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ABSTRACT 

The rapid growth of industrial activities has significantly increased the volume of wastewater discharged into 

natural water bodies, creating serious environmental and public health challenges worldwide. This study focused 

on the application of Zeolite Y/Coconut Shell Activated Carbon (CSAC) hybrid adsorbent for the removal of 

Congo Red Dye from textile wastewater. Activated carbon was produced from coconut shell through phosphoric 

acid activation and subsequently combined with zeolite at different proportions to produce hybrid adsorbents, 

through mechanical mixing and wet impregnation method. Batch experiment was carried out to study the effect 

of process variables (adsorbent dosage, contact time, solution pH, and temperature) on adsorption of Congo Red 

Dye onto the hybrid adsorbents. Adsorption isotherm, kinetics and thermodynamic models were employed to 

analyse the experimental data obtained from the batch adsorption study. The study revealed that the adsorbents 

effectively removed the investigated dye from aqueous solution, recording removal efficiency of 91.36 % at 

adsorbent dosage of 0.8 g/50 mL, pH of 4, contact time of 60 mins and temperature of 25 oC and a monolayer 

adsorption capacity of 30.2 mg/g. The adsorption process was found to follow Langmuir isotherm and Pseudo-

second-order kinetic models. Thermodynamic studies revealed exothermic and non-spontaneous behaviour; 

however, the reaction was found to be feasible at low temperature.  

Keywords: Congo red, Adsorbent, Zeolite, Hybrid, Wastewater 

1.0 INTRODUCTION 

Industrial wastewater pollution has become a global 

environmental challenge, with textile effluents posing 

significant risks due to their high content of synthetic 

dyes, surfactants, salts, and heavy metals. During 

dyeing operations, up to 20% of dyes remain unbound 

to fibres and enter wastewater streams, impairing water 

quality and aquatic ecosystems (Mnyango et al., 2025). 

Synthetic dyes, particularly azo dyes, resist 

degradation by conventional biological and chemical 

processes, making their removal a priority in 

sustainable wastewater management (Gayathri et al., 

2026). Congo red is widely used in textile processing 

for its strong affinity to cellulosic fibres and vivid 

colour intensity. Its molecular structure, comprising 

azo bonds, benzidine rings, and sulfonate groups, 

confers high solubility and chemical stability, but also 

persistence in aquatic environments. Beyond 

environmental concerns, Congo red poses health risks 

including mutagenicity, carcinogenicity, and organ 

toxicity. Under anaerobic conditions, its azo bonds 

may cleave, forming aromatic amines, compounds 

known for their carcinogenic potential (Khan et al., 

2021; Schmidt et al., 2019; Xiong et al., 2021). These 

properties underscore the urgency of developing 

effective removal strategies. 

 

Several treatment technologies have been investigated, 

including coagulation-flocculation, membrane 

separation, advanced oxidation, photocatalysis, 

electrochemical methods, ion exchange, and biological 

degradation. While these approaches can achieve dye 

removal under specific conditions, they are often 

constrained by high costs, sludge generation, 

incomplete degradation, and operational complexity 

(Fernandes de Magalhaes et al., 2022). Adsorption has 

therefore gained attention as a versatile and efficient 

technique. It offers simplicity, cost-effectiveness, and 

high removal efficiency without producing secondary 

pollutants (Chakraborty et al., 2022). Activated carbon 

remains the benchmark adsorbent due to its large 

surface area, porous network, and functional groups. 

However, limitation such as restricted ion-exchange 

property necessitate further innovation (Tan et al., 

2017). Hybrid adsorbents combining activated carbon 

with zeolites have emerged as promising solutions. 

Zeolite Y, a crystalline aluminosilicate, offers high 

surface area, ion-exchange capacity, and structural 

stability. Its microporous framework, however, can 

restrict access to bulky dye molecules like Congo Red. 

Integrating activated carbon with Zeolite Y addresses 

these limitations by enhancing pore connectivity, 

broadening the pore-size distribution, and improving 

the accessibility of adsorption sites. Activated carbon 

facilitates transport of large dye molecules, while 

zeolite contributes ion-exchange capacity. 
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 Adsorption of Congo Red onto these hybrids involves 

multiple mechanisms: electrostatic attraction between 

dye sulfonate groups and positively charged adsorbent 

sites, π–π interactions with carbon’s aromatic domains, 

hydrogen bonding, van der Waals forces, pore filling, 

and ion exchange (Arias et al., 2026). The relative 

contribution of each mechanism depends on 

operational parameters such as pH, contact time, dye 

concentration, adsorbent dosage, and temperature. A 

comprehensive evaluation of adsorption requires 

equilibrium, kinetic, and thermodynamic analyses. 

Together, these analyses clarify the feasibility and 

driving forces of adsorption, guiding optimization for 

industrial applications. Although extensive research 

has examined Congo Red adsorption using activated 

carbon, zeolites, agricultural wastes, and other 

low-cost adsorbents, relatively few studies have 

focused on coconut shell-derived activated carbon 

combined with Zeolite Y at varying ratios.  

 

This study therefore investigates the adsorption 

behaviour of Congo red onto Zeolite Y/Coconut Shell 

Activated Carbon hybrids through equilibrium 

isotherms, kinetic modelling, and thermodynamic 

analysis. By examining these parameters, the research 

aims to elucidate adsorption mechanisms, assess 

spontaneity and feasibility, and provide insights for 

optimizing hybrid adsorbents in industrial wastewater 

remediation. 

 

2.0 MATERIALS AND METHODS 

2.1 Materials 

Materials used include Orthophosphoric acid (H₃PO₄,) 

with 98% purity, analytical grade Sodium hydroxide 

(NaOH) and Hydrochloric acid (HCl) (BDH 

Chemicals), Congo red (C32H22N6Na2O6S2; molecular 

weight: 696.66 g/mol) and all chemical reagents were 

of analytical grade. Faujasite-type Zeolite Y was 

sourced from Kaduna Refining and Petrochemical 

Company (KRPC), Kaduna, Nigeria. 

 

2.2 Preparation of Activated Carbon from Coconut 

Shell 

Coconut shells were collected from Bakindogo Central 

Market, Kaduna State, Nigeria. The shells were 

thoroughly washed with tap water to remove foreign 

materials, followed by rinsing with distilled water, and 

then sun-dried for five days, and later oven-dried 

overnight. Thereafter, dried shells were crushed with 

an industrial crusher and grinding machine (Olatunji et 

al., 2024). The resulting powder was sieved through a 

280 µm mesh to obtain a uniform particle size. 

Activated carbon was prepared following a modified 

method of Onigemo et al. (2024). The sieved coconut 

shell powder was placed in crucibles and carbonized in 

a muffle furnace at 500 °C for 1 hour. After cooling in 

a desiccator, the carbonized material was impregnated 

with 1 M phosphoric acid solution at a ratio 2:1 for 24 

hours at room temperature (Oyedoh and Igbokwe, 

2025). The impregnated samples were washed with 

distilled water until a neutral pH was achieved, then 

activated at 350 °C for 2 hours in a furnace (Olatunji et 

al., 2024). Finally, the samples were oven-dried 

overnight at 120 °C, cooled in a desiccator, and stored 

in airtight labelled container for subsequent blending 

with zeolite Y to form hybrid adsorbents. 

 

2.3 Formulation of Zeolite Y/Coconut Shell 

Activated Carbon (CSAC) Hybrid  

The Zeolite/CSAC hybrid adsorbent was prepared by 

mechanical mixing followed by wet impregnation 

(Dryaz et al., 2021; Mohamed et al., 2022). 

Particle-size analysis was conducted on both zeolite 

and activated carbon, and samples were milled and 

sieved to 150 µm (Nwafulugo, 2014). Specific weight 

ratios were measured and blended using a domestic 

blender to ensure homogeneity. To enhance bonding 

between zeolite and activated carbon, the blends were 

mixed with distilled water at a ratio of 1:10 (Dryaz et 

al., 2021) and stirred at 500 rpm for 60 minutes using 

a magnetic stirrer. The mixture was further treated in a 

water bath at 300 rpm for 60 minutes at room 

temperature. The resulting hybrid adsorbent was 

filtered, washed repeatedly with distilled water to 

remove unreacted ions, and oven-dried at 60 °C for 24 

hours. The dried hybrid samples labelled as Sample 2 

(20% Zeolite + 80% CSAC), Sample 3 (50% Zeolite + 

50% CSAC) and Sample 4 (80% Zeolite + 20% 

CSAC), were stored in airtight containers for batch 

adsorption experiments. 

 

2.4 Batch Adsorption Studies 

The adsorption experiment was carried out using all the 

prepared hybrid adsorbent samples (Sample A, B and 

C). Standard solution of Congo red was prepared. 

Adsorbent dosages of 0.2, 0.4, 0.6, 0.8, and 1 g were 

weighed into 100 mL shaker flasks. 50 mL of 500 mg/L 

dye solution was weighed into each flask. Samples 

were agitated at 250 rpm, 25 °C, and pH of 6 for 30 

minutes. Mixtures were filtered using Whatman filter 

paper, and residual dye concentrations were measured 

with a UV spectrophotometer. The process variables 

studied are; adsorbent dosage (0.2-1g), Solution pH (4-

12) adjusted using 0.1 mol/L HCl or NaOH, contact 

time (30-120 min) and temperature (25, 30, 40, 50 and 

60 °C). All treatments were replicated for accuracy. 

This procedure was repeated for all hybrid adsorbent 

samples to evaluate adsorbent performance. 

Adsorption capacity (𝑞𝑒) and Removal efficiency (RE) 

were calculated using equations 1 and 2, respectively: 

      𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑚
      (1) 

      RE =
(𝐶𝑜−𝐶𝑓)

𝐶𝑜
× 100     (2) 

where: 𝑞𝑒= equilibrium adsorption capacity (mg/g), RE= removal 

efficiency (%),  𝐶𝑜, 𝐶𝑒, 𝐶𝑓= initial, equilibrium, and final dye 

concentrations (mg/L), 𝑉= solution volume (mL) and 𝑚= adsorbent 

mass (g) 
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 2.5 Adsorption Isotherm Study 

Langmuir isotherm model 

The linearized form of Langmuir isotherm model 

(equation 3) was used by plotting 
𝐶𝑒

𝑞𝑒
  against 𝐶𝑒. Equilibrium isotherm parameters for the 

model were obtained from the slope and intercept of 

the plot: 

      
𝐶𝑒

𝑞𝑒
=

1

𝑏𝑄𝑚
+  

𝐶𝑒

𝑄𝑚
   (3) 

 

Freundlich isotherm model 

The linearized form of the Freundlich isotherm model 

given in equation 4 was used by plotting log 𝑞𝑒 against 

log 𝐶𝑒. Equilibrium isotherm parameters for the model 

were also obtained from the slope and intercept of the 

plot: 

       log 𝑞𝑒 =  log 𝐾𝑓 + 
1

𝑛
log 𝐶𝑒       (4) 

Where: 𝑞𝑒 = adsorption capacity at equilibrium (mg/g), 𝐶𝑒 = 

equilibrium concentration of solute (mg/L), 𝑄𝑚 = maximum 

monolayer adsorption capacity (mg/g), 𝑏 = Langmuir isotherm 

constant (dm3/mg), 𝐾𝑓 = Freundlich isotherm constant (mg/g), and 𝑛 

= adsorption intensity 

 

2.6 Adsorption Kinetic Study  

Pseudo-first-order kinetic (PFO) model 

The linearized form of pseudo-first-order kinetic model 

in equation 5 was used by plotting log(𝑞𝑒 − 𝑞𝑡) against 

t. Kinetic parameters for the model were obtained from 

the slope and intercept of the plot: 

       log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 −
𝑘1

2.303
𝑡  (5) 

 

Pseudo-second-order kinetic (PSO) model 

The linearized form of pseudo-second-order kinetic 

model given in equation 6 was used by plotting 
𝑡

𝑞𝑡
 

against t. Kinetic parameters for the model were 

obtained from the slope and intercept of the plot: 

      
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡   (6) 

Where: 𝑞𝑡 = adsorption capacity at time t (mg/g), 𝑞𝑒 = adsorption 

capacity at equilibrium (mg/g), 𝑡  = time (min), 𝑘1 = PFO kinetic rate 

constant (min-1), and 𝑘2 = PSO kinetic rate constant (g mg-1 min-1) 

 

2.7 Adsorption Thermodynamic Study 

The thermodynamic model (Van’t Hoff equation) in 

equation 7 was used by plotting ln 𝑘𝑑 against1 𝑇⁄ . 

Thermodynamic parameters for the model were 

obtained from the slope and intercept of the plot: 

       ln 𝑘𝑑 =
∆𝑆𝑜

𝑅
−

∆𝐻𝑜

𝑅𝑇
   (7) 

And the Gibbs free energy was determined from 

equation 8: 

       ∆𝐺𝑜 = −𝑅𝑇𝐼𝑛 𝑘𝑑   (8) 
Where: 𝑘𝑑 = thermodynamic equilibrium constant ( 𝑘𝑑 =

𝑞𝑒

𝐶𝑒
), 𝑞𝑒 = 

adsorption capacity at equilibrium (mg/g), 𝐶𝑒 = equilibrium 

concentration of solute (mg/L), 𝑇 = absolute temperature (K), and 𝑅 

= gas constant (8.314 J/mol K) 

 

3.0 RESULTS AND DISCUSSION 

3.1 Effect of Process Variables 

Effect of Adsorbent Dosage  

The effect of adsorbent dosage was investigated at 0.2–

1.0 g/50 mL under controlled conditions (25 °C, pH 6, 

30 min contact time). Result (Figure 1) showed that 

removal efficiency increased with adsorbent dosage 

across all adsorbent samples, due to the availability of 

more surface area and active sites for adsorption (Senol 

et al., 2024). However, the magnitude and pattern of 

removal varied depending on adsorbent composition. 

The removal efficiency increased sharply between 0.2 

g and 0.8 g, then plateaued, likely due to particle 

agglomeration that reduced the effective surface area 

(Javeda et al., 2024). The removal efficiencies ranged 

from 22.23-74.08% (Sample 2), 17.93-71.7% (Sample 

3), and 14.9-62.2% (Sample 4). The highest efficiency 

demonstrated by Sample 2 is  attributed to its high 

activated carbon content, which provides a porous 

aromatic structure that facilitates π–π interactions with 

the large anionic dye molecules. However, Sample 3 

showed moderate performance, while Sample 4, with 

higher zeolite content, was the least effective for 

Congo Red removal. Furthermore, the adsorption 

capacity (Figure 2) was noted to decrease with 

increasing adsorbent dosage for the adsorption of 

Congo red dye. This behaviour is commonly observed 

in adsorption systems as increasing the adsorbent 

dosage provides more adsorption sites than are 

required for the available dye molecules, resulting in 

lower dye uptake per unit mass of adsorbent. Thus, 

adsorbent dosage of 0.8g was chosen as the optimal 

value for subsequent experiment. 
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Figure 1: Effect of adsorbent dosage on the removal of Congo red by hybrid adsorbents (25 °C, pH 6, 30 min contact 

time) 

 
Figure 2: Effect of adsorbent dosage on the adsorption capacity of the hybrid adsorbents for Congo red Removal (25 

°C, pH 6, 30 min contact time) 

Effect of solution pH  

The pH of the solution plays a critical role in adsorption 

studies, as it influences both the surface charge of the 

adsorbents and the ionization or speciation of the 

adsorbate (Jaramillo-Fierro et al., 2023). The point of 

zero charge (pHPZC) is particularly important in 

assessing adsorption efficiency, since it determines 

whether the adsorbent surface is positively or 

negatively charged under any given conditions. The 

pHPZC values of the prepared hybrid adsorbents were 

found to be 5.1, 5.3, and 6.8 for Samples 2, 3, and 4, 

respectively (Figure 3). At pH values above these 

thresholds, the adsorbent surfaces acquire a net 

negative charge due to deprotonation of surface 

functional groups, favouring adsorption of cationic 

species. Conversely, at pH values below the pHPZC, 

protonation occurs, conferring a net positive charge 

that enhances adsorption of anionic species (Tubon-

Usca et al., 2025).

 

 

Figure 3: pH at the point of zero charge (pHPZC) for all the samples 

The pH range of 4-12 was used as these pH values 

cover the full spectrum from strongly acidic to alkaline 

conditions found in industrial effluents. Congo red 

adsorption was strongly pH-dependent, with maximum 

removal observed under acidic conditions as illustrated 

in Figure 4. As pH increased from 4 to 8, removal 
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 efficiency decreased sharply, with values dropping 

from 80.56 to 38.88% (Sample 2), 76.24 to 23.76% 

(Sample 3), and 67.60 to 20.09% (Sample 4). Beyond 

pH 8, adsorption was negligible. This behaviour is 

explained by electrostatic repulsion between 

negatively charged adsorbent surfaces (above pHPZC) 

and the anionic dye molecules (Alawam et al., 2025). 

Sample 2, with the higher activated carbon content, 

exhibited the best performance due to π–π interactions 

and favourable surface chemistry, while Sample 4, rich 

in zeolite Y, showed the lowest efficiency. Thus, the 

optimal pH for dye removal is 4. As illustrated in 

Figure 5, solution pH had a pronounced effect on the 

adsorption capacity of the adsorbents as there was a 

decrease in adsorption capacities with increasing pH.  

Figure 4: Effect of pH on the removal of Congo red by hybrid adsorbents (25 °C, adsorbent dose of 0.8/50 ml, 30 min 

contact time) 

 
Figure 5: Effect of pH on the adsorption capacity of the hybrid adsorbents for Congo red Removal (25 °C, adsorbent 

dose of 0.8/50 ml, 30 min contact time) 

Effect of Contact Time  

Contact time is a critical factor in adsorption studies, as 

it determines the extent of dye molecules interaction 

with available active sites on the adsorbent surface. 

The result as presented in Figure 6, shows that 

adsorption efficiency generally increased with time due 

to the strong driving force for mass transfer, large 

surface area, and the availability of numerous active 

sites. However, once equilibrium is reached, no 

significant improvement was observed, likely due to 

saturation of active sites at prolonged contact times 

(Gkika et al., 2025). The adsorption of Congo red was 

rapid during the first 60 minutes, after which the rate 

slowed. Equilibrium was reached between 60-80 

minutes for Samples 2 and 4, and at approximately 90 

minutes for Sample 3, as shown in Figure 6. The rapid 

initial adsorption is explained by the high number of 

vacant sites available for dye binding. 
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Figure 6: Effect of Contact Time on the removal of Congo red by hybrid adsorbents (25 °C, adsorbent dose of 0.8/50 

ml, pH of 4) 

 
Effect of Temperature  

Figure 7 revealed that as the temperature was increased 

from 25 to 60 °C, the removal efficiencies of Congo 

red gradually decreases for all adsorbents, indicating 

exothermic behaviour. This trend aligned with the 

works of Dryaz et al. (2021); El Jery et al. (2024). The 

decline in the adsorption of Congo red with increasing 

temperature suggests that higher temperatures reduce 

the strength of the attractive forces between the dye 

molecules and the adsorbent surface. The increase in 

molecular kinetic energy at elevated temperatures 

promotes desorption and weakens the interactions 

responsible for adsorption, resulting in lower removal 

efficiencies (Dryaz et al., 2021).  

 

 
Figure 7: Effect of Temperature on the removal of Congo red by hybrid adsorbents (adsorbent dose of 0.8/50 ml, 60 

min contact time, pH of 4) 

3.2 Adsorption Isotherms  

The Langmuir model assumes monolayer adsorption 

on a homogeneous surface with no adsorbate–

adsorbate interactions. The parameters obtained as 

presented in Table 1 reveal significant variation in 

monolayer adsorption capacity (qm) and affinity 

constant (b). Sample 2 showed the highest qm (30.21 

mg/g), followed by Sample 3 (22.08 mg/g) and Sample 

4 (18.87 mg/g). High R² values (0.9708–0.9916) across 

all samples confirm that Congo Red adsorption is well 

described by the Langmuir model, indicating strong 

adsorbate-adsorbent interactions and monolayer 

coverage. The Langmuir affinity constant (b) further 

supports these observations. This further confirms the 

strong attraction between the dye molecules and the 

surface of the adsorbents. This observation is in 

agreement with the trend reported by  Deng et al. 

(2022); Wongcharee et al. (2018). The separator factor 

RL is used in identifying the favorability of the 

adsorption process; thus, when RL>1 is unfavorable, 

RL=1 is linear, 0<RL<1 is favorable, and irreversible 

when RL = 0 (Ayawei et al., 2017). The separation 

factor (RL) values for all systems were less than 1, 

confirming favourable adsorption under the studied 

conditions which aligned with the work of Wongcharee 

et al. (2018). The Freundlich model, which accounts 

for adsorption on heterogeneous surfaces and 

multilayer formation, showed comparatively lower R² 

values than the Langmuir model, indicating a less 

satisfactory fit overall.  
 

Table 1. Adsorption Isotherm Models Data  
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The adsorption capacity (𝑞𝑒) was evaluated using the 

Langmuir isotherm model. Predicted values (𝑞𝑐𝑎𝑙𝑐) 

were compared with experimental data (𝑞𝑒𝑥𝑝𝑡) to 

assess the suitability of the model in describing the 

adsorption process. The degree of agreement between 

calculated and experimental values provided insight 

into the adsorption mechanisms. The results presented 

in Tables 2 confirmed that the Langmuir model closely 

matches experimental results, with few exceptions, 

particularly at low to moderate adsorbent dosages.  

 
Table 2: Experimental Adsorption Capacity versus Calculated Adsorption Capacity 

Mass (g) 

Sample 2 Sample 3 Sample 4 

qe,expt (mg/g) qe,calc (mg/g) qe,expt (mg/g) qe,calc (mg/g) qe,expt (mg/g) qe,calc (mg/g) 

0.2 25.75 25.087 20.75 20.994 17.25 17.616 

0.4 22.875 23.928 21.00 20.702 17.875 17.349 

0.6 21.917 22.090 20.667 20.233 17.417 16.994 

0.8 21.438 18.733 20.75 19.206 18.00 16.265 

1.0 17.15 18.733 17.15 18.98 14.35 16.277 

 
3.3 Adsorption Kinetics 

Adsorption kinetics studies provide valuable insights 

into the mechanism and rate-controlling steps of dye 

uptake. The results presented in Tables 3 revealed that 

while both models provided good fits, the Pseudo-

second-order (PSO) kinetic model provided better fits 

across all adsorbent samples, with R² values 

approaching unity (0.9853–0.9999). The PSO model 

yielded high adsorption capacities, with Sample 2 

(27.55 mg/g) slightly outperforming Samples 3 and 4. 

It was observed from Table 4 that the PSO model 

consistently provides more accurate predictions than 

the Pseudo-first-order (PFO) model. 

 

 

Table 3. Adsorption Kinetic Models Data  

Model Parameters Sample 2 Sample 3 Sample 4 

PFO qe (mg/g) 12.52 13.954 18.8538 

 K1 (min-1) 0.046 0.05 0.048 

 R2 0.9998 0.9982 0.9819 

 b (L/g) 0.014 0.051 0.036 

 RL 0.137 0.041 0.057 

 R2 0.9708 0.9916 0.9632 

     

Freundlich 1/n 0.25 0.108 0.113 

 n 4.003 9.294 8.857 

 kf (L/g) 5.789 11.272 9.068 

 R2 0.6968 0.3895 0.1879 
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PSO qe (mg/g) 27.548 26.455 26.042 

 K2 (g mg-1 min-1) 0.0089 0.0081 0.0041 

 R2 0.9994 0.9983 0.9956 

 
Table 4: Experimental Adsorption Capacity versus Calculated Adsorption Capacity 

Model 
Time 

(min) 

Sample 2 Sample 3 Sample 4 

qt,expt 

(mg/g) 
qt,calc (mg/g) qt,expt (mg/g) qt,calc (mg/g) 

qt,expt 

(mg/g) 
qt,calc (mg/g) 

PFO 5 
16.438 2.587 14.563 3.0703 10.188 4.030 

 10 
18.625 4.64 16.438 5.465 11.125 7.199 

 30 
23.313 9.398 22.063 10.812 19.563 14.400 

 60 
26.438 11.742 25.938 13.247 23.938 17.802 

 90 
26.438 12.326 25.188 13.795 23.938 18.605 

 120 
26.438 12.472 25.188 13.918 23.625 18.795 

 
 

PSO 5 
16.438 15.172 14.563 13.684 10.188 9.064 

 10 
18.625 19.567 16.438 18.038 11.125 13.447 

 30 
23.313 24.251 22.063 22.894 19.563 19.846 

 60 
26.438 25.795 25.938 24.546 23.938 22.526 

 90 
26.438 26.354 25.188 25.151 23.938 23.587 

 120 
26.438 26.643 25.188 25.465 23.625 24.156 

 
3.4 Adsorption Thermodynamics 

The adsorption thermodynamics data are as presented 

in Table 5. The thermodynamic parameters obtained 

for Congo red adsorption showed that all three hybrid 

adsorbents exhibit negative enthalpy values throughout 

the investigated temperature range (25-60 °C), 

confirming that the adsorption process is exothermic. 

The magnitude of ΔHo falls within the typical range for 

physisorption mechanisms (-20 to -80 kJ/mol) (Wang 

et al., 2026). Entropy changes highlight the degree of 

order or disorder at the solid-solution interface. The 

entropy values are negative, implying increased order 

as dye molecules become immobilized on the 

adsorbent surface (Mohammad et al., 2015). The Gibbs 

free energy values provide a measure of spontaneity. 

The ΔG° values generally increase with temperature, 

indicating reduced spontaneity at higher temperatures. 

However, the magnitude of values of ΔG° indicates 

that the adsorption process is feasible for all the 

systems. 
Table 5: Adsorption Thermodynamic Data 

Temp 

(k) 
Sample 2 Sample 3 Sample 4 

 
ΔHo 

(kJ/mol) 

ΔSo 

(J/mol k) 

ΔGo 

(kJ/mol) 

ΔHo 

(kJ/mol) 

ΔSo 

(J/mol k) 

ΔGo 

(kJ/mol) 

ΔHo 

(kJ/mol) 

ΔSo 

(J/mol k) 

ΔGo 

(kJ/mol) 

323.15 -21.093 -73.74 1.113 -21.289 -77.012 1.654 -16.397 -63.710 3.242 
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328.15   1.347   2.316   2.621 

338.15   1.859   3.219   3.837 

348.15   3.032   3.871   4.582 

358.15   3.813   4.604   5.229 

 
4.0 CONCLUSION  

This study has demonstrated that the Zeolite 

Y/Coconut Shell Activated Carbon hybrid adsorbents 

effectively removed the Congo red dye from aqueous 

solutions, recording removal efficiencies of 91.36%, 

89.63% and 82.72 % for Samples 2, 3 and 4 

respectively, at dosage of 0.8g/50ml, pH of 4, contact 

time of 60 mins and temperature of 25 oC. Thus, 

Sample 3 was noted to exhibit intermediate 

performance due to its balanced composition. The 

adsorption process was found to follow Langmuir 

isotherm and Pseudo-second-order kinetics models. 

Thermodynamic studies revealed that Congo red 

adsorption revealed exothermic and non-spontaneous 

behaviour. However, the smaller values of ΔG° 

indicates that the adsorption process is feasible. 
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