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ABSTRACT 
Demand for safe drinking water is becoming a challenging issue, 
having been greatly influenced by human activities and the growing 
world population. Nanotechnology offers a promising solution 
through the applications of nanomaterials. This research 
investigated the equilibrium adsorption mechanism and 
thermodynamics of the removal of Copper (Cu(II)), Lead (Pb(II)), 
and Chromium (Cr(VI)) from pharmaceutical wastewater onto the 
synthesized grapheme/TiO2  nanocomposites produced from Palm 
kernel shell and Titanium dioxide as a low-cost adsorbent. The 
synthesized grapheme/TiO2 nanocomposites were characterized 
using Scanning Electron Microscope (SEM), Energy Dispersive X-
rays (EDX), X-ray Diffraction, UV-Visible absorbance, and Fourier 
Transform Infrared (FTIR) Spectrophotometry before adsorption of 
metal ions (Copper, Lead, and Chromium). The result of batch 
experiments indicates that 99%, 60 % and 20 % of  Cu(II), Pb(II), 
and Cr (VI) were removed using grapheme/TiO2 nanocomposites 
under the optimal conditions of contact time (25 min), temperature 
(40 oC), and adsorbent dosage(0.12 g). The adsorption kinetics 
showed that the adsorption of Cu(II), Pb(II), and Cr (VI)  from the 
pharmaceutical wastewater fits better into the pseudo-second 
order for all the heavy metals removed. The recyclability studies 
indicate that the grapheme/TiO2 nanocomposites were stable and 
maintained 75 % adsorption removal after four consecutive 
recyclability studies.  The findings from this research indicate that 
grapheme/TiO2  nanocomposites is a potential adsorbent that can 
be used to remove heavy metals from pharmaceutical wastewater 
and any other related industries. 
 
Keywords: Heavy, Nanocomposites, Metals, Pharmaceutical, 
Wastewater 
 
INTRODUCTION 
Pharmaceutical wastewater is a widespread environmental 
concern due to its complex composition and high concentration of 
toxic contaminants, including heavy metals such as lead (Pb), 
cadmium (Cd), and chromium (Cr) (Madesh et al. 2024). The 
metals, typically brought into play with the synthesis and 
processing of pharmaceutical compounds, are of serious concern 
to human health and the environment due to their toxicity, lack of 

biodegradability, and potential for bioaccumulation (Edo et al. 
2024). Conventional wastewater treatment techniques such as 
chemical precipitation, ion exchange, and membrane filtration are 
often limited by high operation cost, sludge generation, and low 
metal removal rates, particularly at low metal levels (Mathew et 
al.2024a). By way of reaction, there is a growing demand for 
affordable, sustainable, and effective treatment technologies 
specifically tailored for heavy metal removal from pharmaceutical 
wastewaters (Adetunji et al. 2023; Mathew et al. 2023a). 
 
Among the recent technologies, adsorption has been extremely 
popular due to its ease, low energy requirement, and high 
efficiency, especially when using innovative adsorbent materials. 
Nanomaterials with high surface areas and modifiable surface 
chemistry have been reported to be effective for the adsorption of 
metal ions from aqueous solutions (Etsuyankpa et al. 2024; Naz et 
al.  2025). Graphene, which is a two-dimensional material made of 
carbon, has outstanding physicochemical characteristics such as a 
vast surface area, high mechanical strength, and availability of π-
electrons, and so graphene is an excellent adsorbent (Adetunji et 
al. 2022; Bhowmik et al. 2025). When graphene is mixed with metal 
oxides such as titanium dioxide (TiO₂), especially in rutile form, the 
obtained nanocomposite enjoys the positive features of both: the 
high conductivity and surface activity of graphene and the stability 
and photocatalytic activity of TiO₂. The interaction of these 
materials is enhanced in terms of adsorption capability and 
selectivity towards heavy metals (Inobeme et al. 2024; He et al. 
2025). 
 
This research focuses on the development and evaluation of 
graphene/rutile TiO₂ nanocomposites for the adsorptive removal of 
specific heavy metals from pharmaceutical wastewater. The 
nanocomposites are synthesized and characterized to determine 
their structure, morphology, and surface characteristics. Batch 
adsorption experiments are conducted to investigate the effect of 
the significant parameters such as contact time, adsorbent dose, 
pH, FTIR and temperature. Data are analyzed in terms of 
adsorption isotherms, thermodynamics and kinetic models to 
determine the mechanism of metal adsorption. The primary 
objective is to provide a comprehensive understanding of the 
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promise of graphene/TiO₂ nanocomposites as a scalable, feasible, 
and eco-friendly solution for the remediation of heavy metal-
polluted pharmaceutical wastewater in the context of 
environmental protection and sustainable industrial processes. 
 
MATERIALS AND METHODS 
All chemicals used in this study were of analytical grade and used 
without further purification. Graphite oxide was produced from palm 
kernel shell, titanium(IV) isopropoxide (TTIP), nitric acid (HNO₃), 

sulfuric acid (H₂SO₄), potassium permanganate (KMnO₄), 

hydrogen peroxide (H₂O₂, 30%), and hydrochloric acid (HCl) were 
purchased from Sigma-Aldrich. Deionized (DI) water was used 
throughout the experiments. Pharmaceutical wastewater was 
collected from the effluent discharge point of a local pharmaceutical 
manufacturing facility. The samples were filtered to remove 
suspended solids and stored at 4 °C prior to use. 
 
Synthesis of Graphene Oxide (GO) 
Graphene oxide (GO) was synthesized using a modified Hummers' 
method. For a moment, 3 g of graphite powder was added to a 
mixture of 69 cm3 of concentrated H₂SO₄ and 1.5 g of NaNO₃ 

under ice bath conditions. While stirring, 9 g of KMnO₄ was 
gradually added to the suspension, keeping the temperature below 
20 °C. The mixture was then stirred at 35 °C for 2 hours, followed 
by slow addition of 138  cm3 of deionized water. After 30 minutes, 
420  cm3 of deionized water and 3  cm3 of H₂O₂ were added to stop 
the reaction. The resulting product was washed with HCl and DI 
water repeatedly, then dried at 60 °C to obtain GO powder. 
 
Synthesis of Graphene/Rutile TiO₂ Nanocomposites 

The graphene/rutile TiO₂ nanocomposite was synthesized via a 
sol–gel-assisted hydrothermal method. In a typical procedure, 1 g 
of GO was dispersed in 100  cm3 of ethanol and ultrasonicated for 
1 hour. Separately, 10  cm3 of TTIP was added dropwise to 50  cm3 

of ethanol under stirring to form the precursor solution. The two 
solutions were mixed and stirred for 2 hours, followed by 
hydrothermal treatment in a Teflon-lined autoclave at 180 °C for 
12 hours. The resulting precipitate was filtered, washed, and 
calcined at 500 °C for 2 hours to obtain the graphene/rutile TiO₂ 
nanocomposite (Idris et al. 2024; Musa et al. 2024). 
 
Characterization 
The nanocomposites were characterized to confirm their structural 

and surface properties. X-ray diffraction (XRD) was used to identify 
the crystalline phases. Scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) provided morphological 
information. Fourier-transform infrared spectroscopy (FTIR) was 
used to identify functional groups. Brunauer–Emmett–Teller (BET) 
analysis was conducted to determine surface area and pore size 
distribution. UV–Vis spectroscopy was employed to evaluate 
optical properties (Muhammad et al. 2024). 
 
Batch Adsorption Experiments 
Batch adsorption studies were conducted to evaluate the removal 
efficiency of Cu²⁺, Pb²⁺, and Cr⁶⁺. In each experiment, 100  cm3 of 
synthetic or real wastewater containing known concentrations of 
the target metal ions was mixed with a fixed dose of the 
nanocomposite in a 250  cm3 Erlenmeyer flask. The effects of key 
operational parameters such as pH (2–8), contact time (10–180 
minutes), initial metal concentration (10–100 mg/L), and adsorbent 
dosage (0.1–1.0 g/L) were investigated (Mathew et al. 2024b). 
The pH was adjusted 9 using 0.1 M HCl or NaOH. Samples were 
agitated in a thermostatic shaker at 150 rpm and 25 °C. After the 
predetermined contact time, samples were filtered, and the residual 
metal ion concentrations were measured using atomic absorption 
spectroscopy (AAS) (Mathew, et al. 2023b). 
 
Adsorption Isotherm and Kinetic Modeling 
To understand the adsorption mechanism, the experimental data 
were fitted to the Langmuir and the Freundlich isotherm models. 
Kinetic behavior was analyzed using pseudo-first-order and 
pseudo-second-order models. Thermodynamic parameters such 
as Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) 
were also calculated to assess the nature of adsorption. The 
isothermal experimental data were evaluated using the Langmuir 
and Freundlich adsorption models, as described by Mathew et al. 
(2024c). 
 
RESULTS AND DISCUSSION 
SEM analysis of Graphene/TiO2-Rutile (G/TiO2-R) 
nanocomposites 
Figure 1 shows that the morphology of the G/TiO2-R 
nanocomposites synthesized was spherical and had small particles 
with less agglomeration. The majority of the particles seen are due 
to the high temperature of calcination, and the use of gelatin 
provides long-term stability for nanoparticles. 
   

 

 
Figure 1: SEM image of G/TiO2-R NCs 
 
Energy dispersive spectroscopy (EDX) analysis 
Energy dispersive spectroscopy from the graph below revealed the 
stoichiometric proportion of Ti, O, Cl and C elements (Mousavi, and 

Rahmani, 2025). Here it is seen that Ti and O are major elements 
with % atomic weight of 41.92 and 36.85. It shows the signal that 
confirms the ratio of Ti:O=2:1 .   
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Figure 2: EDX image of G/TiO2 RNCs 
 
Table 1: Percentage compositions of EDX 

C Element  %Weight    

  13.98      
Cl  2.50     
O   33.82     
Ti   49.70    

 
XRD analysis 
X-ray diffraction is an analytical technique used to characterize 
crystalline phases. The interaction of the incident rays with the 
sample produces constructive inference when conditions satisfy 
Bragg’s law: nλ꞊2dsinθ, where n is an integer, λ is the wavelength 
of the x-ray, d is the interplanar spacing generating the diffraction, 
and θ is the diffraction angle (Kayadurmus et al., 2025).  
Figure 3 below shows a crystalline 3D phase. This is different from 
the spherical shape you obtained, structural periodicity, and 
diffraction sharp maxima, and a constructive interference which 
occurs due to the path difference of the scattered wave from 
consecutive layers of atoms, is a multiple of the wavelength of the 
x-ray, which satisfies Bragg’s law. The full width at half maximum 
(FWHM), which determines the grain size and residual strain, is at 
40-45o(2θ).  
 

 
Figure 3: XRD Spectrum of G/TiO2-R Nanocomposite   
 
Table 2: Surface Area, and Total Pore Volume of Graphene (G) 
and Rutile Titanium oxide G/TiO2-R nanocomposites     

Sample BET Surface 
 area(m²/g) 

Total Pore  
Volume (cm³/g) 

TiO2-R 6.031 0.492 

 From Table 2 above, it shows that TiO2-R has the highest surface 
area and total pore volume compared to G. By this study, it implies 
that TiO2-R has its activity directly proportional to its concentration 
from Langmuir and the isotherm theory of Brunaur Emmett Teller 
(BET). Graphene will have less interaction with the adsorption 
capacity of particles due to the amount of temperature, pressure, 
and strength being lower.  
 
UV-Visible spectrum analysis  
Figure  4 of the UV-visible spectrum analysis it shows a maximum 
peak at 490nm, which is observed to have a chromophore of 

nitroso and transition n-π* at the excited level, due to the presence 
of acid. The wavelengths absorb the colour of visible light as blue 
and reflect the colour as yellow. 
 

 
Figure 4: UV-Visible spectrum of G/TiO2-R NCs 
 
FTIR spectrum analysis 
The functional group of G/TiO2-R obtained from FTIR spectrum 
analysis shows the band at 3208, which indicates a hydroxyl group. 
At 2128 cm-1, it revealed C≡C terminal alkyne. However, 1636 Cm-

1 shows the presence of unsaturated C꞊C aromatic compounds. 
The band at 1084 Cm-1 revealed OH stretch, and 1043 cm-1 shows 
cyclohexane ring vibrations. 
 

Figure 5: FTIR spectrum of G/TiO2-R NCs 
 
Table 3: FTIR Band assignment 

Wavelength 
Cm-1 

Band 
assignment/functional 
group 

References 

3208 Hydroxyl group Mohammad et 
al., 2025 

2128 C≡C Mohammad et 
al., 2025 

1636 C꞊C Lazaridou et 
al., 2025 

1043 Cyclohexane ring Sisti et al., 
2025 
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Effect of contact time 
 

 
Figure 6: Effect of contact time 
 
The effect of contact time on the rate of removal of Cr, Cu and Pb 
by adding synthesized G/TiO2-R to an aqueous solution. The 
removal efficiency of the toxic metals starts earlier. At 15mins, 80% 
of Cr was removed. At that same 15mins, Pb and Cu was removed 
at a varying percentage of 58% and 78% respectively which shows 
that Cr has the highest removal efficiency however, remains 
constant from 20mins to 25mins.  
 
Effect of adsorbent dose 

 
Figure 7: effect of adsorbent dose 
 
Synthesized G/TiO

2
-R is a potential candidate for removing toxic 

metals from wastewater, which was added to an aqueous solution. 
According to the figure above, Cu, Cr, and  Pb start with the same 
dosage, but at 0.08g, Cr has the highest removal efficiency of 85% 
and falls a bit to 80% at a dosage of 0.10g and remains at that to 
0.12g. The toxic contaminants, Cu, and Pb were absorbed at 78% 
and 76% respectively (Moeng et al., 2022). The statement implies 
that G/TiO₂-R shows selective adsorption, with Cr removed most 
efficiently, while Cu and Pb remain slightly lower, demonstrating 
the material’s potential for targeted heavy metal wastewater 
treatment. 
   
Effect of adsorption temperature 
 

 
Figure 8: effect of adsorption temperature 
 
The temperature influences the heavy metal ions adsorption. 
Adsorption removal efficiency percentage starts immediately from 
0oc for Cr after the addition of G/TiO2-R to an aqueous solution. 
The removal efficiency rises and falls gradually as the adsorption 
temperature increases, varying for Cr, Cu, and Pb. The maximum 

removal efficiency is at 80% which is for Cr with an adsorption 
temperature of 80 OC. 
 
Table 4: Thermodynamic parameters for the metal ions 

Paramete
rs 

        
ΔH 
(kJ
/mol) 

        
ΔS 
(kJ
/mol) 

                                   ΔG 
(kJ/mol) 

   
303
K 

313
K 

323
K 

333
K 

Cu 27.209 
67.25
0 

6.97
3 

6.26
0 

5.70
5 

4.50
3 

Pb 2.911 
5.040 

1.47
8 

1.44
6 

1.42
1 

1.43
4 

Cr 9.932 
23.59
1 

2.60
3 

2.37
1 

2.14
6 

2.05
3 

 
Thermodynamic parameters of adsorption from solutions provide a 
great deal of information concerning the type and mechanism of 
the adsorption process. A negative Gibbs free energy (ΔGo) value 
indicates the feasibility and spontaneous nature of the adsorption 
process. The relationship of ΔGo to enthalpy change (ΔHo) and 
entropy change (ΔSo) of adsorption is expressed as ΔGo=ΔHo-
TΔSo. The positive value of ΔHo indicates that the adsorption is an 
endothermic process, while the positive value of ΔSo reflects the 
increased randomness at the solution interface. 
From Table 4, the ΔGo value indicates that the adsorption process 
is non-spontaneous for Cr, Cu, and Pb. The positive value of Cr, 
Cu, and Pb of ΔHo indicates that the sorption is an endothermic 
process, while ΔSo reflects the increase in randomness at the 
solution interface, and the energy of adsorption, according to the 
Langmuir equation, remains constant (Wang and Zhang, 2021).  
 
Table 5: Pseudo-first order and Pseudo-second order parameters 
for the adsorption of copper, lead, and chromium ions 

Para
meter
s  

Pseudo first order  
Pseudo 
second 
order 

 

 
R2  Qe K1 

Qex
p 

R2 Qe K2 

Cu 
0.170 

1.2
83 

0.5
26 

1.6
11 

0.9
25 

1.6
20 

0.1
00 

Pb 
0.616 

8.7
02 

0.6
20 

1.5
38 

0.9
06 

0.3
92 

0.6
49 

Cr 
0.612 

5.3
31 

0.6
31 

1.6
52 

0.4
35 

0.7
90 

0.3
32 

   
Both pseudo-first and second-order adsorption were used to 
describe the sorption of heavy metals. In both models, all the steps 
of adsorption such as internal diffusion, external diffusion and 
adsorption are lumped together and it is assumed that the 
difference between the average solid phase concentration and the 
equilibrium concentration is the driving force for adsorption and that 
the overall adsorption rate is proportional to either the driving force 
(as in the pseudo first order) or the square of the driving force (as 
in the pseudo second order). According to the correlation 
coefficients, both models give satisfactory fits, which vary a lot 
been it that, for the pseudo first order is higher. But the calculated 
adsorption amount at equilibrium shows a difference comparison 
for the pseudo-second order to be a fitting model for Cu, Cr and 
Pb. 
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Conclusion 
TiO2-R nanoparticles were prepared by the sol-gel method, which 
is a current, simple, cost-effective, and environmentally friendly 
synthesis for structural and morphological characterization using 
different techniques. The result revealed the agglomeration, 
stoichiometric, chromophore, and chemical composition. Also, 
results from different techniques confirmed the authenticity of 
G/TiO2-R in the application of wastewater treatment to remove 
various contaminants for safe use. 
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