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Abstract: This report describes for the first time the kinetics, thermodynamic and optimized conditions for maximum
removal of Rhodamine B in aqueous solution onto nanosheets of graphene oxides. Results from the GONS characterizations:
UV, TEM, FTIR, EDX and XRD, revealed successful introduction of oxygen functionalities on the pristine graphite lattices.
Adsorptive behaviour of RhB dye onto GONS under different experimental conditions such as pH, initial concentrations,
adsorbent dosage, temperature, and contact time, were fully discussed in this work. The study showed that ~93% of RhB was
removed from simulated wastewater at; sorbent mass of 16.67mg; pH of 6.5; temperature of 298K; contact time of 60min; and
concentrations ranging from 2.5 to 30mg/L. Experimental data tested against results of the kinetics and adsorption isotherm
models, revealed that the sorption of RhB were best described by pseudo-second order and Freundlich models, respectively.
Regeneration of the spent adsorbent was investigated using water, methanol and methanol/acetic acid (9:1) solution, as
desorbing eluents. Methanol solution of acetic acid was observed to remove up to 94% of adsorbed RhB from GO surface
compared to water (71.36%), and methanol (45.52%). The ease at which RhB was eluted from RhB-loaded GO using
methanol/acetic acid (9:1), methanol and water shows that the adsorption mechanism is best described by physisorption.
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thereby making it unfit for drinking and agricultural
activities. Because of the potential carcinogenicity and
neurotoxicity of RhB dye [10], their removal from effluents
using low-cost and eco-friendly material is of great
importance.

Popular among the methods that have been reported for the
removal of organic dyes in wastewater are chemical
oxidation, photochemical, ion exchange, irradiation,
ozonation, and electrochemical destruction [11-17]. These
methods however suffer from drawbacks such as the use of
toxic and expensive chemicals, laborious reaction times,
generation of hazardous by-products, and expensive
equipment among others. These shortcomings can be
overcome or avoided by using physical adsorption methods.
Adsorption processes have been reported as an efficient, eco-

1. Introduction

Rhodamine B, RhB, is a synthetic cationic dye which
belonged to the family of xanthenes [1]. It has gained
promising applications in diverse areas such as molecular
imaging [2, 3], laser dyes [4, 5], pigments, fluorescence
standards, and as fluorescent probes [6, 7], due to its
excellent photophysical and photostability properties [1].
Furthermore, RhB is regarded as essential raw material in
textile, tannery, and paper mill industries [8, 9]. Increasing
demand for the use of RhB in the aforementioned industries
has increased their release into aquatic environment directly
without treatment, thereby posing great dangers to both
human and aquatic lives. Also, presence of RhB dye in water
even at low concentration could reduce the quality of water
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friendly and low-cost technique for the treatment of dye
wastewater. This separation process is also efficient in the
recovery of spent adsorbents using appropriate desorbing
solvents [18].

Graphite, a weakly bonded stack of graphene layers has
attracted great attention as adsorbent to remove pollutants from
water due to its unique physicochemical properties [19-22].
One method of improving adsorption capacity of graphite is
through oxidative treatment of pristine graphite using strong
acids and oxidants, followed by exfoliation and dispersion of
oxidized (graphite oxide) layers of graphene sheets in water
[23]. The large surface area and the plurality of oxygen
functionalities on graphene oxide could play significant roles
in the abstraction of oppositely charged organic dyes from
aqueous solution [24]. Comparative adsorption studies on the
removal of cationic dyes, methylene blue and malachite green,
by Bradder et al. [25], showed that graphene oxide has higher
adsorption capacity, and shorter equilibration time compared to
pristine graphite. Enhanced adsorption activity of layered
graphite oxide was due to the electrostatic interactions between
the negatively charged species of layered graphite oxide, and
the cationic dyes [25]. Similar adsorption mechanism was also
reported for the adsorption of methyl green using graphene
oxide nanosheets [26]. Thus, exfoliated graphene oxide
nanosheets are regarded as promising adsorbents for cationic
dyes in solution.

The present work describes for the first time optimum
conditions for maximum removal of cationic dye, Rhodamine
B (RhB), using dispersed graphene oxide nanosheets in
water. It is noteworthy to mention that removal of RhB using
exfoliated graphene oxide has been reported before by
Ramesha et al. [27]. Surprisingly, they observed that the
percentage removal efficiency of RhB onto EGO decreases
with increase in pH, hence EGO showed poor adsorption
behavior for RhB amongst the studied cationic dyes [27].
This observation is in sharp contrast to the recent studies on
the adsorption of RhB onto different anionic adsorbents [28-
31]. Previous studies have shown that adsorption behavior
and/or performance of GO are dictated by its method of
preparation [32]. Herein, GONs was facilely prepared under
ambient conditions, without intercalating the pristine graphite
with bisulfate ions (H,SO4HNO;) at high temperature
(=800°C), as reported by Ramesha et al [27]. To the best of
our knowledge, optimized kinetics and thermodynamic
studies for maximum RhB removal onto graphene oxide
nanosheets has not been reported before. Our aim, therefore,
is to investigate the removal of cationic dye, RhB, onto
nanosheets of graphene oxide with emphasis on the kinetics
and thermodynamic study for its removal, and compare the
performance of our as-synthesized GONS to other adsorbents
that has been reported for RhB removal in aqueous solution.
Optimized conditions for RhB described in this work include
effects of temperature and its parameters, GONS dosage, pH,
contact time and RhB concentrations. Also, regeneration of
the spent adsorbent to verify the mechanism of adsorption is
reported in this manuscript for the first time.

2. Materials and Methods
2.1. Materials

Graphite flakes, sulphuric acid (98%), potassium
permanganate (99%), hydrogen peroxide (30% by wvol.),
hydrochloric acid, ethanol (99%) were supplied by Merck.
Potassium nitrate (KNO;, AR), sodium hydroxide (NaOH)
and Rhodamine B (RhB, technical grade) were purchased
from Sigma-Aldrich. All solvents were of analytical grades
and used as received. Double distilled water was used
throughout the experiments.

2.2. Preparation of Graphite Oxide (GO)

The graphene oxide was prepared by oxidation of pristine
graphite flakes following modified Hummer’s method [33,
34]. Typically, KMnO,4 (3 g) was slowly added to the slurry
mixture of graphite flakes (1 g) and sulphuric acid (25 mL)
placed in an ice bath to maintain temperature below 20°C.
After addition of KMnQ,, the mixture was warmed up to 35
°C and maintained at the same temperature for 2 hr. Then 100
mL deionized water was slowly added to the reaction
mixture, followed by addition of 10 mL (30 wt.%) of H,0O,
solution until the color of the solution turned bright yellow.
The mixture was watched and centrifuged repeatedly using
5% (by volume) hydrochloric acid solution, and distilled
water to remove excess KMnQO,. The prepared graphite oxide
was then dried under vacuum at 25°C for 24 hr.

2.3. Characterization of Adsorbent (GONS)

Absorption behavior of GONS adsorbent in aqueous solution
was monitored using double beam (Shimadzu, UV-2550)
spectrophotometer. Infra-red spectra of the adsorbent before and
after experiments were recorded on a Thermo Fisher Scientific
FTIR  spectrophotometer, using pressed KBr pellets.
Transmission electron microscope (TEM) image was recorded
using a JEOL JEM-2010 electron microscope operating at 200
KV. The XRD spectrum was obtained with Bruker D8
ADVANCE diffractometer (Germany) using Cu Ka. (1.5406 A)
radiation. EDX spectrum of GO was measured with a Si (Li)
EDS detector (ThermoScientific) or an XFlash® SDD detector
(Bruker), both having an active area of 10mm?2. The pH of point
of zero charge (pHpzc) which measures the point at which the
adsorbent is neutral was determined for the GONS using
previously reported solid addition methods [35, 36].

2.4. Preparation of Adsorbate

Stock solution of the adsorbate was prepared by dissolving
10 mg of Rhodamine B (RhB) into 100 mL double distilled
water to make concentration of 100 mg/L. Standard
calibration curve between known concentrations (1 to 10
mg/L) of dye solutions was plotted against their respective
absorbance at wavelength of 554 nm (4,,,, of RhB), using
UV-Vis (model: Shimadzu, UV-2550) spectrophotometer.
Unless noted otherwise, initial and residual concentrations of
the dye solutions for the adsorption experiments were
obtained from the standard calibration curve.
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2.5. Batch Adsorption Experiments where Cy and C, (in mg/mL) are the initial and final
) ) ) concentrations of dye solution, Vg and Vioys (ML) are
Prior to the adsorption experiments, adsorbent for the dye  ogpectively the volumes of RhB and GONS solution. Cgons
.removal was prepared by Filsper51ng 0.2 g of graphlte 0);1de (0.67 mg/mL) is the concentration of GONS solution.
in 300 mL double distilled water, and exfoliated into Temperature-concentration adsorption profiles were studied
graphene oxide nanpsheets (GONS) by sonication for 2 h. 25 by shaken 25 mL of GONS with 100 mL of RhB solution (30
mL of GONS solution (concentration: 0.67 mg/L) was added mg/L) at an agitation speed of 120 rpm, and at different
to 100 mL of different initial concentrations (2.5-30 mg/L) of temperatures (25 °C, 35 °C, 45 °C and 55 °C). GONS dosage
RhB SOll:ltIOIl in a beaker of 250 mL capacity. The m}xtures effects were investigated by agitating appropriate dosage of the
were agitated on a water-bath shakpr (SHA-B, China) at  GoNs (5 mL to 25 mL) with 100 mL (30 mg/L) RhB solution
fixed temperature of 25 °C, and optimum pH of 6.5 for a 54 15om temperature. In each case, samples were withdrawn at
predetermined duration of 60 min. At the equilibration time o equilibration time of 60 min, or at different contact time (0
of 60 min, the solutions were centrifuged at 10,000 rpm for .0 | min. 3 min. 5 min. 10 min. 20 min. 30 min. 40 min. 50
20 min, and the residual concentrations of RhB in the filtrates min’ and éO min’ for a(’isorption, kinetic’s studie’s). Kine,tics
were analyzed  spectrophotometrically —at 554 nm. i 4els listed in Table 2 were used to investigate the
Equ111bF1um adsorptlpn dqta were analyzed using the adsorption of RhB onto GONS. pH-concentration adsorption
adsorption models listed in Table 1. Amount of RhB dependence of RhB onto GONS was also investigated by
adsorbe.d (4e mn mg/mg or mg/g) onto G.ONS} and the adjusting the pH of RhB (30 mg/L) solution from 2 to 10,
ads.orptlon 'efﬁ01ency of the dye at e'qulllbrlum WEI®  ysing appropriate amount of (0.1 mol/L) NaOH or HCI
estimated using Eqns. 1, [37] and 2, respectively. solutions. Adsorption studies were carried out by agitating 100
mL of adjusted RhB solutions to 25 mL of GONS for 60 min,

_ CoVrnB — Ce(VRhB *+ VGoNs)
e = CeonsVGONS (1) and at room temperature. The residual RhB concentrations
Coe o) were determined from the calibration curve [38] at absorbance
% adsorbed = % x 100 (2)  maxima, Ay, = 554 nm.
0

Table 1. Adsorption isotherm models for RhB adsorption onto GONS.

Isotherms Linear form Plot® Parameters” Ref.
- 12 1 A om =
Langmuir B m Y T 2P ka, qo 39
Freundlich logq, = logK; + %logce logq. vs logc, Ke,n 40
D-R Inq, = Inqpg — Be? Ing, vs €2 qor, B 41
Tempkin qe = %lnAT + (%)Ince q. vs Inc, br,Ar 42
. 1 _ By 1 1
Harkins-Jura T (A—H])IOgCe o logc, Ayj By 43

aq,, equilibrium adsorption capacity of adsorbent (mg/g); c,, equilibrium concentration of RhB in solution (mg/dm?®) and &, Polanyi potential; bq,, maximum
monolayer capacity (mg/g); k,, Langmuir isotherm constant (dm>mg~1); K, Freundlich isotherm constant (mg/g); qpg, Dubinin-Radushkevich maximum adsorption
capacity of RhB (mmol/g); n, adsorption intensity; 5, Dubinin—Radushkevich isotherm constant (mol? k] ~2); by, Tempkin isotherm constant; Ay, Tempkin isotherm
equilibrium binding constant (dm3g~1); A, 1, Harkins — Jura isotherm constant (mg/g)(mg/L)"; By, Harkins-Jura adsorption intensity (L/mg).

Table 2. Kinetics models for RhB adsorption onto GONS.

Model Linear form Plot® Parameters” Ref.

Pseudo-first order In(qe; — ;) = Ingpy — kyt In(qe; —q)vst Qe1, Ky 44-46
I O O &

Pseudo-second order G + T t ch vst Qez, K> 44-47

Simple Elovich q: =A+BInt q.vst A, B 48,49

aq,, quantity of RhB adsorbed at equilibrium (mg/g) and q,, quantity of RhB adsorbed at time t (mg/g). bk;, pseudo-first order rate constant (min~1); k,,
pseudo-second order rate constant (g mg~! min~1); A, adsorption rate constant (mg/g min); B, desorption rate constant (g/mg).

2.6. Data and Error Analysis where  (eexp i the experimental RhB adsorbed at
equilibrium (mg/g) and q, as shown in Eqn. 1 above.

Also, mathematical representatives for standard deviation
and standard uncertainty of errors are shown in Eqns. 4 and

The results of the kinetics and sorption models were tested
against the experimental data using linear coefficient of

L 2 > .
determma'uon, re o, standgrd dev.latlon, SD,. .standard 5, respectively;
uncertainty, u, and the nonlinear chi-square statistical test,
x2. The best fit between the kinetic (or isotherm) models to op = [teexp=ae 4
the experimental data gives smallest value of y?, and vice - n-2 )
versa. Mathematical representative of chi-square test is .
shown in Eqn. 3; u=_r &)
2 . . .
¥ = 2(de.exp= de) (3)  Where nis the number of data points in the set.

de
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2.7. Desorption Studies

Regeneration studies on the spent adsorbent were investigated
to determine possible reusability of the adsorbent after batch
adsorption experiments. Desorption studies also give insight into
mode of sorption process of RhB onto GONS. RhB was first
loaded onto GONS by shaken aqueous solution of GONS (25
mL, concentration: 0.67 mg/L) with 100 mL of RhB solution
(30 mg/L), under the same experimental conditions conducted
for batch adsorption experiments. The RhB-adsorbent solution
was centrifuged and the residual RhB concentration in the
filtrates were analyzed spectrophotometrically at 554 nm. The
RhB-loaded adsorbent was then dried under vacuum at 25°C for
24 hr. Desorption of RhB from GONS surface was investigated
by agitating pre-weighed RhB-loaded adsorbent with 100 mL
each of desorbing eluents: water, methanol and methanol/acetic
acid (9:1), for 1 h and at room temperature. The concentration of
desorbed RhB was spectrophotometrically determined at A,,,,
554 nm. Efficiency of the desorbing eluents to regenerate the
spent adsorbent can be determined by comparing amount of
RhB in RhB-loaded adsorbent, to the amount of RhB desorbed
from the adsorbent.

3. Results and Characterizations

3.1. Characterizations of Adsorbent

Modified Hummer's method was used to prepare graphite
oxide using oxidative treatment of pristine graphite flakes in
the presence of sulphuric acid and potassium per manganate.
The oxidative treatment of the slurry mixture was quenched

T T T )
200 300 400 500 600

Wavelength (nm)

10 20 30 40 50 60 7O
2 Theta (degree)

on addition of hydrogen peroxide. The obtained graphite
oxide was homogenized by ultrasonic sonication to form
stable and well dispersed exfoliated graphene oxide
nanosheets (GONS) in water, Figure 1A (inset). Figure 1A,
shows normalized electronic absorption spectrum of GO
nanosheets layers recorded in water. The UV-Vis spectrum
of the GONS revealed intense absorption peak at 210 nm,
corresponding to the m — m* transitions of aromatic C — C
bonds, and a shoulder around 311 nm, assigned to the n —» 7"
transitions of C = O bonds in the graphene lattices. Elemental
compositions of as-prepared graphene oxide were
qualitatively verified using energy dispersive spectroscopy
(EDS) in Figure 1B. The presence of elemental C and O
confirmed the successful oxidation of natural graphite flakes
to graphite oxide. Also, absence of other elements in the
EDX spectra suggests that the prepared graphene oxide is
free of other contaminants. The TEM micrograph in Figure
1C shows successful oxidation of the pristine graphite flakes
evidenced from the numerous bends and wrinkles observed
on the nanosheets of the GO. The numerous overlapping
areas on the TEM image of the GONS shows that they are
highly dispersed in water [50]; and easily exfoliated into
several monolayers. The powder X-ray diffraction pattern of
as-synthesized GONS (Figure 1D) material shows intense
sharp peak at 260 = 10.02°, which corresponds to 001 plane
with d-spacing of 8.74 A. The observed d-spacing value is
higher than that of pristine graphite powder recorded at 3.56
A [51], this indicates successful introduction of oxygen
functionalities (epoxide, hydroxyl, carbonyl and carboxylate)
on the pristine graphite lattices.

Figure 1. (4) Normalized UV-Vis absorption spectrum of GONS, exfoliated GO nanosheets in distilled water (inset), (B) EDX spectra of graphite oxide, (C)
TEM image of GO nanosheets and (D) X-ray diffraction (XRD) patterns of GONS powder.
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3.2. Batch Adsorption Experiments

The adsorption processes for the removal of RhB-
contaminated waste water onto aqueous dispersion of GONS
were investigated, using numbers of adsorption isotherms
(listed in Table 1), and kinetics models (listed in Table 2).
Factors such as change in pH, contact time, effect of
temperature, GONS dosages; were also considered to
determine optimum conditions which favoured maximum
removal of RhB in water.

3.2.1. pH-concentration Dependence Adsorption Profiles
Change in pH of dye solutions could affect the adsorptive
behaviour of dyes to the sorbent surfaces, due to possible
formation of different ionic species on the adsorbent surfaces,
or change in the surface charge of the dye molecules [52].
Figure 2A shows the RhB dye uptake at various pH values
from 2 - 10. It can be observed that the removal efficiency of
RhB increased in a pH range from 2 and 10. The removal of
RhB by GONS at ~ pH 2.01 was the minimum at 37.08% (or
40.35 mg/g), and a maximum of 88.85% (or 168.88 mg/g)
removal was obtained at pH range of 6 — 8. A sharp decrease
in the removal efficiency of RhB was observed at Ph > 8.
The observed trends in RhB removal efficiency with
increasing pH of the solution can be attributed to the change
in the structure of RhB, and/or alteration to surface charge of
the adsorbent under different conditions. Figure 2B shows
the pH of point of zero charge (pHpzc) of as-prepared GONS
to be 2.12; this corresponds to the point at which the GONS
was neutral. At pH < pHpzc, GONS exhibits cationic
behaviour which account for poor removal of cationic RhB
dye by GONS at = pH 2.0, due to electrostatic repulsion
between adsorbate and the adsorbent. At pH > pHpyc, the

=—a= Adsorption capacity
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| |
160 o =30
I.//'-
=80
140 «
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120 4
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D 1004
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E B0«
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@ 0
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“qy u L 20
204 =10
0 r T 0
2 4 6 B 10
pH

(%) lenowal abejuasiad

surface of GONS becomes negatively charged with
corresponding increase in RhB uptake by GONS, this is an
indication of increasing electrostatic interaction between
cationic RhB dye and anionic GONS with increasing pH
from 2.0 to 8.0. However, as the basicity of the solution
increases (i.e. pH > 8), monomers of RhB are
electrostatically attracted to each other to form larger
molecules (dimers) [53] that are too big to enter the pores of
the GONS. The formation of larger quinonoid structure of
RhB at pH > 8 led to drastic reduction in RhB uptake
capacity (q.) by GONS, as observed in Figure 2A. It could
be inferred from the above results that change in the pH of
RhB solution greatly influenced its adsorption capacity (q,).
Ramesha et al. [27] reported on the use of exfoliated
graphene oxide (EGO) for the adsorption of various cationic
and anionic dyes from aqueous solutions. However,
percentage removal efficiency of RhB was found to decrease
with increasing pH of the solution, therefore showing poor
adsorption behaviour amongst the studied cationic dyes. The
observed trends in their results are in sharp contrast to recent
studies on the removal of RhB wusing different anionic
adsorbents [28-31]. Here in, anionic GONS was facilely
prepared at ambient conditions, and without intercalating the
pristine graphite with bisulfate ions (H,SO,/HNOj3) at high
temperature (= 800 °C), as reported by Ramesha et al [27].
Hence, enhanced adsorption behavior of our as-prepared
GONS for RhB uptake compared to EGO could be attributed
to the differences in their methods of preparation. Based on
the adsorption capacity, the optimized pH value for
maximum adsorption for RhB by GONS is 6.5, this is also in
good agreement with previous studies on RhB as stated
above [28-31].

B
3-
_._pHPIC
6
I
‘,3- 44
T
[eTEN /
o 7 N
24
Initial pH (pHi)

Figure 2. (A) Variation of percentage removal efficiency and adsorption capacity of RhB (C, = 30mg/L) on GONS as a function of pH, and (B) Plot of pH
(pHy — pH;) against initial pH (pH;) for determining the pH of point of zero charge (pHpzc) of GONS.

3.2.2. Adsorbent Dose-concentration Dependence Study
Optimal adsorbent dosage of GONS for maximum uptake
of RhB was investigated by contacting fixed concentration of
RhB solution with varying concentrations of GONS dosage.
Figure 3 shows the variation of RhB adsorbed (mg and/or %)
plotted against different concentrations of GONS dosage

(mL). The results revealed gradual reduction in the amount of
RhB uptake from 599.49 to 165.64 mg/g with increase in
adsorbent dosage from 5 (3.3 mg) to 25 mL (16.7 mg). This
is attributed to possible overlapping or aggregation of dye
molecules as a result of increased sorbent doses which could
lead to reduction in the available active sorption sites for
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sorbate removal [54, 55]; decrease in total surface area of
adsorbent corresponds to increase in diffusional path length
of the adsorbent [56]. RhB sorbed per unit mass of GONS
was found to be at its maximum at the lowest adsorbent
dosage of 3.3 mg in the work. The percentage removal of
RhB was in reverse trend with increasing in the quantity of
the adsorbent dosage, Figure 3. By increasing the quantity of
adsorbent dosage of GONS, the total surface area and
availability of more adsorption sites is increased, resulting in
increasing percentage RhB removal from the solution.

( =100
6004 [+ | =O0— Adsorption capacity
| —8— Percentage removal
= 00
500+
@
o ?
— -
-§4m- ./ L 80 3
— E
@ 3004 >< SO
& o L]
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2004 \E ol
\"'j L 60
L J
100

L. . . T T
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Vv (mL)

GONS
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Figure 3. Effect of GONS dose on the adsorption of RhB. Conditions:
Sorbent 3.3 - 16.67 mg in 25 mL of water, Sorbate 30 mg/L in 100 mL of
water, 60 min equilibration time, pH 6.5, agitation speed 120 rpm,
temperature 25°C].

160 =
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3.2.3. Effect of Contact Time and Adsorption Kinetics

Experimental investigation to determine the equilibration
time for the abstraction of RhB from solution onto GONS
was carried out at different time intervals, as shown in Figure
4A. It was observed that the amounts of RhB sorbed per unit
mass of GONS decreased rapidly in the first 5 minutes for all
the dye concentrations examined (30 mg/L as representative,
Figure 4B), and no significant differences in the adsorption
capacities were observed as the contact time increases to 60
min; an indication that equilibrium is reached within 5 min.
The rapid uptake of RhB within the first 5 min can be
attributed to the increased sorbent-sorbate interactions due to
availability of large active sorption sites on the adsorbents,
while insignificant differences in the adsorption capacities
beyond 5 min, is due to saturation of adsorption sites on the
GONS. The shorter the equilibrium time, the better the
adsorbent. The equilibrium time of 5 min reported in this
work is far lesser than those reported for carbon nanotube—
cobalt ferrite nanocomposites (equilibrium time = 6 h) used
for removal of RhB in aqueous solution [57], implying that
the GONS has a better affinity for RhB compared to the
composites of carbon nanotube—cobalt ferrites. Zhou et al.
[37] have also demonstrated that GO is a better adsorbent
than Fe;0,/GO composites, in terms of enhanced adsorption
capacity of former, due to replacement of active adsorption
sites on GO by Fe;0, nanoparticles of Fe;0,/GO.

B
30 mglL
] L) L] L] v L] ]
10 30 40 50 60

20
Time (min)

Figure 4. (A) Adsorption of RhB onto GONS as a function of contact time. Conditions: GONS 25 mg/L, RhB 2.5 to 30 mg/L, temperature 25 °C, pH 6.5,
agitation speed 120 rpm, sorbate volume 100 mL, (B) Representative contact time-concentration profile of RhB on GONS for 30 mg/L.

Adsorption kinetics involved in the sorption of RhB onto
GONS were studied using three different kinetic models;
pseudo-first order [44-46], pseudo-second order [44-47], and
Elovich models [48, 49]. Linearized form of the kinetics
models and parameters are listed Table 2. The linear
correlation coefficients, 72, values for both pseudo-first order
and elovich models were poor, and far lesser than 1.0 in all
cases, Table 3, implying that the dynamics of sorption
processes of RhB are not described by the above models.

However, % values of pseudo-second order were close to
unity for all the initial concentrations investigated, hence
mechanism of the adsorption was attributed to the sorbate-
sorbent bimolecular interactions between anionic charges on
the surface of GONS, and cationic species of RhB in aqueous
solution [58]. The calculated g, values obtained from
pseudo-second order plots, Figure 5, were in good
agreements with the values of g, derived from the
sorption experiments (Table 3). However, the disparities
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between g, and .y, values for both pseudo-first-order
kinetic and simple elovich models were very high. The value
of k, ( g/(mgmin) ) decreased with increase in the
concentration of RhB. Initial sorption rate h, (g/(mg min))
which was obtained from linearized pseudo-second order
model (Eqn.6), was in reverse trend to k,. This is an
indication that flow rate of the dye depends largely on the
concentration of its ions in solution, and pseudo-second-rate
constant ( k,) is independent of particle diameter for
chemically controlled sorption processes.

ho = kzq¢ (6)

As stated above, results from the kinetics models were
tested against sorption experimental data using SD, u, x2,
Eqns.3,4 and 5. It was observed that pseudo-second order
has the lowest SD, u and y? values amongst the tested
models (Table 4), suggesting the process of sorption of RhB

was best described by pseudo-second order model.

5.4 —m—2.5mg/L
—o—5mg/L n
10 mg/L /
4.4 —_—y—
v—15 mg/L L}
30 mg/L /

—V
Mé,-/v,v/'
ooz

LJ |J LJ 1J LJ LJ
0 10 20 30 40 50 60
Contact time (min)

Figure 5. Pseudo-second-order kinetic plots for the removal of RhB by
GONS as a function of contact time at different initial RhB concentrations
(mg/L). [Conditions: sorbent mass 16.67 g in 25 mL; sorbate concentration
2.5 - 30 mg/L; sorbate volume, 100 mL; agitation speed, 120 rpm.].

Table 3. Kinetics parameters for adsorption of RhB. Conditions: sorbent mass 16.67 mg in 25 mL; sorbate concentration 2.5 — 30 mg/L; sorbate volume, 100

mL; pH 6.5: agitation speed 120 rpm.

Initial concentration (mg/L)

Model Parameters 2.49 479 9.87 15.09 29.85
Experimental Geexp/MY/g 12.90 21.79 41.32 75.37 166.23
or/mg/g 1.20 1.40 246 5.47 481
Pseudo-first order ky /min~* 0.05 0.01 0.05 0.02 0.03
r? 0.649 0.100 0.356 0.278 0.216
Gop/mg/g 12.74 21.19 41.15 73.53 169.49
k,/g/(mg min 0.27 0.25 0.15 0.09 0.02
ISR O u LS hiéﬁm“’; min; 43.29 67.57 416.7 500 625
r? 0.999 0.999 0.999 0.999 1.000
A/mg/(g min) 11.66 12.99 26.08 4233 93.62
Simple Elovich B/g/mg ! 0.26 2.40 4.54 9.36 21.71
r? 0.795 0.327 0.304 0.409 0.430
Table 4. Error analysis for the kinetic data of the sorption of RhB on GONS.
Initial concentration (mg/L)
Model Parameters 2.49 4.79 9.87 15.09 29.85
SD 1292 1.707 2.356 3.159 4813
Pseudo-first order x2 113.9 297.6 614.2 892.6 6547
u 0.431 0.569 0.785 1.053 1.605
SD 0.142 0.276 0.145 0.480 0.638
Pseudo-second order x2 0.002 0.017 0.001 0.046 0.063
u 0.045 0.087 0.046 0.152 0.202
SD 0.164 0.378 0.691 0.869 1.525
Simple Elovich x? 0.003 0.043 0.250 0.347 1.452
u 0.0546 0.126 0.230 0.290 0.508

3.2.4. Effect of Concentration and Adsorption Isotherms

To investigate the effect of initial sorbate concentrations,
experiments were carried out at a fixed adsorbent volume of 25
mL (concentration: 0.67 mg/L), and at varying RhB
concentrations of 2.49, 4.79, 9.87, 15.09 and 29.85 mg/L. The
plot of sorbate adsorbed in mg/L versus initial concentrations
(mg/L) of RhB (in Figure 6) shows that the RhB uptake by
GONS increased in magnitude with positive slopes as the

initial concentrations of the dye increases. From the results
presented in Table 5, it can be observed that the highest
percentage RhB uptake was recorded at low adsorbate
concentration. This is attributed to the availability of more
active sites on the adsorbent. However, the active sorption sites
on the adsorbent become increasingly saturated at higher
concentrations of RhB, hence the observed relatively low
percentage adsorption at higher RhB concentrations.

Table 5. Effect initial of concentration on adsorption of RhB on GONS. Conditions: sorbent mass 16.67 g in 25 mL; sorbate concentration 2.5 — 30 mg/L;

sorbate volume, 100 mL; pH 6.5: agitation speed 120 rpm.

Initial conc. (mg/L) Initial abs Final abs Final conc. (mg/L) Amount adsorbed (mg/L) Percentage adsorbed (%)
2.49 0.417 0.037 0.178 2312 92.87
4.79 0.738 0.088 0.483 4.307 89.91
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Initial conc. (mg/L)

Initial abs

Final abs

Final conc. (mg/L)

Amount adsorbed (mg/L)

Percentage adsorbed (%)

9.87
15.09
29.85

1.401
2.683
5.684

0.166
0.403
0.702

0.960
2.397
4.216

8.910
12.693
25.634

90.27
84.12
85.88

)

20

164

Amount of RhB adsorbed (mg/L,

T T T T T T
0 6 10 16 20 26 30

Initial concentration (mg/L)

Figure 6. Adsorption of RhB onto GONS (16.67 mg) as a function of initial
concentration (2.5 - 30 mg/L), RhB before and after adsorption study (inset).

Adsorption isotherms models are used to describe the
distribution and interactive behaviour of adsorbate partitioned
between the solid (adsorbent) and liquid (aqueous solution)
phase, as the adsorption process reaches equilibrium. Herein,
Langmuir, Freundlich, Dubinin—Radushkevich  (D-R),
Tempkin and Harkins-Jura were adopted as representative
isotherms models to describe the adsorption processes of RhB
on GONS at equilibrium. The linearized forms of the tested
models and their parameters are listed in Table 1. The
magnitude of the parameters of the isotherm models which
described the relationship between the sorption experimental
and theoretical data are summarised in Table 6. The nature of
surface binding and affinity of GONS to RhB were revealed
from the isotherm curves shown in Figure 7A-E. From Table 6,

A B

linear coefficient (72) values recorded for both Langmuir
(r? = 0.952) and Freundlich (r? = 0.998) are closer to unity,
hence sorption processes of RhB were more compatible with
the Langmuir and Freundlich models than other tested models.
However, Freundlich has the highest 72 among the models
tested, it is therefore adjudged as the isotherm model that best
described the process of RhB sorption by GONS. The good
agreement between the experimental data and Freundlich
model suggests that the adsorption of RhB onto GONS
followed multilayer adsorption processes, due to the
heterogeneity nature of the sorbent surfaces, and/or possible
interactions between the adsorbed Rhodamine B molecules.
Previous study also established similar observations [27]. The
magnitude of Freundlich isotherm constant (K; = 47.36 mg/g)
is higher in this work than for RhB by EGO (K; = 0.54 mg/g)
[27], and carbon nanotube—cobalt ferrite nanocomposites
(K¢ = 1.120 — 31.03 mg/g) [57], which suggests that GONS
has relatively higher multilayer adsorption capacity for RhB
than EGO and carbon nanotube—cobalt ferrite nanocomposites.
The value of adsorption intensity, n, greater than 1 in this
present work, indicates that Freundlich model is favourable for
the sorption processes. Also, the value of Vermeulan criteria
(Egn.7), expressed in terms of a dimensionless constant
separation factor R; is less than unity [59, 60], suggesting that
the adsorption of RhB on GONS is a favorable process.

R, =11+ k,C,) @)
where k,and C, are Langmuir constant and initial
concentration, respectively.
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Figure 7. Fitting of sorption experimental data to (A) Langmuir, (B) Freundlich, (C) Dubinin—Radushkevich (D-R), (D) Tempkin and (E) Harkins-Jura

adsorption isotherms.
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Table 6. Adsorption isotherm parameters for the adsorption of RhB onto GONS.

Adsorption isotherm parameters

Langmuir isotherm Freundlich isotherm

Dubinin-Radushkevich isotherm

Tempkin isotherm Harkins-Jura isotherm

4o = 105.26 K; = 47.36 dor = 88.61
k, = 0.7731 n =124 B=1 x 1077
2 = 0.952 r2 = 0.998 r2 = 0.7303
R, = 0.0415

by = 51.83 Ay; =—270.27
Ar = 4.36 By,=—0.4054
r? =0.780 2 =0.819

Correlation between the adsorption isotherm models and
the sorption experimental data were verified using error
analysis, Eqns.3,4and 5. The results of the analysis are
listed in Table 7. The lower the values of SD, u, and x?, the
better the model for the sorption processes, hence Freundlich
model is the best among the models considered in this work.
The calculated g, of Freundlich isotherm model fitted well to
the experimental adsorption capacity (q.) than other tested
models, Figure 8, suggesting that the sorption processes of
RhB by GONS is compatible with the heterogeneous surface
law.

Comparative Adsorption parameters of Rhodamine B on
various adsorbents in aqueous solution with present work are
summarized in Table 8 [27, 57, 61-65]. The percentage
adsorption in this work are relatively higher or comparable to
previous works. It is noteworthy to mention that the process of
adsorption in this work was completed within the first 5 min
compared to previous works, suggesting that the nanosheets of
graphene oxide is a better adsorbent. Also, the pH and
adsorbent dose are within the acceptable optimum conditions

required for the removal of RhB in water using GONS.

180 = m  Experimental
l-—.—Langmuir n
160 = “4==Freundlich
f=p==D-R
140+ Tempkin ,’
1204 =4—=Harkins-Jura
=) 100
E’ 80+ .
& lo”
40+ /*.‘
20+ J- *"“\-4_____4
0

3

-

C, (mg/L)

Figure 8. Comparison of the experimental and predicted isotherm models
for the sorption of RhB by GONS at the optimum pH.

Table 7. Error analysis for isotherm models for the sorption of RhB on GONS.

Initial concentration (mg/L)

Model Parameters 2.49 479 9.87 15.09 29.85
SD 0.478 0.923 1.380 1.183 2.265
Langmuir isotherm x° 0.021 1.633 0.276 0.716 4.682
u 0.214 0.413 0.617 0.529 1.013
SD 0.192 0.513 0.775 0.839 0.777
Freundlich isotherm x° 0.002 0.066 0.210 0.375 0.056
u 0.086 0.229 0.245 0.157 0.347
SD 0.693 1.957 2.167 1.171 4.001
Dubinin-Radushkevich isotherm x? 0.943 8.958 0.969 0.574 74.37
u 0.309 0.875 8.510 0.524 1.789
SD 1.230 1.869 2.361 2.599 2.548
Tempkin isotherm x° 16.07 0.108 1.056 10.447 133.8
u 0.581 0.836 11.231 1.162 1.139
SD 1.737 2.574 1.727 3.370 5.478
Harkins-Jura isotherm x? 8.136 19.98 8.427 173.9 1389
u 0.777 1.151 0.772 1.507 2.450
Table 8. Comparative adsorption parameters of Rhodamine B on various adsorbents with present work.
Optimum conditions - Yo 1 Percentage
Adsorbents (pH, adsorbent dose, mg, and temperature, K) Equilibration time adsorption (%) Ref.
Fe;04/MWCNT pH 6.0, 3,298 80 min 98 61
Fe;04/HA pH 6.0, 100, 298 20 min 95 62
EGO pH 6.0, 11, 298 25 min 50 27
CoFe,04 pH 7.0, 50, 293 360 min - 57
MWCNT-C pH 7.0, 50, 293 360 min - 57
Fe;04-AC pH 4.0, 30,298 30 min 98 63
AC pH2.3,8,313 60 min 66 64
Mustard cake pH2.3,8,313 6h 57 64
MWCNT pH 7.0, 100 20 min 65-90 65
GONS pH 6.5, 16. 7, 298 5 min 92.9 Present study
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3.2.5. Temperature and Thermodynamic Studies of
Adsorption

Effect of temperature on the removal of RhB by GONS
was investigated by agitating known concentrations of
GONS and RhB at varying reaction temperatures of 298,
308, 318 and 328 K. The obtained results are presented in
Table 9. The amount of RhB adsorbed increases with
temperature, Figure 9A, suggesting that adsorption process is
favoured at higher temperatures. The pore sites on the

adsorbent may have increased in volume at elevated
temperature resulting in the amount of RhB adsorbed.
Enhanced adsorption rate of RhB at higher temperatures
could be attributed to the increased kinetic energy of the
adsorbate to the available sorption sites on GONS surface.
Increase in the pore volumes of the adsorbents at higher
temperature has been reported before [35, 52]. Thus, the
process of adsorption is endothermic in nature.

Table 9. Effect of temperature on adsorption of RhB onto GONS. Conditions: sorbent mass 16.67 g in 25 mL; sorbate concentration ~30 mg/L; sorbate

volume, 100 mL; pH 6.5: agitation speed 120 rpm.

Temperature, K Initial conc. (mg/L) Final conc. (mg/L) Amount adsorbed (mg/L) Percentage adsorbed (%)
298 29.85 0.702 25.64 85.88
308 29.85 0.690 25.71 86.12
318 29.85 0.631 26.07 87.32
328 29.85 0.572 26.43 88.52

Thermodynamic studies were investigated on the
adsorption of RhB onto GONS using parameters such as
standard Gibbs energy change (AG®), enthalpy change (AH®),
and entropy change (AS°). These parameters provide further
details on the spontaneity, feasibility, and sorbate-sorbent
interactions during adsorption process. Relationship between
AG® and T is shown in Eqn. 8 [36]:

AG® = —RTInK, (8)

where T is the temperature, R is the gas constant, and K,
calculated as CIe/C , 1s the distribution coefficient. van't Hoff
e

equation shows that Kj; is related to AH® and AS® in Eqn. 9 [59]:

InkK, =2 — )

The magnitudes of AH° and AS° in Eqn.9 , were
respectively calculated from the slope and intercept of van’t
Hoff plots of InK; against 1/T, Figure 9B. The results of the
calculated thermodynamic parameters for the adsorption
studies are summarised in Table 10. The negative vales of
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AG° increased from —7.45 to —9.02 kj/mol as temperature
increased from 298 to 328 K , suggesting improved
feasibility and spontaneity of the RhB-GONS system at
elevated temperature. The positive value of AS® shows that
the process of adsorption of RhB onto GONS was enhanced
due to increase in the degree of disorderliness at the sorbate-
sorbent interface. At higher temperature, degree of
disorderliness increased the adsorbate-adsorbent interactions
rather than adsorbate-solvent interaction [57, 66]. Positive
value of heat of adsorption, AH®, indicates that the process of
adsorption was endothermic in nature, hence RhB uptake by
GONS in aqueous solution is favored at higher temperature.
This is in agreement with the results listed in Table 9 above.
The value of AH® indicates the mechanism of adsorption to
be either physisorption when AH® is between 2.1
to 20.9 k] mol™1, or chemisorption when AH® is between 80
to 200 k] mol~1[18, 67]. From Table 10, calculated value of
AH® lies between 2.1 to 20.9 k] mol™1, suggesting that the
mechanism of interaction between RhB and GONS in water
is governed by physisorption.
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Figure 9. (A) Variation of Temperature (T) against percentage, %, adsorbed, and (B) Van 't Hoff plots of InK,; vs 1/T for adsorption of RhB onto GONS.
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Table 10. Thermodynamic parameters for the adsorption of RhB onto GONS.

Temperature, K AG°, (kJ/mol) AH°, (k] /mol) AS°, JK 'mol ™)

298 —7.4510.12 8.15+0.12 52.10 £ 0.08
308 —7.811+0.31 = =
318 —8.36 + 0.09 = =
328 —9.02 + 0.06 = =

3.3. Adsorption Mechanism (FTIR)

Mechanism of adsorption between the adsorbate and
adsorbent was confirmed by comparing the FTIR spectra of
GO-RhB system before and after adsorption studies, Figure
10. Characteristics absorption bands at 3253-3585 cm™, and
small but clearly visible peak at 1699 cm™, are respectively
attributed to the presence of alcoholic hydroxyl and carbonyl
groups on GO, Figure 10. Absorption band at 1604 cm™ in
the IR spectrum of GO is attributed to the aromatic C=C
groups. FTIR investigations of RhB confirmed the presence
of (= N*) immonium ion at 1595 cm™, and heterocycle
skeleton of RhB molecule at 1342 and 1178 cm™ [68], Figure
10. The vibration signals at 1342, 1178 and 1073 cm’,
attributed to heterocycle skeleton of RhB molecule, are
consistent in the spectra of RhB as well as the GO-RhB. The
intense - CO, bands in GO, RhB and GO-RhB, are due to
irreversible adsorption of - CO, on the surface of the GO and

GO

RhB. The characteristics peak around 1699 cm™” in GO
(Figure 10) disappeared in the IR spectrum of GO-RhB
system, Figure 10, suggesting that the mechanism of
adsorption was due to possible electrostatic interactions
between protonated carbonyl ( —COO~™) groups on GO
nanosheets, and positively charged immonium (= N*) ions
of RhB molecules in water, Figure 11. Adsorption
mechanisms due to electrostatic interaction, intermolecular
hydrogen bonding and n-m interaction have been reported as
major mechanisms for graphene based adsorbents for organic
dyes removal [69-71]. Adsorption mechanism due to
intermolecular hydrogen bonding between RhB and GONS
cannot be ruled out since multilayer surface coverage
dominates the sorption process of RhB-GONS system [69],
as observed from the results of kinetic studies above. Also,
adsorption process can arise due to m—x stacking interaction
of the aromatic ring of rhodamine B dye with the nanosheets
of graphene oxides.
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Figure 10. FTIR spectra of graphene oxide (GO), Rhodamine B (RhB), and Rhodamine B loaded graphene oxide (GO-RhB).



American Journal of Applied Chemistry 2019; 7(1): 10-24 21

RhB

RhB-loaded GONS

S

Figure 11. Schematic illustration of the adsorption and desorption of RhB onto GONS.

3.4. Desorption Studies

Ease of regeneration of spent adsorbent was investigated to
determine the reusability of the adsorbent after adsorption
experiments, and to further understand the mechanism of
adsorption between RhB and GONS. Desorbing eluents such
as water, methanol and methanol/acetic acid (9:1), were used
to desorb RhB from the surface of the GONS. Efficiency of
the desorbing eluents was calculated by comparing the
amount of RhB desorbed from GONS to the amount of RhB
in RhB-loaded adsorbent, using Eqn 10 [72].

Desorption efficiency (%) = Zi; x 100 (10)
where q4, is the quantity of RhB desorbed by desorbing
eluents and g,y is the amount of RhB adsorbed in RhB-
loaded adsorbent.

Desorption efficiencies estimated for methanol/acetic acid
(9:1), methanol and water are 94.21%, 71.36% and 45.52%,
respectively. The higher the desorption efficiency, the better
the solvent as desorbing eluent to regenerate both the spent
adsorbent and adsorbate for further use, hence methanol
solution of acetic acid (10%) has better desorptive property
compared to methanol and water. Zhou et al., [37]
demonstrated that 75% of MB could be desorbed from the
surface of Fe;0,/GO using 5% acetic acid in methanol
solution. Also, up to 82% of RhB was reportedly removed
from the surface of DNc using only acetic acid as desorbing
eluent [72]. Herein, = 94% desorption efficiency of RhB
from GO was achieved using 10% of acetic acid in methanol
solution. The ease at which RhB was eluted from RhB-
loaded GO using methanol/acetic acid (9: 1), methanol and
water shows that the adsorption mechanism is best described
by physisorption.

4. Conclusion

Investigations into kinetics and thermodynamic studies of
Rhodamine B removal in aqueous solution onto graphene
oxides have been carried out in this work. The prepared
graphene oxides were characterized using techniques such as
UV, TEM, FTIR, EDX and XRD. Removal of RhB dye in
simulated wastewater onto GONS was carried out under
different optimized experimental conditions, including

change in pH, initial concentrations, adsorbent dosage,
temperature, and contact time. At temperature of 298K and
pH 6.5, 92.87% of RhB was found to have been removed
onto 16.67mg of GONS at optimized contact time of 60 min,
and concentration of 2.5 mg/L. Experimental data tested
against results of the kinetics and adsorption isotherm models
showed that the removal of RhB were best fitted to pseudo-
second order and Freundlich models, respectively.
Desorption studies were carried out on the spent GONS to
determine its reusability for further adsorption experiments.
Desorbing eluents such as water, methanol and
methanol/acetic acid (9:1), were used to remove adhered
RhB from the surface of the GONS. Methanol/acetic acid
solution was observed to remove ~94% of adsorbed RhB
from GO surface compared to water (71.36%) and methanol
(45.52%). The ease at which RhB was eluted from RhB-
loaded GO using Methanol/acetic acid solution shows that
the adsorption mechanism could be best described by
physisorption.
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