target heavy metal species. Under the respective tertiary competitive adsorption con-
ditions, a near complete chromium removal was noted (~99%) at GO dosage of 0.5 g/L. Similarly
the adsorption capacity of lead was also high at ~92% at a GO dosage of 0.5 g/L. Nevertheless, the
cadmium showed a lower removal of ~51% under the competitive conditions. In general, the com-
petitive removal of these heavy metals showed the following trend: chromium > lead > cadmium.
These findings show that the synthesized graphene oxide preferentially adsorbs chromium and lead
compared to cadmium. The oxygen surface functional groups, as indicated by the Fourier trans-
form infrared spectroscopy analysis, are suggested to initiate the metal bonding and adsorption.
Furthermore, the Brunauer—-Emmett-Teller characterization results showed that the synthesized GO
is mesoporous that is also supportive of an enhanced mass transfer to the surface bonding sites. The
respective response surface methodology based process modeling and optimization also yielded
good outcomes, for example, for lead removal, the respective analysis of variance findings showed
that the GO dosage and concentration of lead and chromium are the significant model parameters
with respective F-values of 267.48, 52.27, and 12.09, and respective p-values of <0.0001, <0.0001,
and 0.0031. Furthermore, both the normal probability plot and the predicted vs. actual response
plot also showed a good fit for the studied metal adsorption on to synthesized graphene oxide.
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1. Introduction

Heavy metal pollution and specifically mixed heavy
metals environmental contamination of fresh water sources
remains a concern in several regions across the globe. For
example cadmium related aquatic contamination is reported
at various National Priority List (NPL) sites of U.S. EPA
[1,2]. Cadmium is also released into environment from
several industries and landfill sites [3] and poses several
heath issues including cancer and damage to kidney [4].
Furthermore, lead is another toxic metal that is also intro-
duced into environment via anthropogenic activities like
mining, fossil fuel combustion, and specific industrial set-
ups [5-8]. Lead can also initiate damage to human organs
including brain and kidney [9,10], and therefore lead related
water environmental standards are very stringent [11,12].
Furthermore, chromium is another toxic heavy metal spe-
cies with concerns such as damage to respiratory tract. It
is introduced into environment from sources including
metallurgical operations, tanning practices, and paint and
fertilizers manufacturing [13,14], with Cr(VI) being more
toxic as compared to Cr(Ill) [15,16]. Hence, the respective
cadmium, chromium, and lead toxicity concerns require an
appropriate treatment of such contaminated water bodies.

Various treatment methods have been reported for the
removal of toxic metal species from the aqueous phase. These
technologies include electro-coagulation, adsorption, photo-
catalysis, membrane systems, and precipitation [17-22]. For
example layered double hydroxide based exchangers, have
been reported to treat aquatic lead and chromium [9,14].
Similarly physical systems such as membrane filtration
and chemical redox processes including electro-coagulation
and photocatalysis have also been employed for the same.
Furthermore, several adsorption based applications are also
reported including cadmium and lead removal using carbon
nanotubes [4,7], lead removal using activated carbon pro-
duced from organic wastes [5,6,8,], natural biosorbents [10],
resin material [12], and chromium removal using biosorbent
[16]. The respective adsorption systems offer several advan-
tages including the usage of production of adsorbents from
agricultural wastes and no sludge or concentrate remaining
as is the case for precipitation or membrane systems.

The above discussion highlights the need for toxic metals
from the aqueous phase, along with the technologies in use.
However one important concern is the presence of metals in
a mixed state and resulting synergistic competition poses a
challenge. This requires investigating other treatment meth-
odologies. To that end, the mesoporous graphene oxide (GO;
which is a 2D nanomaterial with a hexagonal lattice struc-
ture of pure carbon atoms) has received much attention for
environmental cleanup. Mesoporous GO can be synthesized
via the chemical oxidation of natural graphite, also known
as graphite oxide sheet [23]. The respective sheets are rich in
oxygen and carry hydroxyl and epoxide functional groups
in interplanar spacing and carboxyl and carbonyl functional
groups located on sheet edges. Because of such functional
groups, GO is considered to be a promising adsorbent in the
area of aqueous heavy metals and radionuclides removal
[24-27]. The functional groups’ oxygen has lone electron pair
that can interact with metal ions and form metal complexes
[28]. Furthermore, the inter-planar spacing is higher in the

synthesized GO as compared to the parent graphite, which
also helps to yield a greater interaction with the heavy metal
species [29]. Considering this graphene, graphene oxide,
and modified graphene oxide materials have been used to
remove heavy metals from water [30,31], including cad-
mium [32-34], lead [35-39], and chromium [36,37,40] and
also some binary systems [41-43]. Chromium because of
its respective toxicity concerns has also been treated using
GO/modified-GO along with process optimization exer-
cise [44-46]. Furthermore, GO modified membranes sys-
tems have also been used for heavy metals removal [47,48].
Nevertheless, the removal of respective toxic metal species
from the aqueous phase using graphene oxide will also need
to consider the competitive removal trends under a varying
set of conditions including tertiary systems. Thus the pres-
ent work explored several matrices of cadmium, chromium
and lead under changing aqueous phase settings that to the
best of our knowledge, has not been investigated. The out-
comes include both the surface characterization of produced
GO material and its adsorption efficiency determination.
Furthermore the surface response surface methodology
(RSM) based statistical modeling that has been success-
fully reported for the optimization adsorption process, was
also employed for the present work [49,50]. The respective
findings are promising, and details are reported in sections
below.

2. Materials and methods
2.1. Materials

The reagent grade high purity chemicals used in the
present work included pure graphite powder (Fisher, USA),
phosphoric acid (H,PO,, 85% w/w, Baker, UK), sulfuric acid
(H,SO,, 97% w/w, Fisher, USA), hydrochloric acid (HCI,
Fisher, USA), potassium permanganate (KMnO,, Fisher,
USA), 30% hydrogen peroxide (H,0O,, Baker, UK), cadmium
nitrate tetrahydrate (Cd(NO,),4H,O), Fisher, USA), lead
nitrate (Pb(NO,),, Fisher, USA), chromium chloride hexa-
hydrate (CrCl,-6H,O, Fisher, USA), and sodium hydroxide
(NaOH, Fisher, USA).

2.2. Synthesis of graphene oxide

The improved Hummers Method was used to synthe-
size the graphene oxide (GO) in our lab as also shown in the
Fig. 1 [51]. In a typical synthesis technique, a 1 L flask was
first filled with 360 mL concentrated sulfuric acid (97%) and
40 mL concentrated phosphoric acid (85%) that was stored in
an ice bath. While continuously mixing, 3 g of graphite pow-
der was added to that acidic mixture followed by a gradual
18 g KMnO, addition (mass ratio of graphite:KMnO, = 1:6).
Once the KMnO, addition was complete, the flask was
removed from the ice bath and placed in a water bath. The
water bath was heated to 50°C and held there for 12 h. The
solution was then cooled to room temperature before being
poured into a ~400 g crushed ice bag (prepared using dis-
tilled water). After stirring for 10 min, 6 mL of 30% H,0O,
was added to the resulting material. The generated GO was
then separated by centrifugation at 4,000 rpm for 15 min.
Subsequently, the separated GO was washed multiple
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times with distilled water and 10% HCI, and then rinsed
again with distilled water before being dried at 50°C until
completely dry (approx. 2-3 d).

2.3. Characterization of graphene oxide

The X-ray diffraction (XRD) analyses of synthesized
graphene oxide was first completed using Cu K radiation in
the 2 range of 0°-70° at 40 kV and 30 mA. Scanning electron
microscopy (SEM) technique was also used to characterize
the surface morphology of the produced GO at 20 kV and
30,000 magnification whereas the elemental composition of
GO was measured using the energy-dispersive X-ray spectrs-
copy (EDX) technique. Prior to SEM and EDX measurement,
the GO sample was coated with 10 nm gold. Furthermore, the
surface functional groups were identified using the Fourier
transform infrared spectroscopy (FTIR) technique in range of
400-4,000 cm™. The specific surface area, pore-volume, and
pore size were obtained using N, adsorption/desorption iso-
therms at 77 K with relative pressures (p/p°) ranging from
0 to 1 along with the respective Brunauer-Emmett-Teller
(BET) adsorption modeling software (Micromeritics, U.S.A.).

2.4. Adsorption study

The cadmium, chromium, and lead stock solutions
(1,000 mg/L) were first prepared and then used for respective
metals-GO adsorption experiments. The adsorption exper-
iments were completed at adsorbent dosages of 0.2, 0.35,
and 0.5 g/L and metal concentrations of 5, 7.5, and 10 mg/L.
For all adsorption experiments, initially a 250 mL of mixed
solution was prepared, out of which a 50 mL sample was
collected as the blank and the remaining 200 mL solution
was used for the adsorption experiment. The pH was always
adjusted to 4 with continuous complete mixing for 24 h (at
room temperature) followed by sample collection and fil-
tration (0.2 p membrane filter; Whatman, Germany). The
respective samples were analyzed for cadmium, chromium
and lead using the atomic absorption spectroscopy (Perkin
Elmer, U.S.A.) and the respective metal removal percentage
was calculated using Eq. (1):

C,-C
%Metal Removal = OC £ %100 1)

0

C, = initial metal concentration; C, = metal concentration at

equalibrium

2.5. Response surface methodology

Response surface methodology (RSM) is a statistical
approach that is used to design, improve, and optimize
processes under a varying set of operational variables. It
is employed when several variables could have an impact
on a process” performance. The response is represented by
the performance measure, and the factors are independent
variables. For the present work, the adsorbent dosage and
cadmium/chromium/lead concentration were the inde-
pendent variables. The respective values for the ‘range of
variables” is provided in Table 1. The Design-Expert soft-
ware was used for the present RSM work. Furthermore,

the central composite design (CCD) with four factors and
a single center point of face-centered (FCC) as illustrated in
Table 1 was used to create design of experiment as shown in
Table 2 [52].

3. Results and discussion
3.1. Graphene oxide characterization details

Though the pristine graphite exhibits an intense XRD
peak at a 20 ~26° [53,54], however when graphite is oxidized
to GO using the improved Hummers Method, the XRD pat-
tern shifts to 10°, as noted in Fig. 2. The diffraction peak at
20 ~10° corresponds to the crystallographic plane indexed
as (002) in the hexagonal structure of GO [54]. When pris-
tine graphite is oxidized to GO, a large number of oxygen-
containing functional groups such as hydroxyl, epoxy, and
carboxyl are attached to the carbon atoms, causing the dif-
fraction peak to shift to a lower angle. The intercalation of the
oxygen-containing functional groups into graphite results
in the expansion of the interplanar spacing from about
0.34 nm in the pristine graphite [53,55] to about 0.93 nm in
the obtained GO. The XRD pattern shown in Fig. 2 also dis-
plays a small diffraction peak at a 26 angle of ~43°, which
might be attributed to a short-range order in the stacked GO
layers [56].

The morphology of GO was also investigated using SEM
technique. As shown in Fig. 3a, GO has a lamellar structure
that is composed of flakes and folded graphitic sheets due
to the oxidation of graphite, leading to the attachment of

Table 1
Levels of main factors as employed for the RSM modeling

Factor -1 (Low) 0 +1 (High)
GO (g/L) 0.2 0.35 0.5
Cd (mg/L) 5 7.5 10
Cr (mg/L) 5 7.5 10
Pb (mg/L) 5 7.5 10

Improved Hummer
Method

H3PO4
40 ml
<=

H2504
360 ml

I -
g
o

Graphene Oxide

Fig. 1. General process for graphene oxide synthesis using the
improved Hummer method.
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Table 2
RSM design of adsorption experiments

Run Factor 1 Factor 2 Factor 3 Factor 4
A:Dose B:Cd C.Cr D:Pb RE. Cd RE. Cr RE. Pb
g/L mg/L mg/L mg/L % % %

1 0.5 5 5 5 50.57 97.33 91.77
2 0.35 7.5 7.5 5 49.33 93.49 90.84
3 0.2 7.5 7.5 7.5 5.75 78.86 46.83
4 0.2 5 10 10 7.60 62.44 46.86
5 0.2 5 5 10 10.29 77.57 65.18
6 0.2 5 10 5 7.98 60.15 56.51
7 0.35 7.5 7.5 10 16.40 78.40 73.33
8 0.2 10 5 10 10.62 81.00 67.45
9 0.35 5 7.5 7.5 15.40 83.07 75.24
10 0.5 5 5 10 39.92 97.52 89.51
11 0.5 5 10 10 17.00 83.14 79.00
12 0.35 10 7.5 7.5 14.75 85.40 77.98
13 0.35 7.5 7.5 7.5 16.83 86.87 80.66
14 0.5 10 5 5 43.86 98.76 90.64
15 0.35 7.5 10 7.5 11.48 78.21 69.95
16 0.2 10 10 5 5.20 60.78 49.32
17 0.5 5 10 5 25.00 89.37 85.40
18 0.5 10 10 10 14.93 87.17 77.39
19 0.5 10 5 10 31.60 89.75 86.94
20 0.5 10 10 5 22.58 87.75 83.58
21 0.2 10 5 5 10.80 75.00 64.81
22 0.5 7.5 7.5 7.5 26.02 93.07 83.72
23 0.2 5 5 5 10.00 86.64 64.17
24 0.2 10 10 10 5.26 65.40 33.19
25 0.35 7.5 5 7.5 22.75 88.09 81.70

4000

3000

2000 ! \
1000 \
20 30 40 50 60 70

2-theta (deg)

Intensity (cps)

o
Fig. 2. XRD pattern of synthesized graphene oxide.

oxygen-containing functional groups to the graphitic sheets
[57,58]. Fig. 3b shows the elemental composition of GO. The
synthesized GO contains about 60.8 and 39.2 w/w% carbon
and oxygen, respectively, corresponding to a C/O atomic
ratio of 2.07, which is in line with the proposed typical C/O

atomic ratio (i.e., 2.0-3.0) of graphene oxide [59-61]. Fig. 4
shows the FTIR spectra of GO in the wavenumber range 400—
4,000 cm™. The % transmittance spectra shows an intense
and broad peak centered at 3,400 cm™, which represents the
O-H stretching vibration while the minor peaks at around
2,920 and 2,850 cm™ correspond to the C-H bending vibra-
tion [62,63]. Additionally, the peak appearing at 1,750 cm™ is
associated with the —-C=0 stretching vibration of the carboxyl
groups present in GO while the peak located at 1,615 cm™
might result from the skeletal vibration of the un-oxidized
sp? hybridized carbon in the graphitic structure [62,64]. The
peak located at 1,400 cm™ corresponds to stretching vibra-
tion of the GO carboxyl group while the peak appearing
at 1,220 ecm™ typically results from the C-O-C stretching
vibration. The other peaks appearing between 1,040 and
520 cm™ are associated with the C-O stretching of the GO
epoxy groups [62,63]. The presence of respective functional
groups as noted at the GO surface (Fig. 4) tend to initiate
adsorption via bonding with the respective target adsorbate
species and hence play a very important role in the overall
removal of target aqueous pollutants.

The specific surface area, pore volume, and pore size
attributes of synthesized GO were obtained using the
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Fig. 3. (a) Morphological structure and (b) elemental composition of synthesized graphene oxide.
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Fig. 4. FTIR spectra of synthesized graphene oxide (% transmit-
tance as a function of inverse wavenumber).

N,-physisorption measurements conducted at 77 K. The
respective N, adsorption/desorption isotherm for GO as
shown in Fig. 5 exhibits a type IV adsorption isotherm with
hysteresis. The former is usually the characteristic of mes-
oporous structured adsorbents while the latter is usually
observed for non-rigid aggregates having a wide pore size
distribution and a slit-like shape [64], which is in line with
the SEM image shown in Fig. 3a. The respective BET spe-
cific surface area, pore volume, and average pore size val-
ues are 92.0 m%*g, 0.295 m’/g, and 12.82 nm, respectively.
As per the conventional classification of porous materials
(i.e., microporous pore size <2 nm, mesoporous pore size
2-50 nm, macroporous pore size >50 nm) the produced GO
fits into the mesoporous category [65].

3.2. Competitive removal of heavy metal species

After completing the surface characterization steps,
the respective graphene oxide (GO) was also tested for the
adsorption of cadmium, chromium, and lead species under
varying mixed-competitive matrices. To that end, the effect
of metals and GO-adsorbent onto metals adsorption capac-
ity was investigated at three different metal-concentrations
(i.e., 5, 7.5, and 10 mg/L) and three different GO-adsorbent

dosages (i.e., 0.2, 0.35, and 0.5 g/L). The RSM based central
composite design (CCD) along with the respective four fac-
tors is given in Table 2, which also summarizes the overall
removal of cadmium, chromium, and lead under respective
competitive conditions. Table 2 also summarizes the removal
of respective metal species for each competitive adsorption
condition with chromium showing the highest adsorption
followed by lead and cadmium. Furthermore, the respec-
tive GO dosage effects also typically indicate higher metal
removal at higher GO dosages. The availability of higher
surface adsorption sites at higher GO dosages yield higher
metal removal from the aqueous phase. Nevertheless, the
above-mentioned trend, that is, chromium > lead > cad-
mium, is also reflected in the respective GO dosage effect
results. The detailed adsorption results for cadmium, chro-
mium, and lead, along with the modeling optimization
results, are provided below.

The competitive adsorption based cadmium removal
results are shown in Fig. 6. The cadmium adsorption is noted
to initially increase with the adsorbent dosage followed by a
plateau (Fig. 6a).

The respective initial increase in cadmium adsorption
is attributed to availability of increased adsorption sites,
followed by a plateau indicative of saturation. On the other
hand the overall cadmium adsorption capacity is generally
reduced in the presence of both chromium and lead (Fig. 6¢
and d, respectively) that can be attributed to latter’s compet-
itive adsorption onto GO material. Furthermore, the RSM
modeling results showed that cadmium removal is described
best by a quadratic model Eq. (2):

Adsorption capacity of cadmium(l/Sqrt) =0.2488
—0.084A+0.0113B +0.0401C
+0.0136D +0.0675A” — 0.0444 D* )

where A, B, C, and D terms represent the GO dosage, and
concentrations of cadmium, chromium, and lead, respec-
tively. The effect of the model terms was noted to be in
the order A> > C > B > D. The predicted R* and adjusted R?
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Fig. 5. N, adsorption—desorption isotherm of synthesized
graphene oxide (N, adsorbed vs. relative pressure).
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values are also noted to be in good agreement as given in
Table 3. Furthermore, the RSM outcomes with p < 0.05 typ-
ically imply significance whereas higher F-values indicate
that the respective model terms have most significant effect
on the response function [66-69]. To that end, the analysis
of variance (ANOVA) analyses showed that the GO dos-
age and concentration of chromium and lead are signifi-
cant model parameters with respective F-values of 195.12,
44.46, 5.10, and respective p-values of <0.0001, <0.0001, and
0.0366 (Table 4). Furthermore, the normal distribution for
normal probability vs. residuals plot (Fig. 7) and a linear
fit between predicted and actual cadmium removal results
(Fig. 8) support the respective RSM modeling outcomes.

The present work was further expanded to study the
influence of GO dosage and also cadmium and lead concen-
tration onto adsorption of chromium. Fig. 9a shows that as
the adsorbent dosage was increased, the chromium adsorp-
tion capacity also increased with ~99% removal at 0.5 g/L of
GO. Also (unlike the cadmium findings in Fig. 6) chromium
removal shows minimum effect of both cadmium (Fig. 9b)
and lead (Fig. 9d). Various functional groups and specifically
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Fig. 6. Effect of (a) GO dosage, (b) cadmium concentration, (c) chromium concentration, and (d) lead concentration on to adsorption

capacity of cadmium.
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Table 3
Fit statistics of quadratic model of cadmium adsorption capacity

Std. Dev. 0.0255 R? 0.9377
Mean 0.2654 Adjusted R* 0.9169
C.V. % 9.61 Predicted R? 0.8674
Adequate precision 22.0708
Normal Plot of Residuals
99 |
b ]
95 ]
] u]
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2 3 ='
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Fig.7. Normal plot of residuals for cadmium adsorption capacity.

oxygen based functional groups were noted at the GO sur-
face (Fig. 4). It is suggested that the electron rich oxygen
surface functional species tend to initiate adsorption via
bonding with the respective heavy metal species (Fig. 10).

Similar surface functional groups have been reported
also for the magnetic graphene oxide for toxic metal spe-
cies removal [44]. Also, the studied metals at pH 4 are dom-
inantly having cationic speciation, which is also conducive
for adsorption onto respective graphene oxide surface func-
tional groups. Furthermore, the mesoporous nature of syn-
thesized GO (as per Fig. 5 and discussion in section 3.1) is
also conducive towards mass transfer of respective metal
species within the adsorbent thus maximizing the utilization
of available surface bonding sites. The chromium adsorp-
tion results were also modeled using the RSM approach
and the respective best fit is given in Eq. (3):

Adsorption capacity of chromium = 82.61+9.78 A
—0.3467B-6.51C —1.49D (3)

where A, B, C, and D terms represent the GO dosage, and
concentrations of cadmium, chromium, and lead, respec-
tively. The predicted R? is also in good agreement with the

Predicted vs. Actual

0.50 _|

0.40

0.30

Predicted

0.20

0.10

0.10 0.20 0.30 0.40 0.50

Actual

Fig. 8. Predicted vs. actual responses for cadmium adsorption
capacity.

adjusted R? (Table 5). Furthermore, the ANOVA findings in
Table 6 indicate that the GO dosage and chromium concen-
tration are significant parameters with respective F-values
of 78.65 and 34.90, and p-values <0.0001. Also, the respective
normal probability plots (Fig. 11) and predicted vs. actual
response plot (Fig. 12) show a good fit for the chromium
RSM model. Also, for the adsorption kinetics, the respec-
tive experimental data was fitted to different kinetic models
including zero-order, first-order, second-order and pseudo-
second-order kinetic models. The best fit was noted for the
pseudo-second-order kinetic model. Sheikhmohammadi et
al. [46] who studied adsorption of chromium onto GO mod-
ified with 8-hydroxyquinoline also noted a similar kinetic
trend. Similarly He et al. [15] also report a pseudo-sec-
ond-order kinetic trend for functionalized GO application
for chromium removal. A similar trend using GO has also
been noted for cadmium adsorption [34].

After completing the adsorption of cadmium and chro-
mium, the efficiency of synthesized GO material was also
investigated under tertiary conditions for the competi-
tive removal of lead. Fig. 13 that provides the respective
results shows increasing lead removal with an increase in
the GO dosage with upto 92% removal using 0.5 g/L of GO
adsorbent.

Similarly Lingamdinne et al. [39] who studied lead
adsorption using ferrite modified graphene oxide also
report 99% lead removal using 0.55 g/L adsorbent dosage.
Furthermore cadmium shows insignificant effect onto lead
removal (Fig. 13b) and chromium shows some decrease
(Fig. 13c). The RSM model fit yielded the following model
equation [Eq. (4)]:

Adsorption capacity of lead =77.03+15.2A
-1.24B-6.72C-3.23D +2.64AC
~2.25CD ~11.57 A* + 5.24D? @)
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Fig. 9. Effect of (a) GO dosage, (b) cadmium concentration, (c) chromium concentration, and (d) lead concentration on to
adsorption capacity of chromium.

Table 4

ANOVA table of quadratic model of cadmium adsorption capacity
Source Sum of squares df Mean square F-value p-value Comment
Model 0.1762 6 0.0294 45.12 <0.0001 Significant
A-Dose 0.1270 1 0.1270 195.12 <0.0001 Significant
B-Cd 0.0023 1 0.0023 3.54 0.0763
C-Cr 0.0289 1 0.0289 44.46 <0.0001 Significant
D-Pb 0.0033 1 0.0033 5.10 0.0366 Significant
A? 0.0146 1 0.0146 2243 0.0002 Significant
D? 0.0063 1 0.0063 9.71 0.0060 Significant
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where A, B, C, and D terms represent the GO dosage, and
concentrations of cadmium, chromium, and lead, respec-
tively. Also Table 7 shows that the adjusted R? of 0.9386 is
in reasonable agreement with the predicted R? of 0.8959.
Furthermore, Table 8 that provides the ANOVA findings
indicates that the GO dosage and concentration of chro-
mium and lead are significant parameters with respective
F-values of 267.48, 52.27, and 12.09, and respective p-val-
ues of <0.0001, <0.0001, and 0.0031 as also reported earlier
for RSM based process optimization modeling [50,70,71].
Furthermore, a comparison with some previous findings
(Table 9) shows that the lead adsorption capacity is simi-
lar to the other GO studies [72-74]. It is suggested that the
electron rich oxygen surface functional species at the GO
surface (Fig. 4), tend to initiate adsorption via bonding with
the respective heavy metal species. Also the normal prob-
ability plot (Fig. 14) and the lead removal predicted and
actual responses (Fig. 15) also show a good fit.

These findings indicate that the respective RSM outcomes
can be employed to model cadmium, chromium, and lead
adsorption capacity using the synthesized GO-adsorbent
under competitive tertiary conditions with a very reasonable

TTaHSfCI' ] GO SUTfHCf Adsorp[ion 160 Surfge
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Fig. 10. A qualitative depiction of metal-species adsorption
mechanism at the GO surface.

Table 5
Fit statistics of linear model of chromium adsorption capacity

Std. Dev. 4.68 R? 0.8524
Mean 82.61 Adjusted R? 0.8229
CV.% 5.66 Predicted R? 0.7640
Adequate precision 17.3360
Table 6

ANOVA table of linear model of chromium adsorption capacity

match between the experimental and model adsorption
results. Furthermore, the synthesized GO shows a great
potential to successfully remove both chromium and lead
even under competitive tertiary conditions and hence has

Normal Plot of Residuals
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Fig. 11. Normal plot of residuals for chromium adsorption
capacity.
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Fig. 12. Predicted vs. actual responses for chromium adsorption
capacity.

Source Sum of squares df Mean square F-value p-value Comment
Model 2,527.52 4 631.88 28.87 <0.0001 Significant
A-Dose 1,721.27 1 1,721.27 78.65 <0.0001 Significant
B-Cd 2.16 1 2.16 0.0989 0.7565 -
C-Cr 763.87 1 763.87 34.90 <0.0001 Significant
D-Pb 40.21 1 40.21 1.84 0.1904 -
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Fig. 13. Effect of (a) GO dosage, (b) cadmium concentration, (c) chromium concentration, and (d) lead concentration on to adsorption

capacity of lead.

Table 7
Fit statistics of quadratic model of lead adsorption capacity

Std. Dev. 3.94 R? 0.9590

Mean 72.48 Adjusted R? 0.9386

CV. % 5.44 Predicted R? 0.8959
Adequate precision 22.3101

a great potential to be used for the treatment of respective
wastewater streams.

4. Conclusions

Results from the present study show that for tertiary
cadmium, chromium and lead competitive adsorption onto
mesoporous graphene oxide (GO), the removal of chromium
from the tertiary mixture is almost complete (~99%). The
removal of lead is also high at ~92%. However, the removal
of cadmium is only about 51% that can be attributed to
preferable competitive adsorption of chromium and lead.
The FTIR results showed that the produced GO has several
oxygen based functional groups important for the adsorp-
tion of target heavy metal species. Furthermore, the BET
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Fig. 14. Normal plot of residuals for lead adsorption capacity.
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Table 8
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ANOVA table of quadratic model of lead adsorption capacity

Source Sum of squares df Mean square F-value p-value Comment
Model 5,825.09 8 728.14 46.82 <0.0001 Significant
A-Dose 4,159.73 1 4,159.73 267.48 <0.0001 Significant
B-Cd 27.71 1 27.71 1.78 0.2006
C-Cr 812.87 1 812.87 52.27 <0.0001 Significant
D-Pb 187.99 1 187.99 12.09 0.0031 Significant
AC 111.49 1 111.49 717 0.0165 Significant
CD 81.28 1 81.28 523 0.0362 Significant
A? 428.92 1 428.92 27.58 <0.0001 Significant
D? 88.20 1 88.20 5.67 0.0300
Table 9
Comparison with some previous GO studies for metals removal
Adsorbent Contaminant Conc. (ppm) Dose (g/L) pH RE (%) References
GO Pb(II), Cd(II) 1 0.1 2-8 >99%, >90% 28]
GO Cd() 10 0.5 4 96.72% [72]
MDFGO Pb(I), Cd(II) 50 0.033 6.2 99.6%, 99.4% [73]
GO-OM Pb(II), Cd(II) 5 1 9 99%, 95% [74]
GO Pb(II), Cd(II), Cr(III) 5,7.5,10 05 4 92%, 51%, and 99% Present study
Predicted vs. Actual respective ANOVA findings showed that the GO dosage
and concentration of lead and chromium are the significant
100,00~ model parameters with respective F-values of 267.48, 52.27,
and 12.09, and p-values of <0.0001, <0.0001, and 0.0031. The
90.00 | low p-values do support a good model fit. Similar trends
were also noted for chromium and cadmium adsorption
5000 | RSM modeling and optimization.
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characterization results indicated that the synthesized GO
is mesoporous that is also supportive of an enhanced mass
transfer to the surface bonding sites. The RSM based mod-
eling and optimization outcomes also supported a very
good fit to the experimental results. For lead removal, the
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