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ABSTRACT

In recent times, pharmaceutical wastes are becoming major water pollutants responsible for water
borne diseases and drastic alterations of aquatic ecological cycle. In this present study, graphene
oxide (GO) nanoplatelets are synthesize during graphite as the parent substrate. The GO so prepared
has been further investigated for removal of pharmaceuticals like ranitidine and prednisolone from
their respective aqueous solutions. Batch studies were performed for determining the effect of sig-
nificant process parameters like adsorbent dose, temperature, solution pH and agitation speed on the
process of adsorption. The adsorbent and the process of sorption have been thoroughly character-
ized and explained on the basis of scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), X-ray diffractometry (XRD) and Raman spectroscopy. Results obtained in this
study have also been used for analysis of process isotherms(like Langmuir, Freundlich, Temkin and
D-R)and kinetics. Thermokinetics of the spontaneity of the reaction was also determined. Process
optimization was performed with artificial neural network modeling. Regeneration potential of the
adsorbent was also determined in order to understand the reusability of the adsorbent.

Keywords: Pharmaceuticals; Graphene oxide; Artificial neural network; Process isotherm and

kinetics; Thermodynamics; Adsorbent characterization

1. Introduction

In recent times, pharmaceutical wastes are being consid-
ered as harmful bioactive chemicals capable of drastic pollu-
tion of our environment. Discharge of these toxic substances is
contaminating water bodies and the neighboring ecosystems
alike, but is yet to be addressed in a proper manner. Several
processes are presently being investigated for management
of these pollutants [1]. These pollutants are continuously
introduced in the environment through several pharmaceu-
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tical industries, hospital and domestic wastes. These contam-
inants exert harmful effects on both aqueous ecosystems and
human health [2,3]. The therapeutic drugs and prescribed
compounds used are considered as primary causes of health
issues arising from consumption of water contaminated with
the same. Moreover, chemicals, disinfectants, fragrances and
veterinary drugs also have detrimental effects on the water
bodies they are discharged into [4,5]. Thus development of
an efficient process for removal of these toxic substances from
water has emerged as a major concerning issue [6-8].

Some of the existing technologies for treatment of toxic
pollutant bearing effluents include coagulation [9], floata-
tion [10], filtration [11], ion exchange [12,13], advanced oxi-
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dation processes [14], solvent extraction [15], electrolysis
[16], adsorption [17,18], ultra filtration [19], nanofiltration
[19] and Fenton oxidation [20]. In comparison to all other
existing technologies, adsorption has been reportedly con-
sidered to be the most effective removal technique due to its
simple application and low cost incurred. However, differ-
ent adsorbents reported so far have not been appreciatively
efficient or cost effective for wide scale application.

Recent studies have revealed that nanomaterials have
been capable of efficient removal of similar pharmaceuticals
primarily due to their unique structure and properties. The
high surface area of such nanomaterials (like carbon nano-
tubes) facilitates efficient adsorption of organic pollutants
there by providing a new prospect for the management of such
pharmaceutical wastes. Review of recent literature revealed
that graphene, graphene oxide and several other graphene
derivatives have demonstrated exciting features of adsorp-
tion that has been found to be even better in comparison to
carbon nanotubes. Being an oxidative derivative of graphene,
graphene oxide (GO) is having oxygen containing functional
groups like hydroxyl and epoxy group on the basal planes and
carbonyl and carboxylic groups at the edges.

Recent studies have reported functionalized graphene
and its different oxidized and reduced form to adsorb
different kinds of pharmaceutical and complex organic
chains present within the hospital run-off and pharmaceu-
tical debris. Adsorption of several aromatic pharmaceutical
wastes has been reported using sulfonated graphene [21].
Removal of 4-n-Nonylphenol and Bisphenol-A has been
carried out by magnetic reduced GO [22]. Adsorption of
benzene, aniline and naphthylamine has been reportedly
performed using reduced GO [23]. Magnetite-GO and
magnetite-reduced GO composites have also been reported
for removal of As(IIT) and As(V) [24].

The large theoretical specific area (2620 m? g') and
oxygenated functional groups present on the surface of
graphene oxide has been reportedly considered as pri-
mary features facilitating potential adsorption of organic
pollutants like pharmaceutical wastes [21-23]. Therefore,
graphene oxide has been investigated for clean up of envi-
ronmental pollution [25]. The large specific surface area
of GO has been attributed to its one-atom thickness and
two-dimensional planar. GO has been reportedly perform-
ing drug removal by surface adsorption, hydrogen bonding
and other types of interactions [26,27].

The present study primarily investigated the adsorption
of pharmaceutical wastes like ranitidine and prednisolone
from their aqueous solution by using graphene oxide nano-
platelets as an adsorbent. Several studies have previously
investigated the removal of ranitidine and prednisolone
using other adsorbents like activated carbon prepared from
mung bean husk [5] and rice bran derivative [28,29] as
well as other [6,12]. Very few recent studies have investi-
gated the removal of complex and harmful pharmaceutical
wastes like ranitidine and prednisolone with high adsorp-
tion efficiency using nanomaterials like GO. Therein lies the
uniqueness and importance of the present study.

In the present study, batch studies were carried out to
determine the effect of various experimental parameters
like adsorbent dose,temperature,solution pH and agitation
speed. The selected experimental parameters were further
optimized by artificial neural network analysis (ANN).

ANN is a computing process which can be used for solv-
ing the complex problem [30]. The basic structure of ANN
comprises of an input layer (independent variables), num-
ber of hidden layers and an output layer (dependent vari-
ables). These layers comprises of number of interconnected
processing unit and neurons remain connected by sending
signals to each other. The mechanism of adsorption was
elucidated in terms of adsorption isotherm, kinetics and
thermodynamics as well as a detailed physic-chemical char-
acterization of the adsorbent used.

2. Material and methods

2.1. Reagents used

Ranitidine (C,,H,,N,O,S), commercially available
as Zantac and Prednisolone (C,H,0O,) were commer-
cially obtained from Sigma Aldrich and used as received.
Other chemicals like graphite powder, sodium hydroxide
(NaOH), hydrochloric acid (HCl; 37%), potassium perman-
ganate (KMnO,), sulfuric acid (H,SO,; 98%) and hydrogen
peroxide (H,O,; 30%) were purchased from Merck, India
and used for synthesis of GO. All chemicals used in this
study were of analytical grade.

2.2. Preparation of adsorbent

GO nanoplatelets used in the present study were syn-
thesized using modified Hummer’s Method [31]. In this
process graphite powder was added to H,SO,(98%) and
the mixture was continuously stirred with the help of a
glass rod in anice-bucket with gradual addition of required
quantity of KMnO,. About 100 ml of distilled water was
then slowly added to this mixture and subjected to stir-
ring for 180 min at 40°C. After 180 min, another 100 ml of
distilled water was added slowly to the reaction mixture
by placing the same on an ice tray. Post the addition of dis-
tilled water, H,0, and was added to the reaction mixture
which in turn yielded brownish yellow slurry. For obtain-
ing uniform particle size, the slurry was exposed to with
ultrasound irradiation for 15 min [31]. Afterwards,the
mixture treated by ultrasound was centrifuged and the
precipitate was repeatedly washed with de-ionized water
for surface neutralization. Finally the washed product
was dried in a hot air oven (SICCO,India) at 60°C for 10 h,
ground, sieved and stored for use as adsorbent.

2.3. Preparation of adsorbate

Adsorbate (Ranitidine and Prednisolone) stock solution
was prepared by dissolving required amount of the drug
(100 mg/L) in distilled water. Then working solutions of
desired concentrations were prepared by diluting the stock
solution with distilled water as required. Finally, a standard
curve was generated using adsorbate solutions of known
concentrations.

2.4. Batch study

The batch adsorption experiment was carried out in
250 mL conical flasks with 100 mL adsorbate solution of
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10 mg/L concentration. These working solutions were used
for determining the effect of variations of different parameters
like adsorbent (GO) dosage (0.5,0.75, 1.0,2.0 g/L), temperature
(298,303, 308,313 K), pH (2, 4, 6, 8) over contact time (15, 30, 45,
60, 120 min) respectively. The flasks containing the working
solutions were maintained in a temperature controlled incu-
bator shaker (S.C. Dey & Co, India). After specified time inter-
vals, samples were collected from the flasks and centrifuged
using Plasto Crafts Centrifuge. The supernatants were tested
for residual drug concentration using a UV visible spectropho-
tometer (Lambda 25 Perkin Elmer). Before each experiment,
the pH of the working solutions were adjusted by the addition
of 1.0 M NaOH or 0.1 N HCl as required [31].

2.5. Measurement of residual adsorbate concentrations in solution

A calibration curve of the used adsorbate (ranitidine and
prednisolone) was plotted, taking the concentration range
of 2-10 mg/L. A double beam UV-Visible spectrophotome-
ter (Perkin Elmer Lambda 25, USA) was used to determine
the adsorbate concentration of the standards, untreated and
treated effluents. All samples were centrifuged before the
analysis in order to minimize the any interference caused
by fine GO particles. The treated adsorbate solutions were
centrifuged and the supernatants obtained were used for
determining residual adsorbate concentration [31].

2.6. Characterization of adsorbent

The morphological properties of GO were determined
with a scanning electron microscope (SEM, ZEISSEV-
OMA10, Germany). Prior to performing the SEM analysis,
the samples were gold coated with a sputter coater for mak-
ing the same conductive [26].

Fourier transform infrared (FTIR) spectroscopy was
performed to identify the chemical bonds in a molecule by
producing an infrared absorption spectrum. FTIR analy-
sis of GO was done by casting the same into pellets using
potassium bromide (KBr) and GO in a ratio of 100:1 (w/w).
The pellets were then analyzed using a FTIR spectrometer
(Perkin Elmer) with a resolution of 4 cm™ [31].

The adsorbent was also subjected to XRD analysis for
investigating the interlayer spacing of the prepared GO.
Results of the XRD analysis were recorded using a diffractom-
eter with Cu Ko radiation operating at 40 kV potential differ-
ence and 40 mA current over the range (26) of 5-80° [32].

Samples were also analyzed using Raman spectroscopy
(Model: T64000, Make: J-Y Horiba) for evaluation of the
degree of structural deformations and number of layers in
the prepared GO [22,25].

2.7. ANN model

In this study, the inputs selected for the ANN model
were parameters like adsorbent dose, temperature, solu-
tion pH and agitation speed. The neural network toolbox of
MATLAB version 7(R2013b) was engaged for carrying out
the ANN calculations [30].

Artificial neural network (ANN) is a tool for mathemat-
ical modeling used for solving complex problems that are
related with the field of modeling and optimization. High

operational performance can be achieved using this mathe-
matical tool [28]. The schema of the model is similar to that
of human brain function, its interlinks and connections. It
mainly comprises of three functional groups, outside signal
receiver, the processing neurons which process the informa-
tion and the result generating neurons [29]. Mainly there
are three layers in the model of multi-layered perception
neural network consisting of input, output and one or more
hidden layers. Sum of the weighted values provided as the
input layer undergo modification by a sigmoid transfer
function to produce an output. Data processing is done in
the hidden layer. A tan-sigmoid transfer function (tansig)
at hidden layer and a linear transfer function (purelin) at
output layer was studied in combination with the Leven-
berg-Marquardt back-propagation (Trainlm) algorithm for
network training [28,33].

3. Theoretical calculation

3.1. Equilibrium concentration study and percent removal (%)
of adsorbate

The calculation of the percentage removal for each drug
was performed with the following equation:

C,-C,

Removal (%) = iC %100 (1)

i

The adsorption capacity of GO was calculated using the
following mass balance equation:
C.-C)WV
qe = Q (2)

m

3.2. Isotherm analysis

The isotherm study was performed to identify the iso-
therm model guiding the process of adsorption investigated
in this study. Tested isotherms included the Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich (D-R) iso-
therm models. This study can also determine the equilib-
rium relationship between the adsorbate concentration in
the liquid phase and that on the adsorbent’s surface under
a given condition.

3.2.1. Langmuir isotherm

Langmuir isotherm equation is given by

11 [ 1 ],L @)
qe q max qmax KL Ce
where K, (L/mg) is obtained when 1/7, was linearly plotted

against 1/C,. This isotherm denotes monolayer sorption of
adsorbate on the available surface of the adsorbent [33].

3.2.2. Freundlich isotherm

The equation of the Freundlich isotherm model is
expressed as follows:

ln(qg) :ln(KF)+%ln(C€) 4)
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The bonding energy and the amount of adsorbate
adsorbed by the adsorbent are mainly highlighted by the
Freundlich isotherm model [32,33].

3.2.3. D- R isotherm

The D-R isotherm is expressed by the following equa-
tions:

In(q,)=In(q,,)-Be’ ®)

e’ =RT ln[1+é) ©)

Information regarding the porosity, free energy and the
maximum adsorption capacity of the adsorbent are provided
by the D-R isotherm model. The slope and intercept of the In
g,vs. € plot represent the activity coefficient (3; mol*/K/J?)
and maximum adsorption capacity (g,; mg/g) respectively.
Using the values of B obtained from D-R isotherms recorded
at different temperatures (293-308 K), the mean sorption
energy (E; KJ/mol) was calculated as follows:

1
E=—— @)
V2B

3.2.4. Temkin isotherm

The Temkin isotherm is expressed by the following
equation:

q, = BInA; +BInC, 8)

The Temkin isotherm model provides an insight into
the type of interaction occuring between the adsorbate and
adsorbent moities [33].

3.3. Kinetic analysis

The experimental data were interpreted by three kinetic
models, i.e. the pseudo first-order equation, the pseudo sec-
ond order equation and an intra particle diffusion equation
[33].

3.3.1. Pseudo first order kinetics

The pseudo first-order rate expression [34] is given as
follows:

1 [k )(1) 1
—=| 2| ]+= ©)
a \&)\t) @

The pseudo first order rate constant (k,) was derived
from the linear plots of log (7, — q,) vs. t.

3.3.2. Second order reaction

The pseudo-second-order kinetic model [35] is

expressed as follows:
t 1 1

_— = 4=

(10)
0 kg @

The pseudo second order rate constant (k,) was derived
from the linear plots of /g, vs. t.

3.3.3. The intra-particle diffusion reaction
The intra-particle diffusion equation [36] is expressed as
follows:

1
g2k, £4C an

The constant (C; mg/g) and intra particle diffusion rate
constant (K i mg/g/min'”?) were indicated by the intercept
and slope of the regression plot g, vs. "2 respectively.

3.4. Thermodynamic analysis

The thermodynamic parameters such as Gibbs free
energy (AG°®), enthalpy (AH®), and entropy (AS°) were
determined using the following equations [33]:-

C
K.==4 12
<=, (12)
AG’ =—RTInK, (13)
k=25 _AH 14)
R RT

The g, of the pseudo second order model was used to
derive the values of C, and C,. AHand AS° were calculated
from the slope and intercept of the Van't Hoff plot of [nK_.
vs. 1/T [33].

4. Results and discussions
4.1. Characterization of the graphene oxide (GO)

SEM, FTIR, XRD and Raman spectroscopic analysis
have been performed for characterization of the GO used
as an adsorbent in this study. Fig. 1a shows structural and
morphological properties of GO recorded with SEM. The
SEM images revealed GO to bea disordered solid of in-dis-
tinctly aggregated, thin,closely associated and highly over-
lapping sheets. The exposed surfaces of the crumpled GO
sheets reportedly facilitate efficient adsorption [31,32,34].
The wrinkled and layered structures of GO arise due to the
interactions between oxygen containing functional groups
[37-39]. The functional groups present on the GO surface
were investigated by FTIR analysis [figure not shown].
The characteristic peaks obtained at 1366 cm™ and 1636
cm™ indicated stretching of C=C and C-O bond respec-
tively. Moreover, peaks recorded at 2926 cm™ and 3499 cm™!
indicated alkyl stretching of C-H bond and C=C bonding
respectively in freshly prepared GO [37-39].

XRD analysis of GO is presented in Fig 1b. Three peaks
at 10.5, 26.60 and 43.09 denote characteristics peaks of GO
and indicate successful synthesis of the same [32,34,38,39].

Raman spectroscopy revealed the difference of gra-
phitic plane that can be determined from the intensity ratio
between the D band and G band (I,/I;). Raman analysis
indicated [Fig. 1c] that the G band is observed at 1572 cm™,
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1592 cm™, and the D band at 1346 cm™, 1348 cm™, for graph-
ite and GO, respectively. Analysis of all the spectra indicated
that the G band is shifted to a higher wave number after
introduction of oxygenated functional groups to graphite
and from the conversion of sp* types of carbons into sp® car-
bon atoms [23]. The analysis also indicated the broadening

Fig. 1.(a). Graphene oxide structure under SEM analysis.
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Fig. 1. (b). XRD analysis of Graphene oxide.
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Fig. 1. (c). Raman analysis of Graphene oxide and graphite.

of the D band in GO after oxygenation of graphite. The I,/
I ratio was found to increase from 0.26 (graphite) to 1.13
(GO) indicating that oxygen containing functional groups
had been grafted on the graphitic planes [21-25].

4.2. Batch studies
4.2.1. Effect of adsorbent dose

As evident from Fig. 2, adsorbate removal was found
to increase from 55.31% to 94.06% in case of Ranitidine and
29.76% to 87.56% in case of Prednisolone as the adsorbent
dosage was increased from 0.50-2.00 g/L. Results obtained
indicated that addition of 2 g/L of GO as adsorbent was
responsible for maximum removal of both the adsorbate.
On addition of 2 g/L of GO, the maximum percentage
removal of Ranitidine and Prednisolone were found to be
94.06% and 87.56% respectively.

Similar behavior was also reported in previous studies
[28,31,40]. In every cases adsorption efficiency increased
with increasing adsorbent dosage. The reason behind it
may be that with an increase in adsorbent dosage, the sur-
face area for adsorbing these adsorbate molecules became
larger. Thus, the available pores engulfed higher amounts
of adsorbate, thereby resulting in a corresponding rise in
the adsorption efficiency of the GO used.

4.2.2. Effect of temperature

Temperature is one of the most important controlling
parameter for the process of adsorption. For a particular
adsorbate, equilibrium capacity is greatly affected by tem-
perature. So the effect of temperature for the removal of
both the drugs using GO as an adsorbent, was examined
over a range of 298 K-313 K. Within this range, the maxi-
mum percentage drug removal was recorded at 313 K for
both the drugs, keeping all other parameters constant.

Results shown in Fig. 3 indicate that the percentage drug
removal had increased from 74.06 to 94.06% for ranitidine
and 36.3-92.68% for prednisolone with a corresponding
increase in temperature. This increase of rate of adsorption
with temperature also confirmed the endothermic nature
of the adsorption process. The highest percentage removal
was found to be 94.063% and 92.68% for ranitidine and
prednisolone respectively. The increase in % drug removal
with a corresponding rise in temperature may have been

90 + _l__+_

ORanitidine

OPrednisolone

05 07 w0 20
Amount of adsorbent, g/L,

Fig. 2. Effect of various adsorbent dose on the removal of raniti-
dine and prednisolone.
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Fig. 3. Effect of temperature on the removal of ranitidine and
prednisolone present in solution.

facilitated by a parallel increase in the surface energy of the
adsorbate moieties due to rise in temperature.

4.2.3. Effect of pH

The process of adsorption was greatly influenced by
solution pH. Structural stability of the adsorbent depends
on the charge and splitting of functional groups present on
the surface of the adsorbent. Since solution pH may influ-
ence these properties, thus structural stability of the adsor-
bent is highly sensitive to alterations in solution pH [40]. In
this study, percentage removal of both the adsorbate used
(i.e, Ranitidine and Prednisolone) was determined over
solution pH ranging from 2-8, as shown in Fig. 4. The %
drug adsorption increased from 65.62-90.94% for ranitidine
and 63.17-84.15% for prednisolone with a parallel increase
in solution pH till pH 6 was reached. The process attained
equilibrium after 60 min and a further increase of pH had
no significant effect on % removal for both pharmaceuticals.
This had mainly occurred due to electrostatic interactions
between GO and adsorbate moieties [40,41]. The maximum
% removal for ranitidine and prednisolone was found to be
90.94% and 84.15% when solution pH value was 6.

4.2.4. Effect of agitation speed

The effect of agitation speed was determined over a
range of 80-140 rpm. Fig. 5 reveals that a rise in percentage
drug removal ranging from 63.75-90.94% was recorded for
Ranitidine with% percentage removal occurring at an agita-
tion speed of 140 rpm. A similar rise in percentage removal
of Prednisolone (45.12-69.27%) was observed while the
maximum% drug removal was recorded with 120 rpm. A
further increase of agitation speed beyond 140 rpm was
found to have no significant effect on % removal of both
adsorbate. Agitation may have prevented aggregation or
overlapping of GO particles in turn providing higher sur-
face area for adsorption and yielding higher percentages of
drug removal.
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Fig. 4. Effect of pH on the removal of ranitidine and predniso-
lone present in solution.
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Fig. 5. Effect of agitation speed on the removal of ranitidine and
prednisolone present in solution.

4.3. Adsorption isotherms

Schematic comparison between Langmuir and Freun-
dlich data of both the drugs namely Ranitidine and Pred-
nisolone has been presented in Table 1a. On the other hand,
results of D-R and Temkin plots of both the drugs have been
presented in Table 1b. Results indicated that Ranitidine
adsorption by GO was guided by the Langmuir isotherms
with highest regression coefficient value of 0.992. This
reveals that the GO is of homogenous nature and the bind-
ing energy of each Ranitidine molecule on the surface GO
was uniform. It also denoted that GO moieties were inert to
each other and facilitated mono layer coverage formation
of Ranitidine molecules on GO surfaces [42]. Moreover,the
mean free energy, € = 1.29 KJ/mol calculated from the D-R
plot for Ranitidine adsorption indicated that the process
was physiosorption in nature [39].

As evident from results shown in Table 1 (a and b), data
obtained for Prednisolone adsorption by GO revealed a
better fit to the Temkin isotherm model with a regression
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Table 1 (a)
Langmuir and Freundlich model parameters for removal of Ranitidine & Prednisolone from aqueous solution using GO
Langmuir Freundlich
KL Tsax RL R? N Kf R?
(L/mg) (mg/g) (L/mg)
Ranitidine 0.00527 43.29 0.949 0.992 149 7.04 0.985
Prednisolone 0.00692 22936 0.935 0.907 191 2.55 0.936
Table 1 (b)
Dubinin-Radushkevich and Temkin model parameters for removal of Ranitidine & Prednisolone from aqueous solution using GO
Dubinin-Radushkevich Temkin
q, B € (KJ/mol) R? A, B R?
(mg/g) (L/g) (J/mol)
Ranitidine 56.21 -3E-7 1.29 0.935 1.907 12.34 0.854
Prednisolone 13.18 2E-7 1.58 0911 3.825 413 0971
Table 2 (a)
Kinetic parameters for adsorption of Ranitidine Using GO
Pseudo first order Pseudo second order Intraparticle diffusion
k, q,(mg/g) R k, q, (mg/g) R? k, C R?
(min™) (min™) (mg/g)
0.00095 1.88 0.997 0.043 8.85 0.998 0.1431 7951 0.926
Table 2 (b)
Kinetic parameters for adsorption of Prednisolone Using GO
Pseudo first order Pseudo second order Intraparticle diffusion
k, q,(mg/g) R? k, q, (mg/g) R? k, C R?
(min™) (min™) (mg/g)
0.00146 0.634 0.991 0.197 4.78 0.999 0.0338 7.634 0.988

coefficient (R*= 0.971) higher than all other tested models.
Best fit to Temkin isotherm indicated indirect adsorbent-ad-
sorbate interactions on adsorption isotherms with a linear
decrease of the heat of adsorption with coverage resulting
from this interaction. Similar results have been reported
previously [43].

4.4. Adsorption kinetics

One of the most essential parameter for describing the
adsorption procedure is the adsorption kinetics. In this
study, adsorption efficiency was found to increase with a
corresponding increase in duration of treatment [38]. The
adsorption of both ranitidine and prednisolone on the GO
surface showed that the concerned process had reached
equilibrium after a treatment period of 60 min. Data
obtained were analyzed with pseudo first, second order
and intra particle diffusion models. Results presented in
Tables 2a and 2b revealed that adsorption of both drugs
investigated in this study had demonstrated best fit to
pseudo second order kinetic model with a regression co-ef-

ficient of 0.998 and 0.999 for Ranitidine and Prednisolone
removal respectively.

4.5. Thermodynamic study

Changes in Gibb’s free energy recorded for Ranitidine
adsorption using GO has been clearly demonstrated in
Table 3a. The negative AG® values obtained at all experi-
mental temperatures confirmed the spontaneous nature of
ranitidine adsorption by GO [39]. From the thermodynamic
study it was found that calculated change in enthalpy (AH")
was negative (—62.604.2 kJ/mole) which in turn indicated
that the adsorption was exothermic as well as physical in
nature (involving weak forces of attraction). It therefore
demonstrated that the process was energetically stable [30].
Furthermore, high value of AH® denoted the existence of a
strong bonding between the adsorbate molecules and the
adsorbent surface [29,42-45].

The changes recorded in Gibb’s Free Energy for Prednis-
olone adsorption has been demonstrated in Table 3b. Values
of AG’recorded at higher temperature clearly indicated the
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spontaneous nature of Prednisolone adsorption by GO.
Results obtained for Prednisolone adsorption showed sim-
ilar thermodynamic behavior as that of observed in case of
Ranitidine. A negative value for change in enthalpy (AH®)
(-113.949 kJ/mole) indicated that the adsorption process
was exothermic as well as physical in nature (involved
weak forces of attraction).

4.6. Reusability of adsorbent

To investigate the reusability of the adsorbent, regen-
eration study is also very important. In this study, water,
sodium hydroxide (10%), hydrochloric solution (10%),

Table 3 (a)
Thermodynamic parameters for adsorption of Ranitidine using
GO

AG?® (J mol™) AH° AS°
(K] mol) (J moletK?)

—62.6042 220.67

298K 303K 308K 313K
-3687.62 -3903.88 —-4443.32 -7185.62

Table 3 (b)
Thermodynamic parameters for adsorption of Prednisolone
using GO

AG® (J mol™) AH° AS°

(K] mol™?)  (J moleK?)
298K 303K 308K 313K -113.949 380.35
19831 -242.02 -4096.80 -485598

R=0.92941

Experimental Results (% Removal)

L L 1 L
55 60 65 70 75 80 85 90 9% 100
Theoretical Results (% Removal)

! !
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sodium chloride (10%) was used. It was observed that using
sodium hydroxide, the recovery of pharmaceutical product
from adsorbent was higher. After 5 adsorption and desorp-
tion study, it was observed that the removal efficiency of
Ranitidine was 87.6% and Prednisolone was 71.3% [38].

4.7. ANN study

The Liebenberg-Marquardt back-propagation (LMBP)
algorithm yielded the highest values of correlation coeffi-
cient (R*= 0.929 for Ranitidine and R?= 0.883 for Prednis-
olone) in comparison to other tested models like conjugate
gradient back-propagation with Polak-Ribiere, scaled con-
jugate gradient, resilient back-propagation. Results of the
ANN analysis obtained using the LMBP algorithm has been
shown in Figs. 6a and 6b. Both Fig. 6a and 6b show a com-
parative analysis of calculated and experimental values of
output variables obtained from the test data by using the
neural network model. The high correlation coefficient val-
ues determined for the calculated and experimental data
indicated that data recorded for adsorption of both drugs
were within experimental ranges and demonstrated best fit
to the neural network model reported in this study [33,43].

5. Conclusion

The present study established the high potential and
efficiency of GO nanoplatelets as an adsorbent for efficient
adsorption of two adsorbates namely Ranitidine and Pred-
nisolone. The result obtained for adsorption of both the
pharmaceuticals showed the adsorption efficiency of GO to
be quite high. Batch adsorption experiments are carried out
to study different process parameters and their influences
on the process efficiency. The highest removal efficiency
was found to be 90.04% and 92.68% in case of Ranitidine

R=0.88332
100 T T T T T T T T

60

S0

Experimental Results(% Removal)

40

20+

1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100
Theoretical Results (% Removal)

10 ! !

Fig. 6. a. ANN figure on removal of ranitidine using GO; b. ANN figure on removal of prednisolone using GO.
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and Prednisolone respectively. The maximum removal of
ranitidine was observed under an initial Ranitidine con-
centration of 10 mg/L, adsorbent (GO) dosage of 1.00 g/L,
solution pH 6, agitation speed of 140 rpm and tempera-
ture of 313K after a treatment period of 60 min. All other
parameters favoring maximum removal of Prednisolone
was same as that for adsorption of Ranitidine, excepting
the agitation speed and adsorbent dosage. Optimum values
of agitation speed and adsorbent dosage facilitating maxi-
mum Prednisolone adsorption was 120 rpm and 2.00 g/L of
GO respectively. The process of pharmaceutical uptake by
GO was guided by Langmuir isotherm model for ranitidine
adsorption and Temkin isotherm for Prednisolone adsorp-
tion. Results obtained in this study also revealed that the
adsorption of both drugs demonstrated best fit to pseudo
second order kinetics. Analysis of thermodynamic parame-
ters established that the process of adsorption for both the
drugs was spontaneous, physisorption and endothermic in
nature. Hence it may be concluded that grapheme-oxide
(GO) is a potential adsorbent for the effective removal of
pharmaceuticals like Ranitidine and Prednisolone owing to
the efficient adsorption capacity demonstrated by it in very
small dosage as well as remarkably less treatment time.
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Symbols

C.&C, — Initial & equilibrium concentra-
tions (mg L) of adsorbate in the
solution

Vv — Amount of solution taken and m
(g) is the mass of adsorbent used

m(g) — Mass of adsorbent used

g, (mg-g™) — Solid phase concentrations of
adsorbate at equilibrium

C, (mg-L™) — Liquid-phase concentrations of
adsorbate at equilibrium

q,.(mgg™) — Maximum adsorption capacity

K, (L'mg™) — Langmuir constant

K, (mg-g™)

Freundlich constants related to
adsorption capacity

(Lmg™) & 1/n —

n — Heterogeneity factor calculated
by plotting In(g,) linearly against
InC,

B (mol>K1.J2) — Activity coefficient

€ — The Polanyi potential

E (KJ mol™) — The mean sorption energy

A (L-g™h — Temkin isotherm equilibrium
binding constant

B (J-mol™) — Constant related to heat of sorp-
tion

t — Time

Amounts of adsorbate adsorbed
on adsorbent at equilibrium and
at various times

g,& g,(mol g™") —

k, (min™') — Rate constant of the first-order
model for the adsorption process

g,(mol g™) — Maximum adsorption capac-
ity for the pseudo-second-order
adsorption

k, (g mol™' min™") — Rate constant of the pseudo-sec-
ond-order model for the adsorp-
tion process C = intercept

Intra particle diffusion rate con-
stant

Equilibrium constant

Amount of dye adsorbed on the
adsorbent of the solution at equi-
librium

Equilibrium concentration of the
dye in the solution

kp (mol g! min—1?)  —

K. —
C, (mol dm) —

C, (mol dm™) —

T (K) — Solution temperature

R — Gas constant

AH® — Enthalpy

AS° — Entropy

Abbreviations

ANN — Artificial neural network

D-R — Dubinin-Radushkevich

FTIR — Fourier Transform Infrared spectroscopy
GO — Graphene Oxide

LMBP — Liebenberg-Marquardt back-propagation
SEM = — Scanning Electron Microscope

XRD  — X-ray Diffraction
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