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Abstract

Significant concerns are raised over pharmaceutical contamination in water bodies. The present article explores the
redemption of Amoxicillin, a pharmaceutical micropollutant in wastewater discharged from hospitals. Graphene oxide
(GO), derived from graphite powder, was applied using a modified Hummer method. Different analytical techniques, such
as XRD, SEGM, FTIR, TGA, and Point of Zero Charge (PZC), were used to characterize the GO. Results showed that
GO was an efficient absorbent for removing Amoxicillin from wastewater samples prepared at laboratory scale. SEM
exhibited that the Amoxicillin firmly deposited on the graphene oxide surface at pH 2 while lower at higher pH, showing
that the removal was pH dependent. The adsorption isotherm fits the Langmuir model, showing maximum adsorption at
278K, with Xn= 322.5mg/g. The kinetics showed that adsorption favoured a pseudo second order model. The proposed
mechanism of the process was reported.
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1.0.INTRODUCTION

The consumption of human and veterinary pharmaceuticals has been increasing. Over the last ten years, research interest has
expanded into the potential environmental impacts of pharmaceuticals in the environment. Pressure is exerted upon the
environment due to extensive agriculture and industrialization. As diseases become more prevalent, the consumption of
pharmaceuticals increases. Pharmaceuticals such as hormones and antibiotics have been detected for their presence in the
environment[1]. The existence of chiral pharmaceuticals is creating even more challenges for the well-being of ecosystems.
The fate and effects of complex compounds such as chiral pharmaceuticals are still not known to quite an extent. There is a
dire need for research, which needs to be done in this regard. Environmental pollution can be classified into air, water, and
soil. Removal of pharmaceuticals in surface waters can be done by photo-transformation, biodegradation, hydrolysis, and
partition to sediment. Their removal in wastewater treatment plants is mainly restricted to biodegradation and abiotic
processes such as oxidation and sorption [2-5]. However, these processes are time-consuming and need a lot of capital
investment. Novel approaches are required to design environmentally and economically friendly methods to address this
challenge [3, 4-6]. Water is a necessity for life[7]. It is vital for all living organisms on Earth. Pollution has caused a severe
impact on the quality of water available for human and animal consumption. Researchers have developed several
technologies to address this challenge. However, these processes have been shown to report their limitations and
disadvantages, e.g. chemical oxidation and ion exchange have reported low efficiency in removing trace amounts of
pollutants from water samples. Thus, novel approaches are required for a comprehensive chemical and biological treatment
of water bodies to make clean water available for consumption. Adsorption is a surface phenomenon. When a solution
containing absorbable solute meets a solid with a highly porous surface structure, some solute molecules get deposited at the
solid surface, forming the basis of separation by adsorption technology [8,9]. The metabolism of Antibiotics such as
tetracycline is poor in humans and animals. They are not efficiently absorbed and intend to create leftovers in the
environment because they are released in the unmetabolized form [10]. This has resulted in a need for sensing and
subsequent elimination of these antibiotics from water. These antibiotics contaminate the natural living biota, such as soil
and water. The residues of these antibiotics are present in environmental samples. Failure to detect these antibiotic residues
in polluted samples doesn't mean these compounds aren't present or they don't persist in ecological habitats. The diversity in
their biochemical properties makes it difficult to evaluate and detect. Chemical determination becomes difficult due to
biodegradation, photodegradation, chelation, and chemical complexation. Liquid chromatography, mass spectrometry, solid
phase extraction, and adsorption are usually employed to evaluate, determine, and estimate environmental samples [11]. In
this research, adsorption was designed as an efficient methodology for detecting and removing one of Pakistan's highly-
consumed antibiotics, Amoxicillin. Amoxicillin has been reported to be one of the potential contaminants in water bodies. It
is categorized as Emerging Pollutants [12]. Morphologically, it has three aromatic rings with different functional groups
such as amine, hydroxyl, ketone and carboxylic acid. Graphene is recently discovered and reported as a novel adsorbent
material [13]. This material is explored for pollutant removal, specifically antibiotics from water. Hydrochemists investigate
it for water purification. Morphologically, it is a single-layered graphite. Large quantities of oxygen atoms in epoxy,
hydroxyl and carboxyl groups make it hydrophilic and can be applied in aquatic and biological environments. It is reported
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that aromatic compounds can readily get adsorbed onto Graphene. Various models have been designed and reported to
investigate the adsorption behaviours of Graphene and its derivatives [14]. This article monitored the removal of
Amoxicillin at the laboratory scale using kinetics and adsorption methods at several parameters to optimize the
elimination of wastewater discharged from Hospitals.

2.0 MATERIALS AND METHODS

2.1. Reagents

All chemicals were used of analytical reagent grade and used without further purification. Amoxicillin Trihydrate was
obtained from Merck. Co. Graphite Powder was bought from Aldrich, Germany. Di-ionized water was used with
resistivity higher than 18M Q2 cm.

2.2 Instrumentation

Shimadzu UV Visible spectrophotometer model 160-A was used for the spectroscopic studies. SEM (model JSM- 6490,
JEOL) was used for SEM analysis. The X-ray diffractometry of the prepared sample was carried out using Cu-Ka
radiation at 40 KV voltage and 20 mA flow of current using a JEOL X-ray Diffractometer (JDX-7E) over a wide range
of angles (25-80°). Thermogravimetric Analysis of the prepared samples was done using Perkin Elmer Model 6300.
FTIR analysis was conducted using an infrared spectrophotometer (model SHIMADZU 8201 PC).

2.3. Preparation of Graphene Oxide

Graphene oxide was made from graphite powder using the modified Hummer method [15]. Graphite powder (2 g) was
first oxidized by adding it into concentrated H>SO4 (12 mL), KMNO4 (2.5 g), and P>Os (2.5 g) at 80°C for 4.5 hrs. It was
followed by dilution, filtering and washing. The mixture was diluted with 0.5 L water. This pre-oxidized graphite was
added to cold concentrated HoSO4 (120 mL) with gradual KMnOs (15 g) addition under stirring while keeping the
temperature below 20°C. This mixture was stirred at 35°C for 30 mins and then 90°C before further diluting, heating and
stirring. After completing the reaction with 20 mL of 30% H>0O», the product was purified by filtration, HCI washing and
dialysis. Exfoliation was achieved via sonication and centrifugation at 3000 rpm, and 16,000 rpm was used to collect the
final residue for absorption testing [16].

2.4. Adsorption and Removal of Amoxicillin by Graphene Oxide

Batch adsorption experiments were carried out to study the effect of Adsorbent Dose, Contact Time, Solution pH,
Temperature, and Initial Concentration of Amoxicillin Adsorption on Graphene oxide. A stock solution of Graphene
oxide (200 ppm) was prepared. Out of this stock solution, 100 and 50 ppm of graphene oxide solutions were prepared
using dilution. Similarly, an Amoxicillin stock solution (1000 ppm) was prepared. A series of dilutions ranging from 1 to
60 ppm were prepared from the stock solution. The solution pH was adjusted using 0.1 M hydrochloric acid or 0.1M
sodium hydroxide. Solutions were incubated at different temperatures, i.e. at 278, 298, and 308K. After incubation, the
suspensions were filtered. The suspensions were centrifuged at 200 rpm for 15 minutes. The filtered suspensions were
then analyzed using a UV UV-visible spectrophotometer. The wavelength chosen was 270nm. Amoxicillin shows
maximum adsorption at 270 nm when present in aqueous medium. The amount of Amoxicillin adsorbed on graphene
oxide was measured based on the difference in the solution's initial and final Amoxicillin concentration. Orion pH meter
(710 A) was used for noting the solution pH

The Maximum adsorption capacity was calculated from the equation:
X=(Ci-Ce) x V/ 1000 x

Where X= amount of Amoxicillin adsorbed (mg.g™")

Ci= Initial Amoxicillin Concentration (mg.g™')

Ce= Equilibrium Amoxicillin concentration (mg.g™!)

V= volume of Amoxicillin solution (mL)

m= Adsorbent Mass (g)

3.0. RESULTS AND DISCUSSION

3.1 Characterization of Graphene Oxide

The GO is characterized using FTIR, SEM, XRD and TGA (Fig.1-5). Scanning Electron Microscopy revealed a single-
layered structure (Fig. 1) before adsorption, while Fig. (2) showed SEM after adsorption, where it was observed that the
surface is fully covered by adsorbate.
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Figure 1: Scanning Electron Microscopy of Graphene Figure 2: Scanning Electron Microscopy of Graphene
oxide before adsorption. Oxide after adsorption.

The FTIR spectra (Fig.3 ) showed the characteristic peaks of the hydroxyl group (OH) at 3400 cm!, Carbonyl group
(CO) at 1729 cm’!; the peak corresponds to 1388 due to —OH bending vibrations, -C—O-H in-plane bending
vibrations,~CH3 out-of-plane bending vibrations, —CH, — wagging and twisting vibrations, COH (1224 c¢m'!), and
CO (1047 cm™) functional groups. It showed the oxygen-containing groups introduced into the graphene structure
that plays a significant role in removal through adsorption. The X-RD pattern displayed a peak centred at 2h =
11.08, corresponding to the (002) inter-planar spacing of 8.0 A (Fig.4).
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Figure 3: FTIR spectra of graphene oxide Figure 4: X-RD spectrum of graphene oxide sheet made
in the laboratory

Thermogravimetric Analysis (TGA) was conducted to evaluate the thermal stability of the synthesized graphene
oxide (GO). The TGA curve for GO, shown in Fig. 5, indicates two significant weight losses at 230°C and 700°C,
corresponding to the removal of oxygen-containing functional groups and carbon oxidation, respectively. The
percentage weight losses at 230°C and 700°C are 69% and 78%, respectively, suggesting that beyond 700°C, the
composite material achieves thermodynamic stability without further degradation. This stability enhances its
suitability for adsorption applications, including the adsorption of Amoxicillin, which is similar to the earlier
reports[17].
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Figure 5: Thermogravimetric curve of the prepared graphene oxide
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3.2 Adsorption isotherms of Amoxicillin on Graphene Oxide

Removal of Amoxicillin from wastewater was investigated through three adsorption isotherms (Langmuir,
Frendluich, and DR models) [18] to evaluate the adsorption capacity of GO C. (mg/g) indicates the equilibrium
adsorption concentration once maximum adsorption is achieved. X. (mg/g) is the equilibrium adsorption capacity of
graphene oxide and the difference between the initial (Ci) and final concentration (Ce) is caused by the per unit
weight of the adsorbent. As seen, adsorption is highly affected by an increase in temperature. The mathematical
representation of the three models is given below:

Xe= 1/KoXm + Ce/ Xm (D)
Log Xc=Log K+ 1/n log C. 2)
In Xe = In Xm— Ke? 3)

where Ky, K and K are the constants for Langmuir, Frendlich, and DR models, respectively, and n is the Frendlich
linearity index. Langmuir's model is ideal for showing good adsorbent surface and monolayer adsorption[19]. For
empirical speculation, Frendlich is used where, whereas DR model is used to evaluate the process's adsorption
energy (E) (Fig.6-9). The values of adsorption enthalpy (AH), entropy (AS) and Gibbs free energy (AG) were
calculated using:

In Kv= AS/R-AH/RT 4)
AG= -RTInKp (5)
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Amoxicillin on GO
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Figure 9: A plot of InK, vs T! for estimating
thermodynamic parameters.

The results of fitting these models are shown in Fig.(6-9), and the fitting parameters are listed in Table (1). The
Langmuir model fits the data well, whereas the DR model is usd to evaluate the thermodynamic parameters, as
mentioned earlier. Notably, adsorption decreases with the rise in temperature, showing the endothermic nature of
the process. Although Langmuir mostly fits the data well, it has limitations at higher concentrations. The maximum
adsorption capacity from the Langmuir model was 322.5 mg/g at 278 K, which considerably lowered with
temperature. The DR model gives insight into the porosity and free energy of the process, which also decreases with
the rise in temperature.

69




Pakistan Journal of Chemistry, 2024

Langmuir Frendlich Dubinin- Radushkevich (DR)
Temperature Xm Ko ) 2 Xm K E
(mglg)  (Lmg) N " B R g (moPke)!  (fmol)
278 322.5 5.16 0.99 1.81 164 0.98 4.67 0.025 4.46
298 135.1 12.5 0.99 1.68 264 0.99 5.57 0.026 4.38
308 26.38 100 0.99 1.45 456 0.99 8.08 0.034 4.00

Table 1: Langmuir, Frendlich, and DR isotherm fitting parameters DO Amoxicillin on Graphene Oxide

The adsorption mechanism of Amoxicillin onto Graphene Oxide needs further investigation [19,20]. Generally,
aromatic rings get adsorbed onto graphene oxide by  stacking. However, in this study, pH play a significant role,
and adsorption was greatly influenced by the pH of the medium, similar to the earlier reports[21-25]. The pH of the
system varied between 2 to 11 at temperatures of 298K and 308K (Fig.10). Three different concentrations, 20 ppm,
30 ppm, and 50 ppm, were taken. The maximum adsorption of the molecule is shown at pH 2, which decreases
steadily with the increase in the system's pH.
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Figure 10: Effect of pH on the adsorption of Amoxicllin on Graphene oxide at 298K and 308K

The lowest adsorption percentage is shown at pH 11. It indicates that adsorption is favourable in the acidic medium
and unfavourable at alkaline pH. The greater Amoxicillin uptake may be associated with the electrostatic attraction
between the surface of the Graphene Oxide and Amoxicillin molecule. The PZC value determined for the prepared
adsorbent is 2. This means that below this pH, the surface is positively charged. The adsorption of the molecule is
associated with the ionization of the carboxylic acid group attached to the Amoxicillin molecule, which has a pka
value of 2.68. The carboxylic acid group releases the H+ ion into the solution, leaving behind the negative charge
on the oxygen molecule bonded to the Amoxicillin molecule. This electrostatic force of attraction facilitates the
adsorption of the Amoxicillin molecule on the Graphene Oxide surface. This phenomenon occurs due to the
ionization of its functional groups identified as carboxyl (pKa = 2.68), amine (pKa= 7.49) and phenolic hydroxyl
(pKa= 9.63). The protonation for both Amoxicillin groups at low pH enhances the adsorption mechanism. The
initial pH at which ApH crosses zero was taken as the PZC of the sample[26-30].
3.3. Adsorption kinetics of Amoxicillin on Graphene Oxide
For this study, the effect of contact time was studied. Effect of contact time on Amoxicillin adsorption on Graphene
Oxide was studied at various time intervals from 1 to 300 minutes [31]. It is obvious that Amoxicillin adsorption
rises with the increase in the contact time until equilibrium is attained. Adsorption equilibrium for Amoxicillin is
rapidly achieved within the first 100 minutes of the period, showing the availability of active surface sites for
adsorption. At 278K, equilibrium is established quickly. Furthermore, Amoxicillin adsorption increases with
temperature, indicating the endothermic nature of the adsorption process.
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Figure 11: Effect of contact time on the adsorption of Amoxicillin on Graphene Oxide
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The kinetic data was analyzed using pseudo-1st-order and pseudo-2nd-order models to determine the reaction rate.
The non-linear forms of these models are given below:
Log (Xe — Xt) = log Xe — k1/2.303 (6)
t/ Xt=1/k2Xe2 + 1/ Xe t (7)
Where k1 (min') and k2 (g.min"'.mg") are the pseudo 1st order and pseudo 2nd order rate constants, respectively,
the R2 values for the pseudo 2nd order model are higher than the pseudo 1st order model. The data fits better for the
pseudo 2nd order model than the pseudo 1st order. This shows that the chemical adsorption is the rate-limiting step.
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Figure 12: Pseudo second-order plot for the adsorption of Amoxicillin on GO.

The values of rate constants obtained from the pseudo-second-order kinetic model for Amoxicillin adsorption on
Graphene Oxide were 0.0004, 0.0004, and 0.0005 (g.min'.mg™"') at 278, 298, and 308K, respectively (Fig.12). The
values of experimental Xe were 535.8, 674.4, and 747.2 (mg/g) which were close to the calculated values of Xe i.e.
526.3, 769.2, and 1000 (mg.g!) (Table 3) similar to the earlier reports[32-35]

Experimental Xe Calculated K2

Adsorbent Temperature (K) [mg/e] Xe [mg/e] [« min-1mg-1] R2
278 535.8 526.3 0.0004 0.99
Graphene Oxide 298 674.4 769.2 0.0004 0.98
308 747.2 1000 0.0005 0.99
Table 3: Pseudo-second-order kinetic parameters for the adsorption of Amoxicillin on Graphene Oxide (table # 2 is
missing)

Activation energy is the minimum energy required for a chemical reaction to occur. The reactant molecules get
close and come together, and the chemical bonds are stretched, broken, and formed in the product formation [36,37].
The system's energy increases to a maximum. The energy drops down when the product is formed. This energy is
the variation between the maximum and the minimum i.e the energy barrier needed to overcome how the reaction
rate varies with the temperature. These are expressed in kilo joules per mole. An activation energy more significant
than 200 kJ/mol suggests that bonds have been completely broken and a transition state is formed. The energy of
activation (Ea) was determined from the rate constant values calculated at different temperatures using the equation:
Ink2 = InA ~EaRT (8)

Where k2 is the rate constant derived from the pseudo 2nd order kinetic equation, A is the Arrhenius frequency
factor, T and R are the absolute temperature and universal gas constant, respectively. A plot of Ink2 versus 1/T
(13)showed a straight line with a coefficient of correlation (R2) of 0.99 (Table 3). The energy of activation
calculated from the straight line obtained is 41.57 kJ/mol. The energy of activation reveals the endothermic nature
of the process. The positive activation energy values indicate that the reaction rate correspondingly increases with
the rise in temperature which is comparable to the earlier investigation by [38,39].

Temp AG AH AS R2
[K] [kJ/mol] [kJ/mol] [J/mol/K]
278 -3.79
298 -6.26 78.25 268.36 0.99
308 -11.7

Table 3: thermodynamic parameters for the adsorption of Amoxicillin on Graphene Oxid
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Figure 13: plot of InK; vs T-! for the adsorption of Amoxicillin on Graphene Oxide
Adsorbent Ea(kj/mol) R?
Graphene Oxide 41.57 0.99
Sewage sludge-derived adsorbents (ACZn») 21.41 Gupta and Garg [40]
Sewage sludge-derived adsorbents (ACZn2.s5) 12.65

Table 4: Comparison of the Activation Energy of various adsorbents in kj/mol (table # 4 is not mesioned in the text)

4. Conclusion:

In the present work, Graphene oxide was used as an adsorbent for Amoxicillin from aqueous solutions. It
showed good adsorption capacity because of its hydrophilicity, inert nature and high surface area.
Graphene oxide showed favourable adsorption capacity and efficient adsorption energy. The mechanism
of the process was greatly influenced by pH of the medium. The effect of pH was studied in detail.
Adsorption kinetics showed the best fit for pseudo second order, while Langmuir isotherm fit the data well.
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