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Removal of Cr(VI) from aqueous media using magnetic Co-reduced graphene oxide
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Abstract—The adsorption of Cr(VI) from an aqueous medium using magnetically functionalized cobalt nanoparti-
cles-reduced graphene oxide (Co-rGO) was studied. Co-rGO was synthesized using the co-precipitation method. Graphene
oxide and cobalt acetylacetonate were reduced together in water using sodium borohydride as a reducing agent. Co-
rGO was used as the adsorbent material for the removal of dichromate ions in water. The prepared Co-rGO was char-
acterized using powder X-ray diffraction (XRD), Transmission electron microscopy (TEM), and Brunauer-Emmett-
Teller (BET) surface area analysis. Selected area electron diffraction was used to determine that the cobalt nanoparti-
cles were on the surface of the reduced graphene oxide. The effect of the mass of the adsorbent material (Co-rGO), the
concentration and pH of the Cr(VI) containing solution and the time of contact between the adsorbent and the Cr(VI)
on the adsorption efficiency were investigated. It was found that the optimum adsorbent mass for the efficient removal
of Cr(VI) from a fixed concentration of Cr(VI) of 100 mg L™ was 0.015 g, the optimum pH of the solution was 8, and the
optimum contact time was 90 minutes. The experimental data obtained were fitted to the Langmuir, Freundlich, and
Lui isotherms to obtain the characteristic parameters of each model. The experimental data fitted well to the Freundlich
isotherm. The thermodynamic data was used to evaluate the nature of the adsorption. It was determined that the sorp-

tion process was physisorption. The kinetics of the adsorption process followed pseudo-second-order kinetic model.
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INTRODUCTION

Chromium is widely used in several different industrial applica-
tions, such as metallurgy, electroplating, pigments and wood pres-
ervation [1-3]. The trivalent chromium (Cr(III)) ions are a micro-
nutrient in biological systems, which play a pivotal role in glucose
levels normalization, metabolism of lipids and steroid regulation.
Cr(VI) is a largely toxic carcinogen, being in the hexavalent state it
serves as a strong oxidizing agent to return to trivalent state. In liv-
ing cells hexavalent chromium forms free radicals in the form of
reactive oxygen species, which damages DNA and causes oxidative
stress in cellular activities [4]. The hexavalent chromium is intro-
duced to water systems by human industrial activity. This is cata-
strophic to environmental systems as it kills flora and fauna. Most
plants do not have a proper and specific transport system for chro-
mium. It interferes with the carrier channels for essential micronu-
trients, which in turn alters the germination process, photosynthesis
and other metabolic pathways [4]. Cr(VI) is highly toxic to humans.
Cr(VTI) is a hindrance to human health because it blocks metallo-
enzymes systems which carry out metabolic functions including
mitochondrial function [5]. Other effects of Cr(VI) poison are on
the liver and kidney through ingestion of contaminated water or
food [5]. Cr(VI) is also a carcinogenic agent which alters the DNA
transcription process [6]. The environmental protection agency (EPA)
of the United States has recognized Cr(VI) compounds as a top pri-
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ority toxin. Thus, there is a need for an economical method of reme-
diation to remove Cr(VI) from fresh water.

Most reported methods of remediation of Cr(VI) include ion
exchange, coagulation, precipitation, adsorption and membrane fil-
tration [7-13]. Adsorption has been categorized as an economical
method when compared to the other methods. One of the contend-
ers for adsorption is activated carbon, which has some problems
such as fouling. The discovery of carbon nanotubes and graphene
has allowed the expansion of the adsorption of Cr(VI) technology.
These materials have been reported to have high surface area, which
in turn has a large number active for the adsorption of Cr(VI).
Graphene is obtained from the reduction of graphene oxide, which
is a single graphite oxide sheet [14]. Graphene oxide contains oxy-
genated functional groups such as hydroxyl, epoxide, carbonyl and
carboxyl groups. Graphene has generally slow adsorption kinetics
of Cr(VI). Nanoparticles have been studied to remove Cr(VI) from
aqueous solution. Nanoparticles have a high surface-to-volume ratio,
which has been shown to have benefits of fast adsorption kinetics.
Magnetic nanoparticles usually have poor adsorption capacity for
Cr(VI) because of the agglomeration of the nanoparticles [15]. The
combination of nanoparticles with reduced graphene oxide improves
the dispersion of the nanoparticles. The adsorption of Cr(VI) on
reduced graphene oxide decorated with magnetic nanoparticles
occurs via electrostatic interaction [16]. The nanoparticles Fe,O; are
ferromagnetic, which allows the formed Fe,O, reduced graphene
oxide nanocomposite (Fe,0;-rGO) to be easily removed using a
hand held magnet. The ease of separation allows the nanocomposite
to be reusable. Fe,O;-rGO with the adsorbed Cr(VI) is ultra-soni-
cated in a solution of pH 9 to remove the adsorbed Cr(VI) from
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Fe,0;-1GO [15]. In this study; cobalt nanoparticles on reduced graph-
ene oxide nanocomposite (Co-rGO) were used in the removal of
Cr(VI) from aqueous solution. Cobalt nanoparticles are superpara-
magnetic and when conjugated with reduced graphene oxide, the
composite becomes a weak ferromagnetic substance. The compos-
ite can be easily attracted to a handheld magnet. It also has a high
surface area which can be applied in the adsorption of pollutants
in aqueous media. Cobalt nanoparticles are well dispersed in the
matrix of the reduced graphene oxide. This ensures a large num-
ber of active sites for adsorption of Cr(VI), which makes the Co-
rGO an effective adsorbent for Cr(VI). The ferromagnetic nature
of the Co-rGO allows the adsorbent material to easily separate from
samples containing Cr(VI) ions. Cr-rGO was selected as a mono
metallic and non-metal oxide nanoparticles graphene composite
to be used in the removal of Cr(VI) ions. It was reported before on
Ni-rGO composite; however, it catalyzed the reduction of Cr(VI)
to Cr(Il). In the case of this experiment, the emphasis is on the
removal of the Cr(VI). The Co-rGO is the first monometallic nano-
particles graphene which was used for removal of Cr(VI) from
aqueous media. The Co-rGO was characterized using XRD, TEM,
Raman and IR. The ability of Co-rGO as sorbent material for Cr(VI)
was evaluated in basic media. The removal efficiency of the Co-
rGO was evaluated and the kinetics of the adsorption was also
evaluated.

EXPERIMENTAL

1. Materials

Phosphoric acid 85% (H;PO,), sulfuric acid 98% (H,SO,), potas-
sium permanganate (KMnO,) 99%, sodium hydroxide 99% (NaOH),
ethanol 99.9% and hydrochloric acid (HCI) 35% were purchased
from Associated Chemical Enterprise. Cobalt acetylacetonate 98%
(Co acac) and potassium dichromate (K,Cr,O,) were purchased
from BDH Chemicals. Trisodium citrate and sodium borohydride
were purchased from Sigma Aldrich. Expandable graphite grade
KP9950200 was donated by Richards Bay minerals.
2. Equipment

Infra-red (IR) spectra were recorded on a Perkin-Elmer Spectrum
100 ATR FT-IR spectrometer. X-ray powder diftraction (XRD) pat-
terns were recorded on a PAN analytical, EMPYREAN, using a
Co-Ka monochromatic radiation with PIXcel detector. Data were
collected in the range from 20=5° to 90°, scanning at 2° min™' with a
filter time-constant of 2.5's per step and a slit width of 6.0 mm. Trans-
mission electron microscope (TEM) images were recorded on a
JEOL JEM 1010 with the accelerating voltage of 18 kV. Thermo-
gravimetric analysis (TGA) together with differential scanning cal-
orimetry (DSC) was recorded on Q600 SDT TA Instruments. The
samples were placed in ceramic pan and measurements conducted
under nitrogen flow (20mL min™) from room temperature to
1,000°C at a heating rate of 10°C min™". Magnetization experiments
were recorded on the Lakeshore Vibrating Magnetometer System
735S, with an external applied magnetic field of —15kOe to 15
kOe. UV/Vis spectra were recorded using a Perkin Elmer Lambda
25 UV/Vis spectrophotometer. Inductively coupled plasma-opti-
cal emission spectroscopy (ICP-OES), Perkin Elmer Optima 5300
DV. WinLab 32 software was used to analyze the data. Ultrasoni-
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cation was done using an ultrasonic bath, Digital Ultrasonic Cleaner
PS 100 A with a frequency of 40 kKHZ, time interval of 30 minutes
and a power of 600 W. Exfoliation of expendable graphite was done
using a Defy MDM 03617, with a power of 700 W.

3. Method

3-1. Synthesis of Graphene Oxide (GO)

Graphene oxide was synthesized according to method outlined
in literature [17].

Expandable graphite (3.11 g) was exfoliated in a microwave oven
for 30 seconds yielding expanded graphite. The graphite was then
mixed with phosphoric acid (30 mL) into 30 mL pill vial. The pill
vial was sealed and placed in an ultrasonic bath and ultrasonicated
for 1 hr. The graphite was dispersed in the acid and was transferred
to 500 mL round bottom flask. The flask was cooled to 0°C and sul-
turic acid (270 mL) was added dropwise. The solution was stirred,
followed by the slow addition of potassium permanganate (13.5 g).
The solution was stirred for 12 hrs and then cooled to room tem-
perature followed by the addition of ice (400 mL) and H,O, (3 mL).
The mixture was sifted through a metal sieve with the filtrate col-
lected. The filtrate was the centrifuged to collect the solid product,
which was washed with water, HCl and ethanol.

3-2. Synthesis of Graphene Decorated with Cobalt Nanoparticles
(Co-rGO)

The reduced graphene oxide-cobalt nanoparticle composite was
synthesized based on reported methods [18,19]. Graphene oxide
(1.01 g) was mixed with 25 ml dejonized water and ultrasound until
the graphene oxide was well dispersed and formed a dark brown
solution. The solution was transferred into 250 mL 3-neck volu-
metric flask. Cobalt acetylacetonate (Co acac) (2 g) and potassium
hydroxide (0.05 g) were weighed into the solution and refluxed at
90°C for 2 hours. After 2 hours had passed, sodium borohydride
0.6 M (10 mL) solution was added to the reflux solution dropwise
followed by the addition of solution of trisodium citrate 0.1 M (10
mL) and refluxed for 2 hours at 90 °C. The solution was centrifuged
and the supernatant was decanted away. The remaining solid was
washed with copious amounts of hot water (60 °C) and ethanol.
The solid was dried under vacuum at 40 °C.

4. Adsorption Experiments

The adsorption experiments were contained in a series of Erlen-
meyer flasks containing 50 mL solution of Cr(VI) ions. The ad-
sorption tests were conducted to evaluate the uptake of the Cr(IV)
ions by Co-rGO. Different parameters, such as mass of adsorbent,
initial concentration, pH, and contact time, were evaluated. The
Cr(VI) solutions were fashioned from 1,000 mg L™ standard solu-
tion. A working amount of 100 mg L™ was used to create samples
ranging from 10 to 80 mg L™ The mass of the Co-rGO used as an
adsorbent was varied from 3 mg to 25 mg to determine the optimal
for the mass for the adsorption of Cr(VI). The pH of the Cr(VI)
solutions ranged from 2 to 12, were adjusted using 0.1 M HCl and
0.1 NaOH. The agitation time was varied from 30 to 180 minutes.
The temperature of Cr(VI) varied from 298 to 318 K. The Co-rGO
was separated from the Cr(VI) solution with the aid of rare-earth
magnet. The supernatant was collected, and the remaining heavy
metal ion was evaluated using ICP-OES. The removal efficiency
(R, %) and the amounts of heavy metal ions adsorbed q (mg/g)
were determined according to the formula:
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where R is the removal efficiency of the metals ions, C, (mg L") is
the initial concentration of metal ion, and C, (mg L) is the con-
centration of metal ion at time (t), q (mg g ) is the amount of
metal jon adsorbed per unit amount of adsorbents, V (L) is the
volume of adsorbates, m (g) is the mass of the adsorbents.
5. Kinetics and Adsorption Studies

The kinetics of the adsorption was calculated using pseudo-first
order rate Eq. (3) [20], second-order rate Eq. (4) [20] and Avrami
Eq. (5) [21], which are shown below:
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where k, (min™) is the rate constant for the pseudo-first-order rate
equation, k;, is the rate constant for pseudo-second-order rate equa-
tion, Kk, is the Avrami rate constant and n, is the Avrami constant.
q. (mg g ") and q, (mg g ") are the amounts of Cr(VI) adsorbed at
equilibrium and at time (t), respectively.

(a)

3 RRRRNRRNER k
2,0 25
Particle Size/nm

The adsorption isotherms also relate the amount of the chromate
ions adsorbed at equilibrium, as per weight of the adsorbent, q,
(mg g ') to the adsorbate concentration also at equilibrium, C,
(mg L™). The data was evaluated using three isotherms equations:
Langmuir, Freundlich and Lui. The Langmuir model [22], Freun-
dlich [24] and Liu model/equations are given below.

Langmuir:
_bq,C.
9= TibC,

©)

where g, (mg g ') and b are Langmuir constants related to the ad-
sorption capacity and the energy of the adsorption.

Freundlich:
0.=K,C;", @)

where Kj; is the adsorption capacity and n is the adsorption inten-
sity.
Lui:
— qm(KLCe)nL
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where K;, is the adsorption capacity, C, is equilibrium concentra-
tion and n; is the dimensionless exponent of the Lui equation. The
statistical evaluation of the data was obtained using determination
coefficient R* and standard deviation SD.

10 1/nm

Fig. 1. TEM images of (a) GO, (b) rGO and (c) Co-rGO, (d) Particle size distribution of Co-NP on graphene and (e) SEAD spectrum of Co-
rGO.
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RESULTS AND DISCUSSION

1. Synthesis and Characterization

The study proceeds with the synthesis of intermediate graphene
oxide which was used subsequently in the synthesis of sample of
interest Co-rGO. The TEM image of GO is shown in Fig. 1(a). The
GO is monolayered and slightly wrinkled. The reduced graphene
oxide is shown in Fig. 1(b), which was obtained from the reduc-
tion of graphene oxide using sodium borohydride. The Co-rGO
was synthesized from the coprecipitation method and the synthe-
sis success was verified using TEM, seen in Fig. 1(c). Fig. 1(c) shows
the cobalt nanoparticles, which are the dark spots in the graphene
matrix. The nanoparticles were slightly agglomerated and were
small. Image ] software was used to evaluate the particle size dis-
tribution of the cobalt nanoparticles. It was found that the average
particle size was between 1.32 nm to 3.25 nm and the average par-
ticle size was 1.89 nm with a standard deviation of £0.531. A graph
of the particle size distribution is shown in Fig. 1(d). The selected
area electron diffraction (SAED) is shown in Fig. 1(e). The spectrum
has spots which show that the Co-rGO sample was monocrystal-
line [25]. The ICP-OES was used for both qualitative and quantita-
tive analysis for the verification of cobalt nanoparticles conjugation.
The amount of cobalt conjugated to reduced graphene oxide was
determined using ICP-OES which was found to be 15mg g".

Infrared spectra with characteristic absorption frequencies of the
specimens are shown in Fig. 2. The FTIR spectrum for GO has
strong absorption for carboxylic acid (O-H) 3,263 cm ™, carbonyl
(C=0) 1,624 cm™" and alkoxy (C-O) 1,042 cm™" [26]. In contrast the
FTIR spectra for rGO and Co-rGO, the bands for the oxygenated
carbon have diminished. However, there is a peak at 2,100 cm™"
attributed to =C-H aliphatic [28]. It is observed that a significant
quantity of oxygenated groups was lost during the reduction with
sodium borohydride. The Co-rGO spectrum has absorption at 813
cm™' which was for Co-O band [27]. Raman spectra, shown in Fig.
3, wer in the range of 500 cm ™" to 3,400 cm™". The characteristic band
graphitic material is D-band (1,346 cm™), G-band (1,580 cm™") and
2D-band (2,720 cm™'). The peak at 1,000 cm™" is attributed to the
silicon wafer sample holder [29,30]. The spectrum of the Co-rGO
had a slight red shift in the D and G bands. The D-band is used to
determine the level of disorder, imperfection and impurities in
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Fig. 2. Infra red spectra of GO, rGO and Co-rGO.
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Fig. 3. Raman spectra of Co-RGO and rGO.

graphene. While the G-band corresponds to the vibration of sp’
hybridized carbon bonded atoms in the graphene lattice [31]. The
ratios of ID/IG in both the spectra were greater than 1, showing
the defects and disorder in the graphene structure, which is com-
mon in graphene material obtained by the chemical reduction
method. The 2D peak is broad and wide, which is an indication
that the rGO and Co-rGO are multilayered. It has been reported
that the shape and width of 2D peak are used to determine the
number of layers of graphene [31]. A sharp peak indicates a mono-
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Fig. 4. XRD spectra of GO, rGO and Co-rGO.
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Fig. 5. Thermograms of rGO and Co-rGO from TGA.

layer graphene, while a broad peak indicates a multi-layer graphene
[31].

XRD spectra of the prepared samples are shown in Fig. 4. The
XRD pattern for graphene oxide shows a characteristic peak at 10°
for graphene oxide. The peak is broad and prominent, easily dwarf-
ing other peaks. The broadness of the peak is indicating that the
graphene oxide is amorphous. The XRD pattern for rGO and Co-
rGO has a peak at 26° which is due to graphene [18]. The peaks
associated with cobalt nanoparticles are 47° and 77° [18]. The ther-
mal stability of Co-rGO was investigated using thermogravimetric
analysis and shown in Fig. 5. The Co-rGO specimen had a multi-
step degradation pattern which is due to water loss. The other mass
loss was due to oxygenated carbon material present both in the
capping agent of nanoparticles and reduced graphene oxide [25,32].
The Co-rGO surface area was determined using adsorption and
desorption of nitrogen gas using BET model shown in Fig. 6. The
specific surface area was determined to be 92m’ g '. The Barret-
Joyner-Halenda (BJH) analysis was used to determine the pore vol-
ume of the Co-rGO. The pore volume was found to be 0.0284 cm’
g ' with a pore diameter of 4.5 nm. The magnetic response of the
specimens was determined with a vibrating sample magnetome-
ter (VSM). The specimens were vibrated in the presence of sweep-
ing electromagnetic field from —15kOe to 15kOe and shown in
Fig. 7. The cobalt nanoparticles are superparamagnetic behavior,
which is characterized by small coercivity. The formation of the
graphene nanocomposite had decreased the saturation magnetiza-
tion. The electronic interaction between the nanoparticles and the
rGO changes magnetic anisotropy, which in turn increases the coer-
civity and loss of superparamagnetism to ferromagnetic behavior
[33]. The Co-rGO has a quenched magnetic response when com-
pared to that of cobalt nanoparticles. The saturation magnetization
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Fig. 6. BET analysis of Co-rGO.
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Fig. 7. Hysteresis loops of Co-NP and Co-rGO.

of cobalt nanoparticles was 20.1 emu g . The specimen magnetiza-
tion response of Co-rGO was 6.8 emu g . Both the specimens have
low coercivity as seen in Table 1, suggesting that the specimens are
a soft magnetic material [27].
2. Removal of Cr(VI) in Water

The removal of the chromate ions in water is shown in Fig. 8.
The figure shows (a) Cr(VI) solution before removal, (b) Cr(VI)
solution with Co-rGO before three hours had lapsed and (c) Cr(VI)
solution with Co-rGO after three hours had lapsed. It was observed
that the magnet attracted Co-rGO from the solution, as shown in
Fig. 8(c). The color of the solution also changed from a dark yel-

Table 1. Saturation magnetization (M), maximum magnetization (M,,), remanent magnetization (M,) and coercive fields (H,)

Specimen M, (emu g) M,, (emu g™ M, (emu g') H, (Oe)
Co-NP 20.1 20.1 67.7
Co-rGO 6.81 7.01 6.95 273.1

Korean J. Chem. Eng.(Vol. 37, No. 11)
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Fig. 8. Photograph showing removal of chromate ions in water
using Co-rGO, (a) chromate solution, (b) chromate solution
with Co-rGO and (c) solution of Cr (VI) after adsorption of
Cr(VI) ions.

low shown in Fig. 8(a), which showed the presence of Cr(VI) ions
to a pale/faint yellow as observe in the Fig. 8(c), after the removal
of Cr(VI) ions by the Co-rGO.

The effect of Co-rGO dosage on the removal efficiencies of
Cr(VI) was evaluated and shown in Fig. 9(a). The concentration
of Cr(VI) ions used in this study was 100 mg L. The temperature
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of the Cr(VI) solution was kept at 298 K and the agitation time
was 3 hrs. The dosages of Co-rGO were 80, 100, 160, 200, 300 and
400 mg L. The results showed that the adsorption efficiency of
Co-rGO increased with increasing dosage of Co-rGO and started
to plateau at 65% removal efficiency as shown in the Fig. 9(a). The
dosages of 80, 100, 160 and 200 mg L' had removal efficiencies of
15, 23, 37 and 43%. The pH of the solution is as an important
parameter in controlling the adsorption process [34]. The effect of
pH on the removal efficiency of Cr(VI) was evaluated and the results
are shown in Fig. 9(b). The pH of the Cr(VI) solution was in the
range of 2 to 12. It was observed that at low pH the removal effi-
ciency was low; the increase in pH saw a rise in the removal effi-
ciency. The results showed at pH of 8 had the highest removal
efficiency, which was 40%. Further increase in the pH beyond 8
saw a decrease in the adsorption efficiency. In basic media the Cr(VI)
exists as CrO; ", which has an affinity for the Co-rGO, which is
positively charged [35,36]. At pH greater 8 there is a high concen-
tration of OH™ that competes for adsorption with Cr(VI) ions, as
reported previously [37,38]. The graphene nanocomposites with
metallic oxide nanoparticles remove Cr(VI) efficiently at lower pH
because metallic oxides have an affinity for H" ions [38]. The effect
of initial concentration of the Cr(VI) ions was evaluated. The ob-
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Fig. 9. Effect of initial parameters such (a) dosage, (b) pH, (c) concentration and (d) contact time on removal efficiency of Cr(VI).
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tained data, shown in Fig. 9(c), shows the initial concentration of
Cr(VI) with the highest removal efficiency was 20 mg L. The re-
moval efficiency decreased with increasing concentration of Cr(VI).
This trend was expected because the increase in concentration
tends to saturate active sites, which in turn lowers the removal effi-
ciency [39]. The effect of contact time is shown in Fig. 9(d). The
removal of the heavy metal Cr(VI) ions reached equilibrium at
90 min. The point zero charge was determined according to the
reported method [40]. The potential was measured as a function
of the changing pH and shown in Fig. 10. The results show that
the surface charge above the pH of 7.35 is positive. The operating pH
of Co-rGO in this experiment was 8, which was positively charged

Fig. 11. Proposed scheme of the adsorption Cr(VI) ions on Co-rGO.
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Fig. 12. Adsorption kinetics curves of the Cr(VI) on the Co-rGO.

and will attract the negatively charged CrOj” ions. The proposed
mechanism shown in Fig. 11 is that the cobalt nanoparticles.
3. Adsorption Studies
3-1. Adsorption Kinetics

The adsorption parameters and the kinetics of the adsorption
process are important parameters to evaluate. This is important in
dealing with wastewater purification. The parameters determined
in the above section were used in this study, which were the con-
centration or 20 mg L', pH of 8 and contact time of 90 min. The
adsorption kinetics was evaluated pseudo-first-order, pseudo-sec-
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Table 2. Table of constants and correlation coefficient

Pseudo-first-order

Pseudo-second-order

Avrami fractional order

k/(min™) q/(mgg') R SD  ky/(gmg ' min')

¢/(mgg’) R SD

k/(min™") q/(mgg") R’ SD

0.0319 89.9 0.945 20.7 0.0421

92.3 0.992 433

0.0347 90.6 0.981 7.89

ond-order kinetic models and Avrami fraction kinetic model [22,
41]. The data was plotted as Fig. 12 and summarized in Table 2.
From the plotted data it is observed that the adsorption of Cr(VI)
on Co-rGO, follows a pseudo-second-order kinetics model. This
was evaluated using the statistical R* values of the data. The cor-
relation coefficient the pseudo-second-order was 0.992, which was
closer to 1. R* was to evaluate the how the model correlated to the
obtained values. The pseudo-second kinetic equation had the high-
est R” when compared to the other two models. It also had the low-
est standard deviation value of 4.33, which indicated that the ad-
sorption kinetics followed the pseudo-second-order kinetic equa-
tion. The Avrami fractional order kinetic model and the pseudo-
first-order kinetic model had R” values of 0.981 and 0.945. The cor-
relation coefficient has been used as a measure of good fit of experi-
mental data on the kinetic model. The pseudo-first-order kinetic
model had the highest standard deviation of about 20.7. The cal-
culated value for q, was determined from the graph: 92.3 mg g™
3-2. Adsorption Isotherms and Thermodynamics Parameters

The adsorption isotherm was used to determine the distribution
of the chromate molecule within the solid phase when the adsorp-
tion process reaches equilibrium [28]. The adsorption isotherms
also relate the amount of the chromate ions adsorbed at equilib-
rium, as per weight of the adsorbent, q, (mg g™ to the adsorbate
concentration also at equilibrium, C, (mg L™"). The extent of how
well the experimental data fitted to the studies models was evalu-
ated using R* and SD values. Values of R* and SD which are closer
to 1 denote that the data fitted the model better. It also affirms that
there are no differences between the experimental and theoretical
values. The raw data was plotted in Fig. 13.

The data was summarized in Table 3. The Langmuir isotherm
describes an adsorption process which is monolayered has uniform
distribution process between the adsorbed. This correlated to the
adsorbed molecules having no interaction with each other and the
adsorption surfaces were of equivalent energies. However, it was
determined that the R; was less than 1, which meant that the ad-
sorption process was unfavorable [41]. The Freundlich isotherm
describes a monolayered to multilayered adsorption of heteroge-
neous surfaces. The adsorption is between the liquid and solid
surfaces. The model assumes that there is interaction between the
adsorbed molecules [42-45]. The nature of the adsorption can be
verified by the value of ny. If ny=1, the adsorption is chemical,
when n;<1 the adsorption is unfavorable, and n,>1 is favorable.
The data fitted well to the Freundlich isotherm and the value ng
was 2.99 at 298 K. This affirms that the adsorption fitted well to
the Freundlich isotherm and that the process was favorable. The
correlation coefficient R* was 0.996. This was closer to 1 and stan-
dard deviation for the Freundlich fitting was the lowest and the
adsorption could be multilayered. There was a decrease in the adsorp-
tion capacity when the temperature which was expected since it is
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Fig. 13. Adsorption isotherms (Langmuir, Freundlich and Lui) Cr(VI)
on Co-rGO at different temperatures (a) 298 K, (b) 308 K
and (c) 318K.
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Table 3. Table of constant and adsorption isotherms

K Langmuir Freundlich Lui

q., (mg g’l) b (L mg’l) R, R’ SD K: R’ SD K, (L g’l) Q. (mgg’l) n, R’ SD
298 113.3 0.689 0456 0989 329 171 299 09% 0.632 0.119 119.5 121 0969 5.77
308 106.2 0.519 0325 0948 551 123 222 0989 0.741 0418 108.4 1.15 0926 297
318 82.3 0.332 0.192 0922 362 103 205 0945 0.845 0.621 88.8 1.13  0.882 3.87

Table 4. Maximum adsorption capacity for the adsorption of (VI) on carbon based materials

Adsorbent Adsorbate Adsorption capacity/(mg g™') Conditions References
C0,0,-1GO Cr(VI) 208.8 298 K, pH=2 (32]
GSC Cr(VI) 2,859.4 298 K, pH=1.5 [14]
ZVI-Fe,0,-1GO Cr(VI) 101 298 K, pH=8 [32]
rGO Cr(VI) 98.2 298 K, pH=2 [27]
MWCNT-Fe;O, Cr(VI) 65 298 K, pH=3 [40]
Activated carbon Cr(VI) 69 298 K, pH=3 [41]
Magnetic rGO-loaded PEGDMA Cr(VI) 119 298 K, pH=3 [15]
Co-rGO Cr(VI) 116.8 298 K, pH=8 This work

well reported in literature [42-46]. The increase in the tempera-
ture corresponds to the decrease adsorption capacity the Co-rGO.
The comparison of obtained adsorption capacity compared to other
carbon based materials is summarized in Table 4.

The thermodynamic equilibrium constant can be determined
using the following equations [21,22]:

q.
K==
~c ©)
AG=-RTInK, (10)
AS AH
InK,=22 -2 (11)

where R (8.314] mol ™' K') is the gas constant, T (K) is the abso-
lute temperature, K, is the thermodynamic equilibrium constant,
AG (kJ mol ™) is the Gibbs free energy, AH (k] mol ') is enthalpy

2.0 4

1.54

InK,

1.0 4

0.5 - T v T T J
0.0031 0.0032 0.0033 0.0034

1UT
Fig. 14. The van’t Hoff plot for the adsorption of Cr(VI) on Co-rGO.

of the adsorption and AS (J mol ™ K') is entropy. The AH and AS
are calculated by plotting the van't Hoff equation in the form of
InK; vs 1/T and are shown in Fig. 14. From Table 5, the Gibbs energy
values were negative, suggesting that the adsorption is spontaneous.
The positive value of the entropy suggests there is a high disorder
in the system and increased randomness. The interaction between
the solution and solid is increased. The interface solid/solution had
an increased uptake of Cr(VI) by the Co-rGO. Thus the Co-rGO
has an affinity for Cr(VI) ions. The enthalpy of the sorption pro-
cess was negative, which affirms the process is exothermic [20,21].
The magnitude of the enthalpy can be used to distinguish between
chemisorption and physisorption. For AH>40k] mol™" the sorp-
tion process is a chemisorption, AH<40 k] mol ™" the sorption pro-
cess is a physisorption. Thus the obtained of —14.2 k] mol ™" for AH
the adsorption process was a physisorption [21]. The exothermicity
of the adsorption process affirms the decrease in the adsorption
capacity. The correlation coefficient was 0.996, which is a measure
of how well the values concur with each other. The magnitude of
correlation coefficient suggests that the obtained values of AH and
AS are reliable. The adsorption process occurs between electro-
static interaction between the positively charged cobalt nanoparti-
cles and the negatively charged CrOj  ions.
3-3. Regeneration and Desorption

The economical feasibility of the Co-rGO is the ability of the
composite to be regenerated. The Cr(VI) was soaked in an etha-
nol solution with 10% NaOH. The mixture was then ultrasoni-

Table 5. Table of thermodynamic parameters

T/K  AG/(kJmol') AH/(kJmol')  AS/(kKfmol' K"
298 -1.72 -14.2 4.76

308 -1.95

318 -221

Korean J. Chem. Eng.(Vol. 37, No. 11)
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Fig. 15. The removal efficiency of recycled Co-rGO.

cated and loosened the electrostatic interaction between the Co-
GO and Cr(VI). Desorption was then achieved when CrO;” was
displaced by the OH . After the soaking and ultrasonication, the
ethanol solution turned from a clear to a yellowish solution. The
Co-rGO was separated from the solution by using a held magnet.
The Co-rGO was washed with water and acetone. The Co-rGO
was then dried in a vacuum oven at 60 °C. The concentration used
for regeneration of Co-rGO was 20 mg L. The adsorption-desorp-
tion cycles is shown in Fig. 15. The first regeneration resulted in a
drop in the removal efficiency from 90% to 82%. The removal
efficiency had not changed after sixth cycle.

CONCLUSIONS

The study was to synthesize Co-rGO using coprecipitation method,
with graphene oxide and Co(acac), as starting materials. The Co-
rGO was characterized and found that the cobalt nanoparticles
were on the surface of the rGO. The Co-rGO was a monocrystal-
line material. The Co-rGO was subsequently used in the removal
of Cr(VI) under basic medium. High concentration of Cr(VI) sat-
urates the active sites and decreases the removal efficiency of the
Co-rGO. The adsorption processes follow pseudo-second-order
kinetics. The best removal efficiency was at pH 8 which once ex-
ceeded, hydroxide ions competed with Cr(VI) ions for active adsorp-
tion sites. The adsorption fitted well to the Freundlich adsorption
model over the Langmuir and Liu isotherm. The model suggested
that the adsorption sites are heterogeneous. The adsorption pro-
cess follows a monolayer to multilayer sorption with interaction
between the adsorbed molecules. Adsorption process occurs between
electrostatic interaction between the positively charge cobalt nanopar-
ticles and the negatively charged CrO; ions. The adsorption capacity
of the Co-rGO for Cr(VI) was 116 mg g ', which was higher than
some of magnetic nanoparticles-graphene composites. The magni-
tude of the AH was 14.2kJ mol " suggests that the adsorption pro-
cess and the adsorption capacity decrease with increases temperature.
The Co-rGO being a weak ferromagnetic material it was easily
removed from Cr(VI) solution. The Co-rGO can be regenerated

November, 2020

using an ethanol solution treated with 10% NaOH solution. The
Co-rGO was recycled six times and showed no significant change
in the removal efficiency:.
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