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Abstract 

This study developed a sustainable activated carbon (AC) from corn cob agricultural waste for efficient 

chloramphenicol (CP) removal from aqueous solutions and to improve the predictive understanding of 

the adsorption process. Microwave-assisted physicochemical activation using potassium hydroxide 
(KOH) was optimized through response surface methodology (RSM), with activation time, microwave 

radiation power, and impregnation ratio (IR) identified as the key preparation variables. Under the 

optimal conditions (3.86 min, 616 W, and 2.5 g/g), the resulting AC achieved a yield of 16.6% and a 

CP adsorption capacity of 20.2 mg/g. The optimized AC exhibited a high BET surface area (832.68 

m²/g), a mesopore-dominated pore structure (mesoporous surface area of 623.45 m²/g), a pore volume 

of 0.09067 cm³/g, and an average pore diameter of 1.93 nm, leading to a maximum experimental 
adsorption capacity of 20.68 mg/g at 30 °C. In addition, a mass transfer (MT) model was successfully 

applied to predict an equilibrium adsorption capacity of 21.48 mg/g with a low average error of 3.29% 

and R² ≥ 0.90. By integrating process optimization with mass transfer modeling, this study improves 
the understanding of CP adsorption and provides a practical framework for designing efficient, waste-

derived adsorbents for antibiotic-contaminated water treatment.  
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1- Introduction 

Chloramphenicol (CP) is a broad-spectrum antimicrobial agent effective against a wide range of bacteria and other 

microorganisms. CP is produced in large quantities due to its high stability and efficient bacteriostasis for treating human 

diseases, animals, and shrimp farming [1, 2]. It is particularly unique in the treatment of severe infections such as typhoid 

fever, meningitis, and other life-threatening illnesses, where other antibiotics are considered ineffective [3]. The 

increasing demand for CP, particularly in developing nations, owing to its high therapeutic efficiency and cost-
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effectiveness, has resulted in significant chemical pollution of surface water, wastewater, and groundwater [4]. However, 

due to its genotoxic and carcinogenic effects, such as aplastic anemia, thrombocytopenia, leukopenia, myelosuppression, 

and baby syndrome, CP has been prohibited in feed production in numerous countries [5]. Hence, the presence of CP in 

wastewater has become a great concern to environmentalists. 

A variety of water treatment processes, such as adsorption, membrane filtration, oxidation processes, and 

photocatalysis, have been explored in treating antibiotics in wastewater [6, 7]. However, the problems of high cost, large 

quantity of reagent requirements, frequent electrode replacement, and complex operating procedures have been 

associated with the membrane filtration, oxidation process, and photocatalysis processes [8-11]. The adsorption process, 

on the other hand, is a simple process with a broad range of applications and is therefore regarded as an efficient treatment 

for antibiotics in wastewater with fewer challenges associated with other methods [12]. 

The adsorption technique is a separation process widely employed in various fields, including purification processes, 

environmental remediation, and catalysis [13]. The process involves the accumulation of substances at an interface, 

known as the “adsorbate,” while the solid material utilized in the adsorption process is termed the “adsorbent” [14]. The 

mechanism of adsorption is hinged on the attractive forces between the adsorbate molecules and the surface of the 

particular adsorbent [15]. The application of activated carbon (AC) as an adsorbent offers a cost-effective and efficient 

alternative due to its high adsorption capacity, low energy requirements, and minimal byproducts [16, 17]. However, 

commercial AC, derived from non-renewable resources, is not only expensive but also has limited application. The AC 

produced from agricultural waste, on the other hand, is a sustainable and cost-effective solution that has garnered 

significant interest owing to its abundance, cost-effectiveness, and great adsorptive capacities for antibiotic removal, 

which have been studied extensively [18, 19]. 

The exceptionally high surface area and porous structure of AC enhance its ability to capture and retain organic 

pharmaceutical contaminants from wastewater [20, 21]. The porous structure of AC makes it particularly effective at 

adsorbing the smaller molecules of CP, demonstrating superior adsorption capacities compared to other materials [22]. 

Despite the growing interest in the adsorption of antibiotics using the AC, there remains a significant research gap in 

developing general predictive modeling for assessing the concentration of antibiotics at the equilibrium stage and their 

adsorption capacity, as well as the adsorbent’s surface area. 

Hence, the need to optimize AC preparation parameters, such as activation temperature, radiation power, activation 

time, and impregnation ratio, is a critical step for improving adsorption performance using the response surface 

methodology (RSM) [23]. The RSM is used to identify optimal conditions while minimizing experimental trials [24, 

25]. Similarly, mass transfer (MT) is a crucial tool in the study of the adsorption process, particularly for removing 

pharmaceutical compounds from aqueous solutions using different adsorbents [21, 26]. The process efficiency is 

significantly influenced by the rate at which pharmaceutical molecules are transferred from the bulk solution to the 

adsorbent's surface, followed by their diffusion within the material's porous structure. Several factors have been 

identified to affect this process, which include pore size, surface area, and the physicochemical interactions between the 

adsorbent and adsorbate. 

The present study adopts a theory-driven framework that integrates statistical optimization and MT principles to 

elucidate the adsorption behavior of CP on microwave-assisted corn cob-derived activated carbon (CCAC). RSM was 

applied based on the theoretical premise that the physicochemical properties of AC and its adsorption performance are 

governed by both individual and interactive effects of key preparation variables, namely activation time, microwave 

radiation power, and KOH impregnation ratio (IR). This approach enables systematic evaluation of nonlinear 

relationships between preparation conditions and adsorption responses while minimizing experimental runs.  

From an adsorption theory perspective in the current research [27], the removal of pharmaceutical compounds is 

primarily controlled by surface area availability, pore size distribution, and surface functional groups, which 

collectively influence pore filling, surface diffusion, and adsorbate–adsorbent interactions. Accordingly, a 

comprehensive characterization of surface area, pore structure, morphology, functional groups, proximate analysis, 

and elemental composition was conducted to link material properties with adsorption performance. In addition, an 

MT model was developed to describe the transport of CP molecules from the bulk solution to the CCAC surface 

and into internal pore structures [28], thereby providing a mechanistic interpretation of adsorption kinetics beyond 

empirical observations. 

2- Material and Methods 

2-1- Materials and Chemicals  

Corn cob (CC) from the sweet corn species was sourced from Changkat Jering, Perak, Malaysia. Chloramphenicol 

(CP), potassium hydroxide (KOH), and phosphoric acid (H3PO4) were all obtained from Sigma Aldrich. CP served as 

the adsorbate, while KOH was employed for the chemical activation step and to adjust the pH of the solution, while 

H3PO4 was also used for pH regulation of the solution. 
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2-2- Experimental Activities 

The flowchart of the research methodology that was used to achieve the study's aims is shown in Figure 1.   

 

Figure 1. Flowchart of overall experimental work 

2-3- Design of Experiment  

RSM based on a face-centred central composite design (CCD) was applied to optimize the preparation conditions of 

CCAC. Design Expert software (Version 13, STAT-EASE Inc., Minneapolis, USA) was utilised to develop an accurate 

second-order quadratic model with a minimal number of experimental runs. The CCAC was synthesized through a 

physicochemical approach, considering three factors: activation time (𝑋1), microwave radiation power (𝑋2), and KOH 

impregnation ratio, IR (𝑋3). The evaluated responses were CP removal (𝑌1) and CCAC yield (𝑌2). A face-centred CCD 

with three factors was coded to the (-1, 0, +1) interval, where the low and high levels were coded as -1 and +1, 

respectively. The variables, experimental range, and level of the variable are summarised in Table 1. The model’s 

performance was assessed based on the responses of CP removal efficiency and CCAC yield. 

Table 1. Coded and actual levels of the variables of CCAC 

Parameters Units Code Coded level and limits 

   -1 0 1 

Activation time Minute (min) 𝑋1 2 4 6 

Microwave radiation power Watt (W) 𝑋2 264 440 616 

IR g/g 𝑋3 0.5 1.5 2.5 

CP removal mg/g 𝑌1 - - - 

CCAC yield % 𝑌2 - - - 

Yes 

Yes 

Preparation and carbonization of precursor from corn cob (CC) 

Optimization of CCAC using RSM 

Characterization of CCAC: BET, SEM, FTIR, Proximate and Elemental Analyses 

Batch Adsorption Studies 

1. Effect of contact time and initial concentration 

2. Effect of solution temperature and pH 

3. Effect of initial solution pH 

Modelling 

Mass transfer (MT) model 

Start 

Good characteristic? 

Validation 

End 

No 

No 
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The experimental design matrix, along with the corresponding responses generated using the CCD approach are 

presented in Table 2. 

Table 2. Proposed runs matrix and results 

Run 
𝑿𝟏: Activation 

time (min) 

𝑿𝟐: Microwave radiation 

power (W) 

𝑿𝟑: Impregnation ratio, 

IR (g/g) 

𝒀𝟏: CP removal 

(mg/g) 

𝒀𝟐: Yield 

(%) 

1 2 264 0.5 3.59 26.11 

2 6 264 0.5 8.58 25.23 

3 2 616 0.5 15.04 18.19 

4 6 616 0.5 14.15 15.57 

5 2 264 2.5 4.38 25.44 

6 6 264 2.5 12.01 16.37 

7 2 616 2.5 17.49 20.15 

8 6 616 2.5 18.51 8.69 

9 2 440 1.5 7.14 26.41 

10 6 440 1.5 6.51 15.34 

11 4 264 1.5 5.88 19.17 

12 4 616 1.5 20.09 10.65 

13 4 440 0.5 5.39 23.99 

14 4 440 2.5 12.88 24.14 

15 4 440 1.5 8.20 24.84 

16 4 440 1.5 7.88 22.12 

17 4 440 1.5 7.50 24.61 

18 4 440 1.5 5.12 19.64 

19 4 440 1.5 7.54 22.14 

20 4 440 1.5 5.91 20.11 

2-4- Sample Preparation 

The dried CC was crushed using a biomass crusher (Model Crusher 50 HP) and sieved to a uniform particle size of 2 

cm. Carbonization of the dried CC was carried out in a vertical furnace (Model Carbolite) at 550 °C under a continuous 

nitrogen (N₂) flow (150 mL/min) to produce char in an inert atmosphere. The obtained char was then chemically 

activated by impregnation with KOH at varying impregnation ratios (IR), which is defined as the mass ratio of KOH to 

char. The impregnated samples were soaked for 8 h and subsequently dried at 110 °C for 24 h, followed by microwave-

assisted activation (Model EMM2001W, Sweden) under a continuous carbon dioxide (CO₂) flow (150 mL/min), where 

CO₂ functioned as the physical activating gas. Finally, the corn cob–derived activated carbon (CCAC) was washed with 

0.1 M HCl and deionised water until a near neutral pH (6.5–7) was achieved and then oven-dried. The final yield of 

CCAC was determined as the mass ratio of dried AC (𝑊𝐹) to the initial biomass (𝑊𝑖) in grams as expressed in Equation 

1: 

𝑌𝑖𝑒𝑙𝑑 =
𝑊𝐹

𝑊𝑖
 ×  100%  (1) 

2-5- Sample Characterization  

Physicochemical properties of samples were evaluated using several analytical techniques. Surface area, pore volume, 

and pore size distribution were measured using N2 adsorption-desorption (Micromeritics ASAP, USA) after degassing 

the samples at 350°C for 6 h under vacuum. Surface morphology and pore structure were observed using scanning 

electron microscopy (SEM, Quanta 450 FEG, Netherlands). Thermal stability and proximate composition (which 

comprises volatile matter, moisture, fixed carbon, and ash content) were determined via simultaneous thermal analysis 

(STA 6000, Perkin Elmer, USA). Elemental composition was analyzed using energy-dispersive X-ray spectroscopy 

(EDX, Perkin Elmer Series II 2400, USA). The functional groups present on the sample surfaces were characterized 

using Fourier-transform infrared spectroscopy (FTIR, Shimadzu Prestige 21, Japan) with the KBr pellet technique. 

2-6- Effect of Contact Time and Initial Concentrations  

A batch adsorption optimization experiment on the CCAC was conducted to evaluate the adsorption capacity of 

CCAC against CP. In the study, 0.2 g of CCAC was added to a 250 mL conical flask containing 200 mL of varied initial 

CP concentrations (5, 10, 15, 20, 25, and 30 mg/L). The mixtures in the conical flasks were agitated in a water-bath 
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shaker at 30 °C and 100 rpm for 7 h. Subsequently, samples were taken at specific time intervals from (0, 0.25, 0.5, 1, 

2, 3, 6, and 7 h) and the CP concentrations were measured using a UV–Visible spectrophotometer (Shimadzu UV-1800, 

Japan). To conduct the equilibrium studies, the adsorption capacity 𝑞𝑒, was determined using Equation 2: 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑊
  (2) 

While the CP removal was calculated by Equation 3: 

𝐶𝑃 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
(𝐶𝑒−𝐶𝑡)

𝐶𝑡
 ×  100%  (3) 

where, 𝐶0 is the initial concentration of the adsorbate in the liquid phase (mg/L), 𝐶𝑒 is the equilibrium concentration of 

the adsorbate in the liquid phase (mg/L), 𝐶𝑡  is the liquid phase concentration at time, 𝑡 (mg/L), 𝑉 is the volume of the 

solution (mL), and 𝑊is the mass of CCAC (g). 

2-7- Effect of Temperatures and Solution pH  

The CP adsorption procedures were conducted at three different temperatures (30, 45, and 60 ºC) by adjusting the 

temperature controller while maintaining the other operating parameters, such as CCAC dosage, initial concentration, 

and rotational speed as constant. The effect of pH variation on CP adsorption was conducted at pH of 2, 4, 6, 8, 10, and 

12 (using H3PO4 and KOH to adjust the pH) at a constant temperature.  

2-8- Mass Transfer Modeling  

The MT model was developed to describe the removal behavior of CP. By integrating MT principles, the model 

effectively predicts the adsorbent’s surface area and can be expressed by Equation 4: 

𝐶 = 𝐶𝑒 − 𝑒−𝑡(𝑘𝑀𝑇−𝑎𝑀𝑇𝑘𝑚)(𝐶𝑒−𝐶𝑜)  (4) 

where, 𝐶 is the calculated concentration (mg/L), 𝑘𝑀𝑇 denotes the adsorption process rate during pore diffusion (s-1), 

𝑎𝑀𝑇 represents the adsorption surface area (m²/g), 𝑘𝑚 corresponds to the mass transfer coefficient (mg·m·L-1 s-1). The 

parameters were estimated by fitting the experimental data to Equation 4 using Polymath® software (Version 6.2, 

CACHE Corp., USA). 

3- Results and Discussion 

3-1- Regression Model Development 

The relationship between CCAC preparation conditions, CP removal (𝑌1), and CCAC’s yield (𝑌2) was investigated 

using face-centred CCD. Activation time (𝑋1), radiation power (𝑋2), and impregnation ratio, IR (𝑋3) are the conditions 

under which CCAC was prepared. Based on the sequential model sum of squares, the highest-order polynomial was 

selected when additional terms were significant, and the model showed no aliasing. The quadratic model was identified 

as the best fit for all responses. Figures 2-a and 2-b illustrate the diagnostic plots of predicted versus actual values for 

CP removal and CCAC yield, respectively. 

  

(a) (b) 

Figure 2. Regression plots of predicted versus actual for (a) CP removal and (b) CCAC yield 
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The regression analysis shows agreement between the model responses and the experimental data. Four statistical 

parameters, which are correlation coefficient (R2), adjusted correlation coefficient (Adj. R2), standard deviation (SD), 

and adequate precision (AP), were employed to validate the models. A higher R2 value closer to unity indicates better 

model quality [29], while Adj. R2 provides an improved measure of R2 by excluding the influence of insignificant 

variables. The models exhibited exceptionally high R2 and Adj. R2 for both responses with 𝑌1 (0.9225 and 0.8528, 

respectively) and 𝑌2 (0.9038 and 0.8172, respectively). These results suggest that 92.25 % of the variation in CP removal 

and 90.38 % of the variation in CCAC yield were explained by the experimental variables. 

For SD, the more its value approaches zero, the less the predicted values deviate from the actual experimental value 

[25]. On the other hand, the AP parameter, which measures the signal-to-noise ratio, is incredibly helpful in determining 

whether the developed model is sufficient for estimating responses or not. A relatively low value of the SD and high AP 

for CP removal (1.92,11.99), and CCAC yield (2.18, 11.74), were observed, respectively. A similar trend was reported 

by Abd Khalil et al. [30], who used AC derived from coffee ground waste to adsorb oxytetracycline and achieved strong 

predictive capability with low SD values using RSM. The high predictive reliability of the developed models is 

statistically supported by the close agreement between experimental and predicted data, as well as the robust signal 

strength of the models. The low SD values further indicate high experimental reproducibility, providing a reliable 

foundation for model development. 

3-2- Analysis of Variance (ANOVA)  

ANOVA was employed to evaluate the extent of significance and adequacy of the models. The ANOVA results 

confirmed the suitability of the quadratic model for all responses. A p-value less than 0.05 coupled with a high F-value 

suggests that the model terms were statistically significant, and the data were not random [31]. 

All the developed models demonstrated statistically significant results, with p-values below 0.05, as presented in 

Tables 3 and 4. According to Table 3, the significant terms for this response were 𝑋2, 𝑋3, 𝑋1𝑋2, and 𝑋2
2. Based on the F-

value, this response was highly influenced by 𝑋2 (69.94) and followed by 𝑋3 (9.26). Based on Table 4, the significant 

terms were 𝑋1, 𝑋2, 𝑋1𝑋3, 𝑋2
2, and 𝑋3

2. F value revealed that this response was primarily affected by 𝑋2 of 32.23 and 𝑋1 

of 26.03. For all the responses studied, the lack of fit was not significant. It is preferable to have an insignificant result 

for the test of lack of fit, as this indicates the significant effects of variables on the investigated responses and shows that 

the developed models adequately fit the experimental data. 

Table 3. ANOVA results for the response of CP removal by CCAC 

Source Sum of square Mean square F Value Prob >F 

Model 440.18 48.91 13.23 0.0002 

𝑋2 258.45 258.45 69.94 < 0.0001 

𝑋3 34.22 34.22 9.26 0.0124 

𝑋1𝑋2 19.49 19.49 5.27 0.0445 

𝑋2
2 63.52 63.52 17.19 0.0020 

Residual 36.96 3.70   

Table 4. ANOVA results for the response for CCAC's yield 

Source Sum of square Mean square F Value Prob >F 

Model 444.64 49.40 10.44 0.0005 

𝑋1 123.18 123.18 26.03 0.0005 

𝑋2 152.54 152.54 32.23 0.0002 

𝑋1𝑋3 36.20 36.20 7.65 0.0199 

𝑋2
2 93.77 93.77 19.81 0.0012 

𝑋3
2 30.23 30.23 6.39 0.0300 

Residual 47.33 4.73   

3-3- Three-Dimensional (3D) Surface Plot 

The ability to analyze the pattern of variables affecting responses in 3D plots is one of the advantages of RSM. 

Radiation power and IR affected the responses of CP removal by CCAC, whereas for CCAC’s yield, activation time, 

and radiation power were the dominant factors. Figure 3-a demonstrates that radiation power and IR are inversely and 

directly proportional to CP removal, respectively, while Figure 3-b shows that activation time and radiation power gives 

impact on CCAC’s yield. An increase in CP removal was observed with higher radiation power, which can be attributed 
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to cracking reactions facilitating the release of heavy volatile compounds from the CCAC matrix. This process facilitates 

the formation of vacant sites and pores, thereby enhancing the adsorption capacity. However, extreme conditions of 

radiation power led to the rupture of the CCAC pore’s structure. When there are high concentrations of IR on CCAC, 

the KOH particles move rapidly, eventually leading to collisions. Consequently, the particles acquire kinetic energy, 

enabling them to accelerate and overcome the blockage in the pores, leading to a substantial increase in the rate of 

removal. Rashidi & Yusup [32] stated that a higher ionization rate can facilitate the formation of additional pores by 

allowing an increased influx of K+ ions into the char, which leads to an increase in the removal efficiency. 

From Figure 3-b, the CCAC’s yield was found to be the maximum yield at shorter activation time and low radiation 

power. By increasing activation time, the volatilization process was prolonged, thereby reducing CCAC's yield even 

further. In contrast, Aziz et al. [33] concluded that prolonged activation time may be attributed to the volatilization of 

surface carbon atoms, which becomes predominant, leading to increased adsorbent weight loss and the formation and 

widening of pores. Consequently, this phenomenon enhances the availability of the adsorbent surface area, resulting in 

higher adsorbate removal. For CP removal, activation time must be optimized to balance the formation of pore structure 

and the preservation of CCAC's yield. Shorter activation times enhance yield but result in insufficient surface area for 

effective adsorption, while excessively long activation times may reduce adsorption efficiency due to structural 

degradation and reduced surface area [34]. 

 

(a) 

 

(b) 

Figure 3. Three-dimensional response plot for (a) CP removal (effect of radiation power and IR), activation time = 4 min, 

and (b) CCAC's yield (effect of activation time and radiation power, IR = 1.5) 
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3-4- Optimum Conditions  

The optimal conditions for CCAC preparation were established using RSM to maximize CP removal while 

maintaining an acceptable CCAC yield. The selected variables, including 𝑋1, 𝑋2 and 𝑋3  were identified as critical factors 

influencing the activation process, as supported by preliminary experiments and previous literature [35]. The optimal 

conditions identified were 3.86 minutes for activation time, 616 W for radiation power, and 2.5 g/g for IR, resulting in 

CP removal of 20.2 mg/g and a CCAC yield of 16.6%, as shown in Table 5. Mohd Zainorin et al. [36] reported a low 

yield of mangrove wood–derived activated carbon due to extensive thermal cracking, which promoted a higher degree 

of decomposition over prolonged activation time. Although the optimized condition resulted in a relatively moderate 

yield, the reduction in yield is associated with enhanced pore development and surface area formation during activation. 

In practical applications, a balance between yield and adsorption capacity should be considered depending on economic 

priorities and precursor cost. Given the abundance and low cost of CC biomass, the improved adsorption efficiency may 

offset the reduced yield for large-scale implementation. The low error percentages across all responses confirm that the 

developed models accurately predicted the experimental outcomes. 

Table 5. Optimum conditions for optimized CCAC 

Variables 
Responses 

CP removal Y1 (mg g-1) CCAC yield Y2 (%) 

Activation time,  

𝑿𝟏 (min) 

Microwave radiation  

power, 𝑿𝟐 (W) 

IR, 𝑿𝟑  
(g/g) 

Predicted Actual Error (%) Predicted Actual Error (%) 

3.86 616 2.5 20.50 22.30 1.49 14.8 16.6 10.84 

3-5- Characterizations  

The samples were characterized by their surface morphology, chemical composition, and surface properties to assess 

their adsorption performance. BET analysis revealed that raw CC had a very low surface area of 2.37 m²/g and total pore 

volume of 0.0031 cm³/g, indicating a dense and nonporous structure. Carbonization of CC to produce char increased the 

BET surface area to 82.49 m²/g and mesoporous area to 46.48 m²/g, with a total pore volume of 0.0425 cm³/g and average 

pore diameter of 1.85 nm. Subsequent microwave-assisted chemical activation of char with KOH and CO₂  produced 

CCAC with significantly enhanced textural properties, achieving a BET surface area of 832.684 m2/g, with an external 

(mesopore-associated) surface area of 623.45 m²/g, indicating hierarchical pore development despite the predominantly 

microporous structure (average pore diameter = 1.93 nm). The physicochemical activation of char in microwave induced 

the following chemical reactions [37]: 

2KOH (aq) → K2O (s) + H2O (l) (5) 

H2O (l) + C (s) → CO (g) + H2 (g) (6) 

CO2 (g) + K2O (s) → K2CO3 (s) (7) 

K2CO3 (s) → K2O (s) + CO2 (g) (8) 

CO2 (g) + C (s) → 2CO (g) (9) 

K2O (s) + 2C (s) → K (s) + 2CO (g) (10) 

K2CO3 (s) + C (s) → 2K (s) + 3CO (g) (11) 

The synergistic effect of KOH and CO₂  during activation facilitated pore formation through reactions generating 

CO, CO₂ , and metallic potassium, which bombarded and widened the pore network [38]. The substantial increase in 

surface area provided numerous active sites for CP adsorption, with the pore size well-suited to the dimensions of CP 

molecules (1.0–1.2 nm length, 0.5–0.7 nm width). Ramli et al. [37] also reported the effect of CO₂  in enhancing porosity 

through gasification, where carbon reacts with CO₂  to produce CO, leading to a substantial increase in surface area. 

SEM images (Figures 4-a and 4-c)) illustrate the morphological surface of the samples. Raw CC exhibited a dense, 

uneven surface with no apparent pores. After carbonization, char displayed initial pore formation, while CCAC showed 

a well-developed porous network with enlarged pore structures resulting from the combined microwave radiation and 

chemical activation process [39]. According to Nasehir Khan et al. [40], the development of these pores is attributed to 

the evaporation of moisture and volatile components during the carbonization and activation stages. 
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(a) (b) (c) 

Figure 4. SEM micrographs of (a) CC, (b) Char, and (c) CCAC at a magnification of 1000x 

Table 6 presents the results of proximate and elemental analysis of the CC, char, and CCAC. Proximate analysis 

revealed that CC consists of 6.468 % moisture, 72.234 % volatile matter, 18.212% fixed carbon, and 3.09 % ash. An 

increased fixed carbon content results in an augmented formation of AC's skeletal structure, thereby contributing to an 

elevated surface area [41]. Initially, the CC has the highest volatile matter but with low fixed carbon content, but as the 

CC was carbonized up to 550 °C in a vertical furnace to become char, the percentage of moisture and volatile matter of 

CC significantly reduced to 5.271 % and 42.958%, respectively. Subsequently, the microwave-assisted activation 

process gives a significant change to CCAC in terms of its moisture, volatile matter, and fixed carbon [42, 43]. According 

to Luqman et al. [44], thermal decomposition induced by intense heating enhances fixed carbon formation and 

substantially lowers volatile matter content. Furthermore, the ash content of CCAC (9.699%) is within an acceptable 

range, considering that ash is non-porous and does not participate in the adsorption mechanism. These results are 

supported by the findings of Aziz et al. [39], who reported an ash content of 8.19% for Nephelium lappaceum L. peel–

derived AC prepared using the same method. The elemental analysis agrees with the proximate analysis, where CCAC 

shows a dominant carbon (C) content of 65.04% compared to hydrogen (H), sulphur (S), nitrogen (N), and other 

elements. Based on these data, Sun et al. [45] concluded that the samples are carbon-rich chars. 

Table 6. Proximate and elemental analysis of samples 

Samples 
Proximate analysis (%) Elemental analysis (%) 

Moisture Volatile matter Fixed carbon Ash C H S (N+Others) 

CC 6.468 72.234 18.212 3.09 47.14 3.82 0.21 48.83 

Char 5.271 42.958 41.956 9.815 64.85 3.91 0.46 30.78 

CCAC 3.568 27.786 58.947 9.699 65.04 4.20 0.37 30.39 

Figures 5-a and 5-b presents the FTIR spectra of CC, char, and CCAC and the proposed interaction mechanism 

between CP molecules and the functional groups of CCAC, respectively. CC exhibits distinct functional groups 

characteristic of cellulose, hemicellulose, and lignin, including a sharp carbonyl stretching band at 1743 cm⁻ 1, a strong 

C–O stretching peak at 1234 cm⁻ 1, and alkene =C–H bending around 1000 cm⁻ 1. Upon carbonization (green line), the 

intensity of oxygenated functional groups decreased, while new peaks appeared, notably the carbonyl C=O stretching at 

~1699 cm⁻ 1 and N–O symmetric stretching near 1550 cm⁻ 1, indicating partial degradation of biopolymers and the 

formation of aromatic and nitrogen-containing structures. After microwave-assisted activation (blue line), many of the 

original lignocellulosic functional groups were eliminated, confirming extensive decomposition of cellulose and lignin. 

Nevertheless, CCAC retained several key functional group such as CH₂  stretching at 2920 cm⁻ 1, carbonyl C=O 

stretching (1666–1685 cm⁻ 1), aromatic C=C stretching with overlapping N–H bending (1585–1600 cm⁻ 1), C–O 

stretching and cyclic vibrations (1050–1260 cm⁻ 1), and aromatic =C–H out-of-plane bending at 750–920 cm⁻ 1 which 

are required for adsorption. 

As illustrated in Figure 5-b, the adsorption of CP onto CCAC is governed by multiple non-covalent interactions. 

Among these, π–π stacking between the aromatic ring of CP and the graphitic C=C domains of CCAC, which is 

proposed as the dominant mechanism due to the high aromaticity of the AC surface. Hydrogen bonding also 

contributes significantly through interactions between the hydroxyl (–OH) and amide (–NH) groups of CP and the 

oxygen-containing functional groups (C=O and C–O) on CCAC, as supported by FTIR analysis. Dipole–dipole 

interactions between the polar groups of CP (–NO₂ , –C=O, and –CHCl₂ ) and residual polar sites on the carbon 

surface further enhance adsorption. In addition to these surface interactions, pore filling within the developed 

microporous structure of CCAC plays an important role in accommodating CP molecules. Weak van der Waals 

forces provide secondary stabilization. Overall, π–π interactions and pore filling are considered the primary 
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mechanisms, while hydrogen bonding and dipole interactions act synergistically. A similar mechanism was 

proposed by Mohamad Yusop et al. [46] for the adsorption of CP using rattan waste, involving various interactions, 

including hydrogen bonding, π–π interactions, dipole–dipole interactions, and ion–dipole interactions. The presence 

of ion–dipole interactions was attributed to the copper metal used as a medium to functionalize the carbon surface, 

which also contributed to the interaction with CP molecules. 

 

(a) 

 
(b) 

Figure 5. (a) Surface chemistry of the samples and (b) possible mechanism between the CP molecule and the CCAC 

functional groups 

3-6- Removal of CP 

The removal of CP was systematically evaluated by the adsorption capacity of CCAC under different conditions, 

including contact time and initial concentration, percentage removal, solution temperature, and solution pH in 

Figures 6- and 6-d). As depicted in Figure 6-a and 6-b, the adsorption capacity of CCAC increased from 4.85 to 

20.68 mg/g with the rise in CP concentration from 5 to 30 mg/L, achieving up to 99% removal efficiency. This 

increase reflects the stronger driving force for mass transfer at higher concentrations, which promotes CP uptake at 

the available active sites [40, 47]. However, the removal efficiency decreased at higher concentrations, which is 

attributable to the saturation of adsorption sites because at lower CP concentrations, most of the adsorption sites 

remain unoccupied, allowing CP molecules to easily access and bind [48]. Mohamad Yusop et al. [46] reported the 

trend in the adsorption of CP using copper metal–functionalized carbon derived from rattan waste. This behavior 

was attributed to higher CP concentrations, which increased the ratio of CP molecules relative to the available active 

sites, thereby reducing removal efficiency. 
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(a) (b) 

  
(c) (d) 

Figure 6. Adsorption studies of (a) Contact time and initial concentrations, (b) CP removal, (c) solution temperatures, and 

(d) solution pH 

The result of the effect of varied temperature (30, 45, and 60 °C) is presented in Figure 6-c. It was observed that with 

an increase in temperature, the adsorption capacity increased from 20.68 to 22.91 mg/g, showing an endothermic process 

[3]. The enhanced adsorption at elevated temperatures can be attributed to increased molecular mobility and diffusion 

of CP molecules from the bulk solution toward CCAC pores and surface sites [49]. In addition, higher temperatures 

caused a reduction in solution viscosity, which tends to facilitate faster intraparticle diffusion, hence allowing more CP 

molecules to interact with the available active sites.  

The adsorption of CP was further examined across a pH range of 2.0 –12.0. The highest adsorption capacity of 23.57 

mg/g was obtained at pH 2, while the lowest value of 10.18 mg/g was obtained at pH 12, as shown in Figure 6-d). The 

strong pH dependence of CP adsorption can be explained by considering both CP speciation and the surface charge 

behavior of CCAC. CP has a reported pKa value of approximately 5.5–5.7, associated with the dissociation of its 

phenolic hydroxyl group [50]. At pH values below its pKa, CP predominantly exists in a neutral molecular form, whereas 

at pH values above its pKa, it increasingly converts to its negatively charged phenolate form. Under strongly acidic 

conditions (pH 2), CP remains largely neutral, while the surface functional groups of CCAC are protonated, minimising 

electrostatic repulsion and promoting adsorption through π–π interactions, hydrogen bonding, and pore filling. In 

contrast, at neutral to alkaline pH (7–12), both the deprotonated CP molecules and negatively charged CCAC surface 

lead to electrostatic repulsion, along with competition from hydroxide ions, thereby reducing adsorption efficiency [29]. 

Other studies have also reported that CP adsorption is favoured under acidic conditions [51]. For example, Anthonysamy 

et al. [52] reported that CP removal using coconut husk–derived activated carbon decreased with increasing solution pH 

due to the molecular structure of CP, which contains nitro, hydroxyl, and amide groups. These functional groups 

dissociate at different pH levels, causing CP to exhibit various ionic charge properties. 
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3-7- MT Model and Simulation 

Figure 7 presents the MT model, where the symbols with and without lines represent the predicted and experimental 

CP concentrations, respectively. From Table 7, the MT model generated relatively high R2 values at a minimum of 0.90 

from 5 to 30 mg/L of CP, indicating the model fitted accurately between predicted and experimental data. Besides, the 

calculated (𝑄𝑒,𝑐𝑎𝑙) and experimental (𝑄𝑒,𝑒𝑥𝑝) adsorption capacity at the equilibrium stage produced a relatively low error 

in the range of 1 to 5%, showing a good agreement that the developed model was suitable for fitting to the kinetic data. 

It is important to highlight that the MT model provides insight into the rate coefficients governing CP transport from the 

bulk solution to the solid phase of CCAC ( (𝑘𝑚) as well as the adsorption rate during intraparticle pore diffusion ( (𝑘𝑚𝑇). 

As presented in Table 7,  𝑘𝑚 ranged from 3.54 to 6.46 𝑥 10−3 mg.m. L−1 s−1, while  𝑘𝑚𝑇 ranged between 3.35 to 3.57 s-

1. The observed reduction in 𝑘𝑚value can be attributed to the gradual increase in mass transfer resistance as adsorption 

progresses. As the active sites on the CCAC surface become progressively occupied, the interaction between CP 

molecules and the adsorbent surface slows down, thereby decreasing the overall mass transfer rate [53]. Furthermore, at 

higher initial CP concentrations, stronger mass transfer resistance and intensified competition among CP molecules for 

available active sites further reduce the mass transfer rate. In addition, Yusop et al. [54] reported lower  𝑘𝑚 values under 

the Polymath mass transfer (PMT) model, attributing the decrease to a slower adsorption process caused by increasing 

diffusion resistance. Notably, the MT model accurately predicted the adsorption surface area (𝑎𝑚𝑇) of CCAC as 650.45 

m²/g, which closely aligns with the experimentally determined external surface area (mesopore-associated) of 623.45 

m²/g. A similar approach was employed by Rosli et al. [55] to predict the surface area of a pineapple peel–based 

adsorbent, reporting an error percentage of only 0.3145%. This demonstrates the distinct advantage of the MT model, 

particularly its capability to predict the effective surface area actively involved in the adsorption process. 

 

Figure 7. Concentration of CP versus time for predicted and experimental data 

Table 7. MT parameters for the removal of CP 

Initial concentration  

(mg/L) 

 Mass transfer model 

𝑸𝒆,𝒆𝒙𝒑 (mg/g) 𝑸𝒆,𝒄𝒂𝒍 (mg/g) 𝒌𝒎 x 10
-3 (mg.m. L−1 s−1) 𝒌𝑴𝑻 (s-1) 𝒂𝒎𝑻 (m2/g) R2 Error (%) 

5 4.85 4.95 6.46 3.35 645.58 0.99 2.06 

10 8.51 8.67 5.53 3.33 652.95 0.99 1.88 

15 11.27 11.60 5.51 3.38 651.00 0.98 2.93 

20 14.52 15.14 4.50 3.45 650.61 0.96 4.27 

25 17.35 18.17 3.49 3.48 649.06 0.95 4.73 

30 20.68 21.48 3.54 3.57 653.50 0.97 3.87 

Average     650.45 0.97 3.29 
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4- Conclusion 

This study successfully developed a corn cob–derived activated carbon (CCAC) for chloramphenicol (CP) removal 

and integrated the response surface methodology (RSM) optimization with mass transfer (MT) modeling. The optimal 

preparation conditions (3.86 min activation time, 616 W radiation power, and 2.5 g/g impregnation ratio (IR)) produced 

CCAC with a high BET surface area (832.68 m²/g), well-developed mesoporosity, and a maximum adsorption capacity 

of 20.68 mg/g at 30°C. Statistical validation confirmed the adequacy of the quadratic RSM model (R²>0.90), 

demonstrating that radiation power and IR were dominant factors influencing CP removal, while the activation time 

significantly affected yield. Structural characterization and proximate analysis revealed that microwave-assisted 

physicochemical activation enhanced fixed carbon content, reduced volatile matter, and generated a highly porous 

structure favorable for CP removal. 

An adsorption capacity of 20.68 mg/g was obtained at an initial CP concentration of 30 mg/L at 30°C, which increased 

to 22.91 mg/g at 60°C, indicating the endothermic nature of the process. The highest adsorption capacity (23.57 mg/g) 

was achieved at pH 2, further suggesting the role of electrostatic interactions and functional group dissociation in the 

adsorption behavior of CP on the CCAC. The developed MT model accurately predicted equilibrium adsorption capacity 

with a low average error (3.29%) and R²≥0.90. The observed decrease in mass transfer coefficient (from 6.46×10⁻³ to 

3.54×10⁻³ mg·m·L⁻¹·s⁻¹) at higher concentrations indicates increasing diffusion resistance and progressive site 

saturation. Overall, this integrated optimization–modeling framework provides both mechanistic insight and predictive 

capability, highlighting CCAC as a sustainable and promising adsorbent for antibiotic-contaminated water treatment. 
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