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Abstract 

Polycyclic aromatic hydrocarbons (PAHs) like naphthalene (NAPH) are environmentally concerning, impacting aquatic life 

and human health, NAPH often originates from industries like plastics, fuels, and dyes. This study presents a cost-effective 

method using rice husk (RH)-derived graphene oxide (GO) to efficiently remove NAPH from water, alongside graphite (G) 

synthesis for comparison. The prepared GO and G were fully characterized via FT-IR, XRD, TEM, and BET, showing GO's 

higher BET surface area. Their NAPH adsorption capacities were studied under various conditions, revealing GO's superiority 

(256.0 µg/g) over G (141.4 µg/g) at pH 5, contact time of 60 min, T = 25 °C and doses of 0.75 g/L (GO) and 1.25 g/L (G). 

Experimental data for GO and G were analyzed using kinetic and isotherm models, indicating a preference for Pseudo-second 

order and Langmuir isotherm for NAPH adsorption. In conclusion, the findings underscore the efficacy of RH-based GO as a 

robust adsorbent for NAPH removal from water, presenting a sustainable and cost-effective avenue for producing GO and its 

promising application in water treatment. 
 
Keywords: Rice husk (RH); Graphene oxide (GO); Graphite (G); Polycyclic Aromatic Hydrocarbons (PAHs); Naphthalene 
(NAPH); Adsorption; Isothermal; kinetics. 

1. Introduction 

PAHs, known as polycyclic aromatic 

hydrocarbons which are organic compounds, are 

present in large amounts in the environment, 

including water, air, and soil, and that result from 

partial fossil fuel combustion, biomass, and other 

organic materials [1, 2]. There are 16 polycyclic 

aromatic hydrocarbons that the US Environmental 

Protection Agency (USEPA) has categorized as 

important pollutants, one of the most frequent PAHs 

is naphthalene (NAPH)[3]. It is commonly used in a 

variety of industrial and household products that 

include widely utilized in the manufacturing of 

plastics, dyes, and solvents, also a result of burning 

fossil fuels, it may be found in crude 

 

 

 

 

 

oil and coal tar. but it is also a frequent 

environmental pollutant found in water, soil, and air 

[2, 4-6].  

Water pollution is an important environmental 

issue caused by the release of various chemicals and 

contaminants into water. PAHs, especially NAPH, 

contribute significantly to water pollution and are 

hazardous to both human health and marine life. In 

aquatic life, it is harmful to fish and other aquatic 

species and can cause a wide range of health issues, 

including death. Furthermore, by lowering the 

quantity of aquatic species at the bottom of the food 

chain, NAPH could affect the food chain. In human 

health, it can cause headaches, nausea, and 
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respiratory issues when swallowed or inhaled. Long-

term NAPH exposure can potentially raise the risk of 

cancer. Furthermore, NAPH can contaminate 

groundwater by accumulating in sediments and soil 

over time and contaminate drinking water, causing a 

variety of diseases, particularly in individuals like 

children and pregnant women [7-10]. So, individuals 

and industries must take action to prevent NAPH 

contamination and appropriately dispose of NAPH-

containing products in order to protect our water 

supplies. Thus, Multiple methods such as catalytic 

degradation, photocatalytic degradation, and 

biodegradation have been used to remove NAPH 

from industrial wastewater and aquatic systems. 

These techniques' use has several limitations, such 

as most contaminants are not very biodegradable. 

Additionally, when pollutants degrade, a few known 

and unknown metabolites are produced, some of 

which may be more harmful than the original 

chemical [11-14]. One of the potent, high-

performance, diverse, and easy-to-use techniques is 

adsorption. It is a technique that removes 

contaminants from a fluid by attracting them to the 

surface of adsorbent material [15, 16]. 

Agricultural waste, such as rice husk (RH), is a 

significant environmental hazard due to its vast 

volume and slow decomposition rate. However, 

recent research indicates that RH may be turned into 

useful materials such as graphite (G) and graphene 

oxide (GO), which have the potential for a variety of 

environmental applications such as the adsorption of 

contaminants from water [17-20]. GO has special 

characteristics that make it excellent for environmental 

applications, such as large surface area, excellent 

adsorption capacity, and chemical stability. G may be 

obtained from RH through a technique known as 

pyrolysis to form a carbon-rich substance. This 

material may then be treated further to make GO, 

which has a higher adsorption capacity due to its 

highly porous and layered structure [21-23]. Multiple 

environmental and health advantages result from the 

conversion of RH into G and GO for use in water 

treatment. Firstly, it reduces the environmental effect 

of agricultural waste by finding a useful use for it 

instead of simply throwing it in landfills. Secondly, 

the utilization of GO for the removal of contaminants 

from water can enhance water quality for both human 

and environmental health by minimizing the risk of 

exposure to dangerous chemicals like NAPH [24-26].  

In this paper, we prepare G and GO from RH, as 

well as study the adsorption of NAPH from water 

using G and GO. It has been investigated how NAPH 

adsorption is impacted by contact time, G and GO 

dosage, and pH. NAPH 's adsorption on G and GO 

was further assessed using Langmuir and Freundlich 

isotherms. in addition to Dubinin–Kaganer–Raduskevich 

(DKR) model, Temkin, and Kinetics studies. G and 

GO can be recycled for NAPH removal. Furthermore, 

recycled NAPH can be utilized for further 

commercial purposes. So, this study could contribute 

to mitigating the impact of agricultural waste on the 

environment and human health. Additionally, the use 

of GO could contribute to industrial wastewater 

treatment by removing NAPH. 

 

2. Materials and Methods 

2.1. Materials 

2.1.1. Collection and preparation of samples 

 

RH collected from Fayoum City in Egypt, 

underwent a process of washing with distilled water 

to remove any dirt or impurities. Subsequently, it was 

dried at a temperature of 105 °C for a duration of 90 

minutes. 

 

2.1.2. Chemicals and Glasses 

GO was synthesized from G derived from RH, 

while all the chemicals utilized in the experimental 

procedure were procured from Merck, Germany. The 

chemicals used included Hydrogen Fluoride (HF), 

Sodium Nitrate (NaNO3), Sulfuric Acid (H2SO4, 

98%), Potassium Permanganate (KMnO4), Peroxide 

Acid (H2O2, 30%), Hydrochloric Acid (HCl, 37%), 

and NaOH from Supelco (Sigma Aldrich, USA). The 

NAPH standard used in the study was obtained from 

AccuStandard (USA)1000 µg/mL in MeOH, while 

Methanol (HPLC grade) was purchased from Sigma 

Aldrich (USA). The glassware used in the experiment 

was of grade A from (Normax, Portugal), and Milli-

Q water (≥15.1 Ω-cm) was supplied by the Millipore 

water purification system (Milli-Q). 

 

2.2. Instruments 

2.2.1.  Instruments for G and GO characterization 

The Fourier-transform infrared spectroscopy (FT-

IR) to determine functional groups of G and GO was 

measured using Bruker VERTEX 80 (Germany) 

combined Platinum Diamond ATR, which includes 

comprises a diamond disk as that of an internal 

reflector in the range 4000–400 cm−1 with resolution 

4 cm−1, refractive index 2.4.  

The X-ray diffraction (XRD) measured the 

crystalline phase of G and GO by Model XPERT-

PRO-PANalytical (Netherland) that Anchor Scan 

Parameters are: Start position 4.0100, end position 

79.9900, step size 0.0200, scan step time (S) 0.5000, 

scan type is continuous, measurement temperature 25 

°C, anode material Cu, K-alpha1 (A) 1.54060, K-

Alpha2 (A) 1.54443, K-Beta (A) 1.39225, K-A2/K-

A1ratio 0.5000, and Generator settings 30mA,45 kV. 

 The transmission electron microscope (TEM)  

used for the purpose of imaging, crystal structure 

revelation, and elemental analysis "qualitative and 

semi-quantitative analysis by Model Tecnai G20, 
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Super twin, double tilt (Netherland), Applied voltage: 

200 KV, Magnification Range: up to 1,000,000 X, 

Gun type is LaB6 Gun, two imaging modes were 

employed, namely bright field imaging using a LaB6 

electron source gun with an electron accelerating 

voltage of 200 KV, and diffraction pattern imaging. 

A CCD camera with a resolution of 4k*4k was used 

to acquire and collect transmitted electron images. To 

acquire and analyze EDX peaks, TEM Imaging & 

Analysis (TIA) software was utilized for spectrum 

acquisition and analysis.  

The specific surface area and total pore volume 

were investigated using the Brunauer-Emmett-Teller 

(BET) method using a high-throughput surface area 

and pore size analyzer (BELSORP MAX, Japan) 

[27]. 

 

2.2.2.  Instruments for experimental work  

Purge Gas Chromatography-Mass spectrometry 

(Purge GC-MS) is used for measuring the 

concentration of NAPH in aqueous solution by Purge 

Model OI Analytical Eclipse 4660, and GS-MS 

Model 7890AGC system, 5975C inert MSD with 

triple axis detector (Agilent, USA) with Flow 1 for 8 

minutes, then increase with rate 0.5 to Flow 2. The 

type of column is DB-VRX with a length of 60 

meters, inner diameter of 250 µm, and film thickness 

of 1.4 µm.  

The solution's pH was measured by using the pH 

Jenco 6173 Model (USA) and corrected using 1 

mol/L H2SO4 or NaOH.  

Digital Orbital Shaker used for shaking the 

aqueous solution with 120 rpm by Model SHO-2D, 

(Korea). Digital analytical balance ADAM, Model 

PW214, (England). 

 

2.3. Methods 

2.3.1.  G Preparation 

RH was dried in a dry oven where it was filtered 

and ground. then put in a furnace and burned for 

three hours at 550 °C at atmospheric pressure. It is 

very silica-rich. As a result, HF was used to eliminate 

silica. 30 mL of 40% HF was used to dissolve 10 g of 

G, which was then heated and stirred for three hours. 

The suspension was then dried after being cleaned 

with distilled water [28]. 

 

2.3.2. GO Preparation 

By using the modified Hummers method as shown 

in Figure 1, 5g of prepared G was added carefully to 

2.5 g of NaNO3 and 115 mL of H2SO4 (98%) in an 

ice bath to prevent raising in the temperature, with 

stirring for 2 hours, then gradually add 15 g of 

KMnO4 with stirring for 2 hours. Once the ice bath 

was eliminated, the reaction mixture was stirred for 

30 minutes while being covered with aluminum foil, 

resulting in the formation of a brown paste. 

Subsequently, the reaction mixture was carefully 

diluted with 230 mL of DI water, ensuring that the 

temperature remained below 100 °C.  While stirring 

the mixture for an hour, 700 mL of DI water was 

added to dilute it. Following that, 10 mL of 30% 

H2O2 was introduced, causing the mixture to 

transform into a yellow color. The resulting mixture 

underwent centrifugation and was washed multiple 

times using a 5% HCl aqueous solution and DI water. 

Lastly, the resulting solid was dried at 60 °C for 24 

hours, resulting in a loose brown powder [23, 29]. 

 

 
Figure 1. Preparation of GO from G by modified Hummer’s 

methods [30]. 

 

2.3.3. Preparation of NAPH solution 

The chemical formula for NAPH is C10H8, 

Molecular weight is 128.2 and CAS.NO is 91-20-3. It 

is a white, crystalline solid, that slowly dissolves at 

room temperature and has a characteristic odor with a 

melting point of 80.5 °C and a boiling point of 218 

°C, and its solubility in water is 31.7 mg/L. The 

partial pressure of its vapor is 0.087 mmHg at 25 °C, 

and   Log Kow “Kow: octanol–water partition 

coefficient” is 3.33. The toxic Equivalent Factor 

(TEF) is 0.001. The Chemical Structure of NAPH is 

shown in Figure 2 [1, 9, 31]. 

 

                   
Figure 2. Structure of naphthalene (NAPH). 

 

NAPH stock standard concentration of 200 μg/mL 

was prepared in methanol by NAPH standard 

solution 1000 μg/mL then NAPH aqueous solution of 

200 μg/L was prepared in fresh Milli-Q water. 

Calibration of NAPH with concentration levels of 5, 

10, 20, 30, and 50 μg/L were prepared in fresh Milli-

Q water. Samples and the NAPH stock standard were 

kept in sealed glass and kept at 4 °C in the 

refrigerator. 

 

2.3.4. Adsorption studies 

At room temperature, the adsorption of NAPH 

from aqueous solutions on adsorbents was studied. 

Several tests were conducted using 500 mg/L of 

adsorbent and 200 µg/L of adsorbate in order to 

investigate the effects of time, pH, and adsorbent 

dosage on the adsorption processes. 50 mg of 

adsorbent and 0.1 L of NAPH aqueous solution are 

added to each of 100 mL closed conical flasks. Every 
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ten minutes during 60, (120, and 180 minutes), the 

covered conical flasks were shaken on a Digital 

Shaker at 120 rpm at a constant temperature 25 °C. 

Double Rings 102 filter paper was used to filter the 

sample. A Purge GC-MS was used to quantify the 

initial and equilibrium concentrations of the aqueous 

solutions. The removal efficiency (R%) was 

calculated by using Eq.1, and the quantity of 

adsorption (qₑ µg/g) by using Eq. 2: 
 

𝑅% =
𝐶˳ − 𝐶𝑒

𝐶˳
× 100 (1) 

 

𝑞𝑒 =
𝐶˳ − 𝐶𝑒

𝑤
× 𝑣 (2) 

 

Where 𝐶𝑜 indicates to the initial concentration of 

adsorbate (µg/L), 𝐶𝑒 indicates the concentration of 

adsorbate solution (µg/L) at time t, 𝑣 corresponds 

to the volume of the solution (L), and 𝑤 indicates the 

weight of adsorbent (g) [32].  

The effect of the adsorbent dose was investigated 

using adsorbent weights of 0.025, 0.05, 0.1, 0.125, 

and 0.15 g in 100 mL of 200 µg/L of NAPH, while 

the effect of pH was examined using pH values of 3, 

5, 7, 9, and 11; the pH was modified using 1 mol/L 

H2SO4 or NaOH. 

 

2.3.5. Adsorption Isothermal 

The Langmuir and Freundlich isothermal models 

of adsorption were suited using various 

concentrations of adsorbate at room temperature. In 

the Langmuir isothermal model, NAPH adsorption 

occurs as a monolayer on the adsorbent's outer 

surface [33, 34], as shown by the expression: 
 

𝑞𝑒 =
𝑞𝑚𝑎𝑥 ∗ 𝑏𝐶𝑒

1 + 𝑏𝐶𝑒
 (3) 

Eq. 3's linearized version is as follows: 
     
𝑐𝑒

𝑞𝑒
=

1

𝑞max ∗ 𝑏
+ (

1

𝑞max
) 𝑐𝑒    (4) 

 

Where 𝑐𝑒 is the NAPH equilibrium concentration 

in solution (µg/L), 𝑞𝑒 is the quantity of NAPH sorbed 

per unit mass of adsorbents (µg/g), and 𝑞maxand b are 

the Langmuir constants for monolayer sorption 

capacity (µg/g) and the equilibrium constant of 

Langmuir (L/µg), respectively. By 𝐶˳ initial 

concentration of NAPH in solution and calculated 

Langmuir constant equilibrium (b), we get the 

constant dimensionless separation factor RL as 

following Eq.: 

𝑅𝐿 =
1

1 + 𝑏𝐶˳
 (5) 

According to RL, the form and favorability of the 

adsorption between adsorbents and NAPH may be 

explained. The value of RL shows whether the 

isotherm has an unfavorable (RL>1), a linear shape 

(RL = 1), a favorable (0 <RL<1), or an irreversible (RL 

= 0) [35]. 

The Freundlich model indicates that NAPH 

adsorption occurs in multilayer and heterogeneous 

adsorption. The model's expression can be shown as : 

 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1∕𝑛

 (6) 

 

The following constants and logarithms can be used 

to make this expression linear: 

 

𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔𝑘𝑓 +
1

𝑛
𝑙𝑜𝑔 𝐶𝑒 (7) 

Where 
1

𝑛
 is the adsorption intensity, which is 

correlated with the heterogeneity of the adsorbent 

surface, and 𝐾𝑓 is the adsorption capacity (L/µg) for 

the adsorbent [36].  

Dubinin–Kaganer–Raduskevich (DKR) isotherm 

is used to determine the apparent energy of NAPH 

adsorption onto adsorbent and has the following 

linear form [37, 38]: 

 
𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝑞𝑚𝑎𝑥 − 𝛽𝜀2 (8) 

 

𝜀 = 𝑅𝑇 𝑙𝑛 (1 +
1

𝑐𝑒
)   (9) 

Where 𝑞𝑚𝑎𝑥  stands for maximal sorption capacity 

(µg/g), 𝛽 for an activity coefficient constant relating 

to sorption energy, and 𝜀 for Polanyi potential. the 

mean free energy (E) of sorption per sorbate 

molecule transported to the solid's surface from 

infinity in the solution as following Eq. [32, 39]: 

 

𝐸 =
1

√2𝛽
 (10) 

 

If E is between 8 and 16 kJ mol-1, the adsorption 

process is mostly based on an ion exchange 

mechanism. If E is less than 8.0 kJ mol-1, physical 

interactions can explain the adsorption. Adsorption 

can be explained by chemical interactions if E is 

more than 16 kJ mol-1[32]. 

The Temkin isotherm is commonly used to non-

uniform sorption heat distribution [40]. 

 

𝑞𝑒 =
𝑅𝑇

𝑏
𝑙𝑛 𝐴 +

𝑅𝑇

𝑏
𝑙𝑛 𝐶𝑒 (11) 

 

The equilibrium binding constant, A (L /mol), 

represents the highest possible binding energy. B is 

the adsorption's heat constant. where: B= 
𝑅𝑇

𝑏
 constant 

correlated to the heat of sorption (J/mol) derived from 
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the Temkin plot (𝑞𝑒 versus ln 𝐶𝑒); R= universal gas 

constant (8.314 𝐽. 𝑚𝑜𝑙−1. 𝐾−1) T= Temperature (25 

°C= 298 K) [41]. 

 

 

2.3.6.  Adsorption kinetics 

To accommodate the experimental data, several 

kinetic models were used, including the Pseudo-first 

order model, the Pseudo-second order model, and the 

Intra-particle diffusion model. Adsorption kinetics 

equations are as following: 

 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 − (
𝑘1

2 ⋅ 303
) 𝑡 (12) 

 

𝑡

𝑞𝑡
= (

1

𝑘2𝑞𝑒
2) + (

1

𝑞𝑒
) 𝑡 (13) 

 
𝑞𝑡 = 𝑘𝑖𝑡0.5 + 𝐶 (14) 

 

Where Eq.12, Eq.13, and Eq.14 are the Pseudo-

first order model, the Pseudo-second order model, 

and the Intra-particle diffusion model, respectively. 

𝑞𝑡 and 𝑞𝑒 the quantities of NAPH adsorbed (µg/g) at 

time t and equilibrium, respectively. 𝑘1 (min-1) and 

𝑘2 (g.µg-1  .min-1) are the adsorption rate constants of 

the Pseudo-first order and Pseudo-second order 

expressions, respectively, 𝑘𝑖 is the Intra-particle 

diffusion rate constant (µg. g-1. min1/2).  𝐶; The 

boundary layer thickness constant (µg/g) [41, 42]. 

 

3. Results and Discussion 

3.1. Characterization of adsorbents 

3.1.1. FT-IR spectroscopy analysis 

FT-IR analysis helps us understand the chemical 

bonds and functional groups in G and GO and how 

they affect the adsorption of NAPH. As seen in 

Figure 3  depicts the FT-IR of G, It is a two-

dimensional (2D) structure made up of parallel layers 

of hexagonal rings of carbon atoms sp2 hybridized. 

There are no prominent peaks in the FT-IR spectra of 

G that are relevant to any functional groups, but weak 

bands may occur [43, 44]. But in FT-IR spectrum of 

GO, because of the existence of oxygen functional 

groups, GO often exhibits numerous absorption 

bands as compared to G. a broad absorption band at 

3277 cm-1, corresponding to hydroxyl and carboxyl 

group stretching vibrations, as well as a significant 

absorption band about 1721 cm-1, which corresponds 

to the stretching vibration of carbonyl groups, are the 

most notable bands in GO. The C-O may be seen in 

the band at 1418 cm-1, 1222 cm-1 indicates about the 

C-O stretching of epoxy groups, and a significant 

peak from the vibration of water adsorbed on GO 

superposed with C=C stretching of the graphitic basal 

plane at 1620 cm-1, the mode at 1031cm-1 indicates 

C-O-C stretching of alkoxy groups [45-47]. FT-IR 

may also be used to determine the degree of 

oxidation in GO samples. The intensity of the 

absorption band at 1721 cm-1 is widely used to 

determine the degree of oxidation. as it rises with 

increasing oxidation due to additional carbonyl 

groups present on the GO surface [48]. 
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Figure 3.  FT-IR spectrum of G and GO. 

 

3.1.2. XRD analysis 

XRD is a method that provides specific details on 

the material's chemical composition and crystalline 

structure. It is a special instrument that may also be 

used to find the existence of phases in a substance. to 

acquire G's structural information, as shown in Figure 

4 main peak was noted at [°2θ] = 26.6, similar to the 

G (002) reflection [49, 50]. while GO’s structural 

information, main a broad peak at [°2θ] = 10.97, 

similar to the GO (001) reflection, is attributed to the 

GO surface's oxygen-containing functional groups 

[51], this referred to G which has been transformed 

into GO [52]. 
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Figure 4. XRD pattern of G and GO. 

3.1.3. TEM  

As shown in Figure 5, the TEM images of GO 

revealed a thin, transparent sheet-like structure with a 

wrinkled or folded appearance. The wrinkles and 

folds are caused by the GO surface's oxygen 
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functional groups, which induce mechanical tension 

and curvature into the graphene lattice [52, 53]. The 

multilayered structure in GO may indicate pieces that  

have not been entirely exfoliated or have been 

restacked together as a result of electrostatic contact, 

capillary, and Van der Waals forces during the 

dispersion process [54]. 

3.1.4. BET analysis 

It can offer valuable data on the specific surface 

area of G and GO and explains gas molecule physical 

adsorption on a solid surface. the N2 adsorption-

desorption isotherm and pore size distribution of G 

and GO were calculated and illustrated in Figure 6. 

Referring to the data presented in Table 1 from the 

BET analysis, the SBET of G is 9.9769 m2g-1 and the 

pore size is 57.309 nm, but the SBET of GO is 123.0 

m2g-1 and the pore size is 26.866 nm which is much 

higher than G. GBET analysis often reveals a type II 

isotherm [55], C = 27.14, where C <1, which is 

typical of a material with a non-porous surface, 

which total pore volume (P/P˳=0.951) 0.1429 cm3g-1. 

This is due to G's generally flat, smooth surface, 

which has few flaws or surface imperfections. G 

typically has a little amount of gas adsorbed on it, 

and its specific surface area is also small [56]. The 

SBET of GO, on the other hand, is substantially larger 

because of its extremely porous structure, which has 

a total pore volume (P/P˳=0.944) 0.8261 cm3g-1 and 

contains numerous flaws and surface imperfections 

[57]. A type IV isotherm, which is indicative of a 

mesoporous substance with a moderately narrow 

range of pore sizes, is frequently seen in the BET 

analysis of GO whose mesopores range from 2-50 

nm [55]. In comparison to G, GO has a much higher 

amount of gas adsorbed on its surface and a larger 

specific surface area [57]. 

 
Figure 5. TEM image of GO. 
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Figure 6. (a) adsorption and desorption isotherm of G and GO 

(adsorptive N2, adsorption temp 77[k]), (b) NLDFT/GCMC pore 

size distribution analysis of G and GO (adsorptive N2, adsorption 

temp 77[k]). 

 
Table 2. Selected properties of G and GO in BET analysis. 

 

3.2. Effect of contact time 

At room temperature (25 ± 0.2 °C), using a mass 

adsorbent of 0.5 g/L, an initial pH = 5, and an initial 

NAPH concentration of 200 µg/L, the effect of 

contact time on G and GO's ability to remove NAPH 

was investigated. At various contact times for 10-60 

min at time intervals of 10 min then 120 min, and 

180 min, the removal percentage of NAPH was 

determined. As shown in Figure 7, NAPH may be 

adsorbed on G and GO in three stages: the first quick 

adsorption stage, the slower adsorption stage, and the 

equilibrium stage. This process is often time-

dependent [58]. As in the case of G and GO, the 

removal rate increases before slowing down until 

equilibrium is reached after 60 minutes, at which 

point the removal rate becomes a minor influence 

until 180 minutes. The decrease in rate over time 

might be explained by the reduced availability of GO 

and G active sites. where GO has a higher removal 

rate than G due to more adsorption sites available on 

the surface of GO compared to G, resulting in greater 

accessibility [59]. 
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Figure 7. Effect of contact time on the removal of NAPH using G 

and GO. [NAPH] = 200 µg/L; G and GO dose = 0.5 g/L; T = 25 

°C; and pH = 5. 

3.3. Effect of the adsorbent dose 

At room temperature (25 ± 0.2 °C), several doses 

of the adsorbent (G and GO) were added to 100 mL 

of a 200 µg/L solution of NAPH for an optimal 

shaking time 60 minutes, and pH = 5 to investigate 

the impact of the adsorbent dose. In Figure 8, the rate 

of increase in adsorption of NAPH on G and GO 

increases rapidly at initially but gradually slows. The 

results show that as the adsorbent dose is increased, 

NAPH adsorption increases dramatically till 

0.075g/100 mL for GO and 0.125 g/mL for G 

because the GO surface has a greater number of sites 

for adsorption than the G surface. The dosage of GO 

and G had no discernible effects above this level. In 

Adsorbent 

Surface 

area SBET 

m2g-1 

Total 

Pore 

volume 

Cm3g-1 

P/Po 

Mean 

pore 

diameter 

nm 

G 9.9769 0.1429 0.951 57.309 

GO 123.00 0.8261 0.944 26.866 
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the case of GO, as the dosage of GO increased from 

0.025 to 0.075 g/100 mL, the removal percentage of  

NAPH increased from 64.9% to 97.8%. On the other 

hand, for G, as the dosage increased from 0.025 to 

0.125 g/100 mL, the removal percentage of NAPH 

increased from 53.1% to 89.8% [60]. This is because 

more absorbent is utilized, resulting in more active 

sites for adsorbate. However, because the solution 

contains fewer NAPH molecules, the NAPH 

molecules are less easily accessible on the adsorbent 

surface [61]. 
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Figure 8.  Effect of dose of G and GO on the removal of NAPH. 

[NAPH]= 200 µg/L; time = 60 min; T = 25 °C and pH = 5. 

 

3.4. Effect of pH 

At room temperature (25 ± 0.2 °C), studying the 

impact of solution pH by using 100 mL of NAPH 

solution with a concentration of 200 µg/L containing 

0.075 g/100 mL of GO and 0.125 g/100 mL of G in 

the pH range (3, 5, 7, 9, 11). To adjust the pH of the 

solution, 1 mol/L sulfuric acid and sodium hydroxide 

were utilized. As shown in Figure  9, the adsorption 

of NAPH on GO and G was almost independent of 

solution pH over the investigated pH range because 

NAPH was non-ionizable. However, its pH 3 

adsorbed level was a little high [62]. 
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Figure  9. Effect of pH on removal of NAPH using G and GO. 

[NAPH] = 200 µg/L; time = 60 min; T = 25 °C and G and GO dose 

= 0.125 and 0.075 g/100 mL, respectively. 

3.5. Modeling of adsorption isotherm 

For monolayer adsorption at specified 

homogenous locations on the G and GO surfaces, the 

Langmuir isotherm is often utilized. As shown in 

Figure 10, by using Eq. 4 when plotting Ce/qe against 

Ce for the Langmuir isotherm, straight lines were 

obtained. Based on the initial concentration Co and 

the Langmuir constant b, use Eq. 5 to calculate the 

separation factor, RL, as given in Table 2. The value 

of RL denotes the previous equation was positive and 

less than one, (0 >RL> 1),  indicating that NAPH 

adsorption onto G and GO is favorable [41].  

The Freundlich isotherm is widely used in 

heterogeneous surface energy systems. By Eq. 7, as 

indicated in Figure 11, the graph that results from 

plotting log qe vs log Ce for the Freundlich isotherm 

has an intercept of Kf and a slope of 1/n. As seen in 

Table 3, The Freundlich isotherm shows that the 1/n 

values are between 0 and 1, which indicates that 

NAPH adsorption onto G and GO is favorable, and 

the surface of G and GO with NAPH are strongly 

bound where the values of n in the 1-10 range 

indicate that NAPH favorable adsorption onto G and 

GO [63]. The high kf values show that both G and 

GO have a strong NAPH adsorption capacity and 

affinity [29].  

As shown in Figure 12, Dubinin–Kaganer–

Raduskevich (DKR) Isotherm, by Eq. 8, The DKR 

parameters are derived from the slope of the plot of ln 

qe against ε2, which yields β (mol2/J2), and exp 

(intercept), as shown in Table 4 which yields qmax 

(µg/g). By Eq. 10, the mean free energy (E) of G and 

GO are 250 Jmol-1, and 845.2 Jmol-1, respectively. 

That is greater than 16 in both cases of G and GO, so 

it indicates that the sorption process is chemical [32]. 

As shown in Figure 13, the Temkin isotherm, by 

Eq. 11, we obtained straight lines while graphing qe 

versus ln Ce. Get the Temkin isotherm constant (b) 

from the line's slope, B=RT/b, and the Temkin 

isotherm equilibrium binding constant (A), which 

represents the maximum binding energy, from the 

line's intercept, RT/b ln A, as indicated in Table 4 

[40].  

 According to the R2 results, the Langmuir 

isotherm is more suited for NAPH adsorption on G 

and GO where correlation coefficient (R2) are 0.996, 

and 0.998, respectively. demonstrating that the 

Langmuir adsorption model accurately simulates the 

experimental results and demonstrating that the 

adsorption is monolayer [64, 65]. This implies that 

the adsorbent's surface, the arrangement of molecules 

on the surface of the adsorbent, and the nature of the 

interaction between NAPH and the adsorbent are all 

variables in the sorption capabilities [61]. 
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Table 3. Values RL of initial concentrations of NAPH adsorption 

on (G) and (GO). 
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Figure 10. Langmuir isotherm of NAPH adsorption on a- (G) and 

b- (GO). 
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Figure 11. Freundlich isotherm of NAPH adsorption on a- (G) and 

b- (GO). 

 
Table 4. Langmuir, Freundlich, and R2 values of NAPH adsorption 

on G and GO. 
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Figure 12. DKR  isotherm of NAPH adsorption on a- (G) and b- 

(GO). 
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Figure 13. Temkin isotherm of NAPH adsorption on a- (G) and b- 

(GO). 

Table 5: DRK, and Temkin constants and R2 values of NAPH 

adsorption on G and GO. 

 

3.6.  Adsorption kinetics 

3.6.1.  Pseudo-first order and pseudo-second order 

The adsorption kinetics were investigated using 

the Pseudo-first order and Pseudo-second order 

kinetic models. As seen in Figure 14 when log (qe-qt) 

vs. time was plotted, A linear relationship was 

observed for both G and GO when applying the 

Pseudo-first order model. The R2 values obtained 

were 0.820 for G and 0.755 for GO. In contrast, 

Figure 15 illustrated the R2 for the straight line 

resulting in the plot of t/qt and t for the Pseudo-

second Order model for G and GO was 0.878 and 

0.891, respectively. as shown in Table 5, Based on 

the R2 values, the Pseudo-second order model is more 

effective and yields higher accuracy compared to the 

Pseudo-first order model. The calculated adsorption 

capacity (qe,cal) derived from the Pseudo-second 

order model demonstrates better consistency than the 

experimental adsorption capacity (qe,exp) [65], also 

by calculating the square sum of errors (SSE). 
 

𝑆𝑆𝐸 = ∑
(𝑞𝑒(exp.) − 𝑞𝑒(𝑐𝑎𝑙.))

2

𝑞𝑒(𝑒𝑥𝑝.)

 (15) 

 

It can be used to find the perfect fit for kinetics 

models, the lowest value SSE is the best, it is clear 

from Eq. 15, Pseudo-second order has a lower SSE 

than Pseudo-first order [41]. Chemical adsorption 

was shown to contribute to kinetic data modeling 

because of the interaction of π electrons of NAPH 

with the surface of G and GO. These results indicate 

that the adsorption rate is likely controlled by 

chemisorption, wherein chemical bonds are formed 

between the functional groups on the adsorbent's 

surface and the NAPH molecules. Because of the 

larger surface area and a greater number of functional 

groups on the GO surface, NAPH adsorption on GO 

is often quicker than on G. However, it is important 

to note that the adsorption kinetics can be influenced 

by other factors, such as the initial concentration of 

NAPH in the solution [66]. 

 

3.6.2. Intra-particle diffusion 

It provides a useful tool to better understand how 

NAPH is absorbed onto G and GO. According to this 

model, the rate of adsorption is regulated by the 

movement of the NAPH within the pores of the 

adsorbent particles. By Eq. 14 For the Intra-particle 

diffusion model, Figure 16 When plotting the 

Co µg/L RL (G) RL(GO) 

100 0.17 0.07 

150 0.12 0.05 

200 0.09 0.04 

250 0.08 0.03 

Adsorbent 

Langmuir Constants Freundlich Constants 

qe                 b                R2 1/n             n             Kf            R2 

G 277.78 0.050 0.996 0.577 1.73 24.2 0.993 

GO 666.67 0.138 0.998 0.685 1.46 90.3 0.996 

Adsorbent 
DKR Constants Temkin Constants 

     qmax          E             R2         b              A             B           R2 

G 159.35 250.0 0.915 38.0 0.42 65.27 0.995 

GO 319.19 845.2 0.955 17.3 1.37 143.3 0.994 
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relationship between qt and t0.5, it is expected to 

observe a straight line. However, it is important to 

note that the line may not pass through the origin, 

indicating the presence of additional mechanisms 

involved in the adsorption process [61]. The intra-

particle diffusion model applies to NAPH adsorption 

onto both G and GO, demonstrating that NAPH 

diffusion within adsorbent particle pores is a 

significant mechanism in the adsorption process. 

However, as seen in Table 6 the rate constant ki for 

NAPH adsorption onto GO (51.39 µg.g.min0.5) is 

generally greater than that for NAPH adsorption onto 

G (46.48 µg.g.min0.5). The findings suggest that the 

presence of a larger surface area and increased 

functional groups on the GO surface leads to faster 

adsorption of NAPH. However, when the adsorbent 

particle size decreases, external mass transfer 

mechanisms become more influential. This can result 

in a decrease in the overall contribution of Intra-

particle diffusion to the adsorption process [49]. 
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Figure 14. Pseudo-first order of NAPH adsorption on a- (G) and b- 

(GO). 
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Figure 15. Pseudo-second order of NAPH adsorption on a- (G) and 

b- (GO). 
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Figure 16. Intra-particle diffusion of NAPH adsorption on a-(G) 

and b- (GO). 

 
Table 6. Constants and R2 values of Intra-particle diffusion of G and GO. 

 

 

 

 

 

 

3.7. Desorption and reusability experiments 

For eight cycles, the adsorption-desorption studies 

were performed at room temperature. Using a 

mixture of methanol and 2%NaOH solution(1:1) 

[67], NAPH's quantitative desorption was 

accomplished from G and GO where after filtration 

and washed with distilled water, can be reused 

several times. Figure 17 illustrates in the case of GO, 

more than 90% of the desorption process was 

effective up to six cycles, but in the case of G, more 

than 80% up to 5 cycles. The reusability of G and GO 

shows that the adsorbent is inexpensive and practical 

and that it may be evaluated and used in wastewater 

treatment [61]. 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Constants, SSE, and R2 values of Pseudo-first order and Pseudo-second order of NAPH adsorption on G and GO. 

Adsorbent 
Intra-particle diffusion 

Ki R2 

G 46.48 0.969 

GO 51.39 0.980 

Adsorbent qe (exp) 

Pseudo-first order Pseudo-second order 

qe (cal) SSE K1 R2 qe (cal) SSE K2 R2 

G 141.44 797.99 3048 0.085 0.820 625.00 1653 2.40E-5 0.878 

GO 256.00 880.85 1525 7.83E-2 0.755 714.29 820 1.93E-5 0.891 
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Figure 17. Recycle of G and GO. 

 

4. Conclusion 

 

The conclusion of this study, GO produced from 

RH has been shown to be an effective material for 

NAPH adsorption from aqueous solutions. These 

materials offer various advantages, including low 

cost, ease of supply, and environmental friendliness, 

making them viable alternatives to traditional 

adsorbents. The adsorption process of NAPH on GO 

is influenced by multiple factors, including contact 

time, and the amount of GO used. The adsorption of 

NAPH on GO was not significantly influenced by the 

pH of the solution. This advantageous quality of GO 

offers practical benefits, particularly when dealing 

with wastewater that may have varying pH levels. 

The adsorption process follows the pseudo-second 

order kinetics and can be described by the Langmuir 

isotherm model, indicating the formation of monolayer 

adsorption on the surface of GO. Overall, the 

findings suggest that GO has the potential for use in 

environmental applications as a good adsorbent for 

removing NAPH from contaminated water. 
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