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Abstract
The present study focused on the comparative efficiency of rice husk (RH), calcined kaolin clay (CKC), and microwave rice 
husk clay hybrid (MRHCH) in the adsorption of congo red (CR) from aqueous solution. The rice husk was locally sourced 
and pulverized, the kaolin clay was calcined at 650 °C for two hours, while the rice husk clay hybrid was generated by 
microwave-impregnating an equal mixture of RH and CKC for 15 min at a medium temperature. The resulting adsorbents 
were characterized using scanning electron microscope (SEM) and Fourier transform infrared (FTIR) spectroscopy to 
evaluate their surface morphology and functional groups before and after adsorption. The effect of process variables 
comprising initial dye concentration, contact time, pH, and adsorbent dosage were investigated and the obtained adsorp-
tion equilibrium data were modelled using Langmuir, Temkin, and Freundlich isotherms. The adsorption kinetics were 
computed using Pseudo first order and Pseudo second-order reaction kinetics. The results of the study indicated that 
adsorption using all three adsorbents increased with increasing adsorbent dosage and contact time. On the other hand, 
adsorption using MRHCH and RH increased at a high initial concentration while CKC exhibited high adsorption at a low 
initial concentration. Isotherm studies indicated that Temkin isotherm best fits the adsorption equilibrium data while 
kinetic studies showed that the pseudo-second-order kinetic model best described CR adsorption, indicating chem-
isorption as the mechanism of adsorption. MRHCH demonstrated its exceptional adsorption capacity with a maximum 
adsorption capacity from the Langmuir isotherm of 4.008 mg/g. The adsorption process was found to be spontaneous, 
endothermic, and more random at the solid-solution interface by thermodynamic investigations. The study concludes 
that MRHCH has great promise for wastewater treatment applications as a very efficient adsorbent for CR removal.
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1  Introduction

One of today’s most crucial and prevalent challenges is water pollution. Among pollutants, dyes are particularly harm-
ful, mutagenic, and carcinogenic with devastating environmental impacts. Effluents from industries like textiles, paint, 
printing, photography, and pigment processing significantly increase total organic carbon (TOC) and biochemical oxygen 
demand (BOD) in rivers [1]. Dyes degrade water quality by preventing sunlight, slowing photosynthesis, inhibiting aquatic 
growth, and interfering with gas solubility [2]. The textile industry is a major polluter due to the vast amounts of water 
used in fabric processing, releasing highly visible coloured effluents. Annually, around 60,000 tons of dyes, primarily azo 
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dyes, are discharged into the environment [3]. Dye degradation produces carcinogenic chemicals causing skin, eye, and 
stomach irritation, respiratory issues, and sleep disturbances [4]. Specifically, Congo red (CR) breaks down into benzidine, 
a recognized human carcinogen, affecting the nervous system and bladder [5, 6]. The maximum permissible limit of CR 
in wastewater is set at 1 mg/L due to its toxic properties [7, 8]. The high toxicity of CR in wastewater poses a severe public 
health issue, prompting ongoing research and development of degradation strategies.

Chemical, physical, and biological methods are commonly used to remove dyes from industrial effluents. Chemical 
methods include coagulation-flocculation, ozonation, photocatalytic degradation, electrochemical therapy, and Fe2+ 
/ Ca(OH)2 precipitation-flocculation [9]. While effective, these methods can complicate sludge disposal and increase 
the risk of secondary pollution. Biological methods, in contrast, are environmentally friendly, energy-efficient, produce 
minimal sludge, and require little to no chemical intervention [10]. However, the synthetic and aromatic nature of dyes 
makes them difficult to degrade biologically [11]. Several methods, such as ozonation, adsorption, and advanced oxida-
tion processes, have been adopted to remove synthetic dyes from aqueous systems. Among these, adsorption stands 
out due to its simplicity, effectiveness, low cost, high quality, ease of operation, insensitivity to harmful substances, and 
low running costs [12, 13]. Adsorption is particularly effective for non-biodegradable contaminants due to its simplic-
ity and the availability of various adsorbents [14]. Adsorption can occur through van der Waals forces or electrostatic 
interactions, depending on the adsorbents and dyes’ chemical composition [15]. Although activated carbon is the most 
commonly used adsorbent for dye removal, it is expensive to produce and regenerate [16].

The use of biological materials for dye removal from aqueous solutions, known as biosorption, has garnered significant 
interest as an eco-friendly alternative to traditional sorbents like activated carbon, ion-exchange resins, and inorganic 
materials such as silica gel, clay, zeolites, and activated alumina. Agricultural wastes such as rice husk, sugarcane bagasse, 
and corncobs, along with industrial wastes like coal ash, peat, clay, and bentonite, have been extensively studied for 
biosorption [17]. Rice husk, a low-cost by-product of the rice milling industry, consists of cellulose, hemicellulose, lignin, 
silica, and crude protein, making it an ideal adsorbent for metals and basic dyes [18]. It contains 32.24% cellulose, 21.34% 
hemicellulose, 21.44% lignin, 1.82% extractives, 8.11% water, and 15.05% mineral ash, with 94.5 – 96.34% SiO2 in the 
mineral ash [19]. Clay, with its nanometric size and layered structure, offers a large specific surface area for adsorption 
and is widely available. It has excellent chemical and mechanical stability, allowing it to retain a significant amount of 
natural and anthropogenic contaminants [20, 21].

Many recent exciting studies have reported the use of rice husk (modified and unmodified) as adsorbents in the 
removal of CR [19, 22–24]. Kaolin (modified and unmodified) has equally been widely adopted as an adsorbent in the 
removal of CR [25–28]. However, to the best of our knowledge, the use of rice husk and kaolin clay hybrid in the removal 
of CR from aqueous systems is yet to be reported. It has been suggested that the adsorption capacity of adsorbents 
can be increased through chemical, thermal, and physical treatments [29]. Hence, we attempted in the present study to 
impregnate rice husk and kaolin clay using microwave and evaluate its efficiency in the removal of CR from aqueous solu-
tions. The efficiency of the rice husk, calcined kaolin clay, and microwaved rice husk kaolin clay hybrid were investigated 
under variable operating conditions of initial concentration, adsorbent dosage, and contact time.

2 � Experimental

2.1 � Adsorbents and adsorbate preparation

The rice husk (RH) was procured from the premises of the University of Ibadan, Nigeria, and 500 g of it was immersed 
in 98% purity 1 M NaOH solution supplied by Sigma-Aldrich for 24 h before being dried, ground, and sieved through 
850 µm to create alkali-modified RH. The 95% purity Kaolin clay was obtained from SoundMind Chemicals in Ojota, Lagos 
State, calcined for two hours at 650 °C using a locally made furnace and sieved using 425 µm. Modified calcined clay 
and modified rice husk were combined in a 1:1 ratio and microwaved for 15 min at medium temperature to generate 
MHRCH. Congo red of high analytical quality of 99% was purchased from Sigma-Aldrich (Molecular Weight: 696.66 g/
mol; molecular formula of C32H22N6Na2O6S2; Color Index Number: 22,120 and λmax of 497 nm). In order to make the CR 
stock solution (1000 mg/L), 1 g of CR was dissolved in 1 L of distilled water. For the experiment, the working solutions 
were prepared from the stock by serially diluting the stock to various concentrations.
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2.2 � Design of experiment and influence of process parameters

The effects of process parameters comprising adsorbent dosage, contact time, and pH, initial concentration were investi-
gated in this study. The adsorbent dosage was taken at 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, and 1 g for 48 h in 100 mg/L CR solution. 
In addition, contact times of the adsorbents with 100 mg/L CR solution at 2, 5, 10, 20, 30, 60, 120, and 240-min intervals 
and the initial concentrations of 50, 100, and 150 mg/L were used to monitor the influence of time and concentration on 
the adsorption experiment while initial pH solutions of 3, 5, 7, and 9 were used to study the effect of pH. The adsorbents 
were weighed and added to 25 mL of 100 mg/L CR solution and this was agitated on a Thermostated Shaker Bath for 48 h. 
At the end of the adsorption experiments, the unadsorbed CR solution was separated from the adsorbent by centrifuging. 
The concentration of the unadsorbed dye in the filtrate solution was measured at 497 nm using a UV spectrophotometer.

The amount of dye adsorbed and the percentage of dye adsorption were calculated according to Eqs. (1) and (2) 
respectively [30]:

where Co and Ce are the initial and equilibrium concentrations of the dye respectively, V is the volume of the solution 
(L), and M is the weight of the adsorbent (g).

2.3 � Adsorption isotherm and kinetics

The temperature and concentration-dependent data were subjected to Langmuir, Freundlich, and Temkin isotherm 
models which are presented in Eqs. (3–5) respectively.

where Ce stands for the adsorbate concentration at equilibrium (mg/L), qe is the amount adsorbed on the unit mass of 
adsorbate (mgg−1) and qm is the amount of adsorbate necessary to create a monolayer on the unit mass of adsorbate. 
The monolayer adsorption capacity, qm, and adsorption equilibrium constant, b, can be determined from the equation 
of the graph by plotting 1/qe versus 1/Ce, which results in a straight-line graph.

where Ce is the adsorbate’s equilibrium concentration (mg/L), qe stands for the amount adsorbed (mg/g), and KF and n 
are the Freundlich constants for capacity and intensity, respectively. The Freundlich parameters n and KF are calculated 
using linear graphs of log qe against log Ce.

where B = RT/b, b is Temkin’s constant, KT is the Bound Equilibrium Constant (L g−1), and B is related to the heat of adsorp-
tion (J mol−1). From the linear plot of qe against Ln Ce, the parameters B and KT are calculated.

The time-dependent data was subjected to pseudo-first-order and pseudo-second-order kinetics and this is shown 
in Eqs. 6 and 7 respectively:
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where the amounts of dye adsorbed on the adsorbent at equilibrium and time t (min), are denoted by qe and qt (mg/g) 
respectively. Adsorption rate constant k1 (min) is also used and k2 is the rate constant for the pseudo-second order kinetic 
model. Also, the thermodynamic study is conducted using the values from the adsorption isotherms parameters.

2.4 � Characterization of adsorbents

The adsorbents functional groups were examined using a Fourier transform infrared (FT-IR) spectrophotometer (Spec-
trum One, Perkin Elmer, USA) with a wavelength range of 4000 – 400 cm⁻1 before and after adsorption, as reported 
by [31]. Before FT-IR analysis, the adsorbents were produced by combining them with potassium bromide (KBr) and 
compressing them into pellets. The scanning electron microscope (SEM) was used to examine the surface morphology 
of the adsorbents. The samples for SEM examination were coated with a thin layer of gold to improve conductivity and 
the quality of the image.

3 � Results and discussion

3.1 � Characterization of adsorbents

Fourier transform infrared (FT-IR) spectroscopy provides information about the available active sites on an adsorbent’s 
surface which can interact or bind with the molecules of a pollutant [32]. The FT-IR spectra of rice husk, calcined kaolin 
clay, and microwaved rice husk kaolin clay hybrid are shown in Fig. 1. The FTIR spectra of the rice husk adsorbent exhibited 
a peak at 3455 cm−1 for both the untreated rice husk (RH) and the rice husk after being treated with CR (RHC), suggesting 
the existence of hydroxyl (-OH) groups in both samples. It was observed by [33] that the peaks at 1731.7 and 1636.9 cm−1 
are associated with the stretching of carbonyl groups in aldehydes and ketones, respectively. The rice husk adsorbent 
displays lignocellulosic absorption bands at specific wavelengths (794, 1033, 1457, 1511, 1635, 2916, 3312, and 3748 cm−1) 
both before and after adsorption, with negligible differences. The presence of Si–O bonding is shown by the peaks at 
794 and 1033 cm−1 [34]. The observed reduction in the intensity of the wide peak in the range of 3300–3500 cm−1 in the 
sample treated with CR indicates the potential formation of hydrogen bonds between the OH groups on rice husk and 
CR molecules. This shows that there is an interaction between CR and the cellulose, hemicellulose, or lignin components 
found in rice husks. Interactions between CR and rice husk components may cause shifts in peak positions within the 
2800–3000 cm−1 range, indicating alterations in the molecular environment. Interactions between CR and lignin may be 
suggested by comparable shifts within the 1700–1750 cm−1 range. The emergence of additional peaks may suggest the 
occurrence of contacts between the azo group (N=N) or sulphate groups (SO3⁻) in CR and the hydroxyl groups (OH) on 
cellulose, hemicellulose, or lignin through hydrogen bonding or electrostatic interactions. The FTIR spectrum provides 
evidence of pi-pi stacking interactions between the aromatic rings in CR and the aromatic structures in lignin.

After CR adsorption, CKC and CKCC FTIR spectra showed increased transmittance percentage intensity, suggesting 
surface changes. The broad band at 3468 cm−1 is due to the OH vibration mode of the hydroxyl molecule (Al–OH or 
Si–OH) in kaolin. The broad band at 1039 cm−1 indicates Si–O and Al-O stretching vibrations, indicating siloxane and 
aluminate groups in clay composition. A tiny peak at 2345 cm−1 suggests hydroxyl deformation from water molecules, 
adding to the spectrum.

FTIR spectra changed after CR adsorption. Reduced intensity of O–H stretching peak at 3620–3670 cm−1 shows prob-
able hydrogen bonding between kaolinite and CR molecules. The observed intensity reduction may be due to this inter-
action limiting O–H group vibrational freedom. CR may interact with siloxane (Si–O) groups in kaolinite, as indicated by 
peak position shifts about 1000–1200 cm−1 for Si–O stretching. The azo or sulphate groups in CR may interact with the 
hydroxyl groups (O–H) on the borders of kaolinite layers through hydrogen bonding or electrostatic interactions. These 
peak positions and intensities suggest new CR-CKC complexes that affect surface functional group vibrations. Novel 
peaks in the red line spectrum may suggest novel chemical species from adsorption. The observed spectrum variations 
reveal the role of particular functional groups in CR adsorption onto CKC [35].

In the MHRCH spectrum, stretching vibration at the adsorbent surface before adsorption is greater than after adsorp-
tion, indicating a drop in transmittance % intensity. This implies CR molecules have occupied the adsorbent’s surface. 
The drop in peak intensity at 3445 cm−1 suggests that CR adsorption impacts O–H stretching vibrations on the surface, 
possibly from cellulose, hemicellulose, or kaolinite. CR molecules contact the functional groups on MHRCH by hydrogen 
bonding between the O–H groups and the azo groups (N=N) or sulphate groups (SO3

−), reducing peak intensity and 
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showing surface coverage. The peaks at 2924 cm−1 and 3445 cm−1 indicate the stretching vibrations of C–H and –O–H 
groups, confirming the involvement of functional groups in adsorption [36].

For all three adsorbents, it was observed that their basic structures remained unchanged before and during adsorption 
except for some slight variations in the absorption intensities of some functional groups. This observation is consistent 
with previous findings [37, 38]. The minimal variations in absorption intensities after adsorption are probably due to the 
increased presence of adsorbed dye molecules which may have slightly affected the interaction of surface functional 
groups of the dyes with the adsorbent. This interaction could occur either via van der Waals forces or electrostatic 
interaction owing to the physical interaction of adsorbent dyes at the surface and/or the ionic properties exhibited by 
the dyes in solution [39, 40]. Furthermore, the variations in absorption intensity before and after adsorption reflect the 
adsorption loads. For all three adsorbents, the absorption intensity is characterized by a relative decrease after adsorp-
tion, suggesting that the adsorbent’s surface has been occupied by the dyes and this may block the infrared signal [37].

Scanning electron microscopy (SEM) is a method employed to observe the structures of materials, offering crucial data 
regarding the dimensions and forms of particles. Figure 2 displays the SEM images of the adsorbents. The adsorbents 
exhibit rough surface patterns characterised by prominent gaps and irregular folds, which function as active sites for the 
removal of dyes. The micrograph for MRHCH reveals a surface that is porous and lacks homogeneity. The outer epidermis 

4000 3500 3000 2500 2000 1500 1000 500
15

20

25

30

35

40

45

50

55

60

4000 3500 3000 2500 2000 1500 1000 500

50

55

60

65

70

75

4000 3500 3000 2500 2000 1500 1000 500

50

52

54

56

58

60

62

64

66

68

RH_b
RH_a

Wavenumber (cm-1)

%
Tr
an

sm
itt
an

ce

3455

2931

2355

1632

1610

A

%
Tr
an

sm
itt
an

ce

Wavenumber (cm-1)

CKC_a

CKC_b

1435

1429
3468

3468 B

%
Tr
an

sm
itt
an

ce

Wavenumber (cm-1)

MRHCH_a

MRHCH_b
C

Fig. 1   FTIR spectra of A RH, B CKC, and C MRHCH adsorbents before and after adsorption of CR dye



Vol:.(1234567890)

Research	 Discover Chemistry             (2024) 1:9  | https://doi.org/10.1007/s44371-024-00010-0

appears ruptured with obvious fissures, far more distended than in other adsorbents. The fractured surface and porous 
structure of this material can generate an ideal condition for the binding of molecules.

Similarly, the image of calcined kaolin clay (CKC) displays plate-like structures that indicate the layered composition 
of kaolinite, the main mineral. Calcination causes the removal of hydroxyl groups and the disintegration of the mate-
rial, leading to the formation of uneven plates with coarse surfaces, as observed in the scanning electron microscopy 
(SEM) analysis conducted by [41]. These modifications enhance the accessible surface area for Congo red adsorption, 
with proof of particle aggregation resulting from sintering during calcination. Electrostatic interactions and hydrogen 
bonding have the potential to increase the adsorption capacity even more. Moreover, the scanning electron microscopy 
(SEM) examination of rice husk (RH) reveals sturdy, elongated formations with a coarse and uneven surface, which can 
be attributed to the presence of cellulose fibres and silica deposits. Cellulose fibres, which have a rod-like form, are a 
fundamental constituent of the cell wall [42]. Additionally, there are irregularly shaped particles present, which suggest 
that they are fragmented silica phytoliths.

3.2 � Influence of process parameters

3.2.1 � Effect of adsorbent dosage

The adsorbent dosage conveys information for optimization and design purposes since it shows how the adsorbate 
interacts with the adsorbents. The variation in percentage adsorption with respect to adsorbent dosage is shown in 
Fig. 3. Each adsorbent had a similar pattern in terms of the adsorbent’s efficiency and capacity for adsorption. The 
amount of CR adsorbed per unit weight of adsorbent decreases as adsorbent dosage is increased. It was observed 
that the qe (mg/g) decreases (23.8 to 2.4 for MRHCH, 12.7 to 2.4 for CKC, and 16.7 to 2.2 RH) as the adsorbent dose 
increases. The fundamental reason for this was that when adsorbent dosage increased, the surface area and effective 
adsorption sites increased, improving the removal rate under constant CR concentration [43]. Beyond 0.75 g of the 
adsorbent, the percentage removal of the dye seems fairly constant, suggesting that 0.75 g is the optimal adsorbent 
dosage. MRHCH was more efficient than CKC and RH. Under the same conditions, MRHCH, CKC, and RH exhibited 

Fig. 2   SEM images of a CKC, 
b MRHCH and c RH adsor-
bents prepared by respective 
modification and calcination 
processes
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98, 95, and 89% removal of CR dye respectively. The marked differences in dye removal exhibited by the adsorbents 
could be due to differences in surface morphology and adsorbent-dye interactions [44].

3.2.2 � Effect of contact time

In adsorption tests, contact time affects sorption kinetics [45]. Figure 4 shows how contact time affects CR removal by 
the three adsorbents. The plot shows that CR adsorption increases with the contact time, indicating that the adsor-
bent’s active sites were initially unoccupied with enough CR dye in the solution [39]. The qe for MHRCH increased 
rapidly from 15.64652 mg/g at 2 min to 18.55823 mg/g at 60 min, and further to 20.2176 mg/g at 180 min. For RH, the 
qe increased from 0.71541 mg/g at 2 min to 3.86792 mg/g at 60 min, reaching 5.09434 mg/g at 180 min. Similarly, for 
CKC, qe increased from 1.97326 mg/g at 2 min to 4.02706 mg/g at 60 min, and then to 5.04994 mg/g at 180 min. For 
MHRCH, the qe increases sharply and reaches a relatively stable value after about 60 min. This implies that MHRCH 
adsorption increases minimally after 60 min of contact. Thus, the MHRCH equilibrium contact time is 60 min. Similar 
to RH and CKC, their adsorption capabilities stabilize after 60 min, indicating an equilibrium contact period of 60 min. 
Adsorption increased with time for all adsorbents, suggesting they had unoccupied active sites that gradually filled.

Fig. 3   Effect of adsorbent dos-
age of MRHCH, RH and CKC 
ranging from 0.1 g to 1 g in 
100 mg/L CR solution for 48 h
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Due to its higher porosity, active sites, and surface area, MHRCH had the greatest qe of the adsorbents evaluated. The 
optimal and equilibrium contact time for MHRCH, RH, and CKC CR dye adsorption is 60 min, beyond which adsorption 
capacity does not increase.

3.2.3 � Effect of concentration

Congo Red adsorption was investigated at 150, 100, and 50 mg/L starting concentrations. Adsorption capabilities were 
measured up to 180 min, showing unique trends for each adsorbent. High MRHCH adsorption capacity at 100 mg/L indi-
cates excellent Congo Red interaction for efficient adsorption. Previous investigations have shown that greater starting 
concentrations increase mass transfer driving force and adsorption rates [46]. RH also adsorbed well at 100 mg/L, show-
ing strong dye-adsorbent interactions. According to [47], higher starting concentrations increase adsorption capability 
because more adsorbate molecules are available. Lower quantities of CKC remove dye more efficiently, suggesting a 
higher affinity for CR. It was observed by [48] that higher affinity binding sites make some adsorbents function better at 
lower concentrations. The study found that MRHCH and RH have better adsorption capabilities at 100 mg/L, indicating 
excellent interaction and effective adsorption (Fig. 5). The Langmuir and Freundlich isotherm models demonstrate that 
larger starting concentrations increase adsorption efficiency by increasing mass transfer driving force and favourable 
adsorption conditions. According to the Temkin isotherm model, CKC has higher affinity binding sites at 50 mg/L. These 
findings show that initial dye concentration is crucial to water treatment adsorption efficacy.

3.2.4 � Effect of pH

The pH plays an important role in the adsorption process, influencing the surface charge of adsorbents [49]. Specifically, 
the adsorption efficiency of anionic dyes increases as the pH of the dye solution decreases [50]. The three adsorbents 
were used for the adsorption of CR at pH values of 3, 5, 7, and 9. The effect of pH on CR adsorption is shown in Fig. 6. The 
removal efficiencies were found in the range of 87–98%, 76–86%, and 87–97% for MRHCH, CKC, and RH respectively. For 
all three adsorbents, the highest removal efficiencies were achieved at pH range 3–5. Protonation occurs when adsor-
bents gain a positive charge in an acidic solution. This process improves the adsorption of the negatively charged CR 
dye. As a result, the electrostatic attraction between the negatively charged CR and the positively charged adsorbent 
increases. This is consistent with similar studies in the literature where it was suggested that the acidic pH range favours 
the adsorption of CR [51, 52].

3.3 � Adsorption isotherm

Langmuir, Freundlich, and Temkin isotherm models were used to study MRHCH, CKC, and RH adsorption. The parameters 
are in Table 1 while the isotherm plots are presented in Fig. 7. The regression coefficient (R2) was highest for the Temkin 
isotherm across all adsorbents, demonstrating the best fit to experimental data. The Freundlich and Temkin isotherms 
had equal R2 values, but the Temkin model had maximum R2 values for all adsorbents, suggesting that it fits the data 
better [53, 54]. The negative values of bT for all adsorbents indicate an exothermic adsorption process that releases 
heat [55]. The greatest bT value among adsorbents is MRHCH, indicating energy efficiency. Other indicators like qm and 
kf reveal adsorption capacity and intensity. MRHCH has the greatest qm value, outperforming CKC and RH in adsorp-
tion. Conversely, RH had the highest kf value, indicating more adsorption. The Temkin isotherm proposes that the heat 
of adsorption decreases linearly as coverage increases, offering a more accurate description of adsorbent-adsorbate 
interactions in certain cases. This assumption is especially relevant to chemisorption processes, where interactions have 
significance [56]. The Freundlich isotherm, on the other hand, is empirical and better suited to describe adsorption on 
heterogeneous surfaces, meaning that adsorption heat is not distributed uniformly.

3.4 � Adsorption kinetics

The adsorption kinetics were assessed to ascertain the rate-controlling processes and the mechanism of adsorption 
[57]. Table 2 and Fig. 8 demonstrate that the adsorption of CR onto MRHCH, CKC, and RH adsorbents is mostly governed 
by the pseudo-second-order kinetic model. The finding is substantiated by the strong correlation values (R2 = 1) and 
the close concordance between the estimated and experimental qe values. In contrast, the pseudo-first-order model 
exhibited lower R2 values, suggesting that it is not a suitable fit for characterising the adsorption kinetics of the sorbents. 
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Fig. 5   The removal efficiency 
of CR at different initial 
concentrations (50 mg/L, 
100 mg/L, and 150 mg/L) 
using MRHCH, RH and CKC at 
0.5 g dosage
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The superior fit of the pseudo-second-order model indicates that the adsorption process is probably determined by 
chemisorption, which involves the exchange or sharing of electrons between the adsorbate and adsorbent [45, 58]. 
These findings align with other research that has shown the prevalence of the pseudo-second-order model in adsorption 
processes, providing further confirmation of the chemisorptive character of the interactions involved [57, 59–61]. The 
results of the adsorption kinetics show that the adsorption of CR onto MRHCH, CKC, and RH is governed by a chemisorp-
tion mechanism. This is supported by the successful fitting of the pseudo-second-order model to the experimental data.

3.5 � Thermodynamic study

The thermodynamic characteristics of MRHCH, CKC, and RH exhibit distinct adsorption behaviours. The thermodynamic 
parameters for the adsorption of congo red adsorption are presented in Table 3. The adsorption of MRHCH is characterised 
by a lack of spontaneity and the release of heat, accompanied by a decrease in disorder. This is evidenced by a positive 
ΔG° and a negative ΔS° [62]. On the other hand, CKC exhibits spontaneous and exothermic adsorption, characterised by 
a rise in disorder, as evidenced by a negative ΔG° and a positive ΔS° [37]. Similarly, the RH exhibits non-spontaneous and 
exothermic adsorption, characterised by a decrease in randomness, as indicated by a positive ΔG° and a negative ΔS°.

3.6 � Comparison of state‑of‑the‑art techniques and comparative analysis of adsorption performance 
for various dyes and adsorbents

With better efficiency and different thermodynamic features, Congo red adsorption has improved significantly and the 
study is compared to other previous studies on adsorption performance as shown in Table 4.

The removal efficiencies reported in the present study were relatively better than other adsorbents reported in the 
literature owing to the following reasons:

Fig. 6   Effect of pH on the 
adsorption of Congo red by 
MRHCH, CKC, and RH
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Table 1   Data for the 
equilibrium isotherm of the 
CR adsorption onto MRHCH, 
CKC, and RH

Adsorbent Langmuir Freundlich Temkin

qm (mg g−1) b R2 n kf (L/mg) R2 KT (L/g) bT (J/mol) R2

MRHCH 4.008 0.311 0.932 4.340 9.836 0.982 0.00069 − 2140.82 0.988
CKC 2.194 3.974 0.973 1.462 46.355 0.993 0.00570 − 981.45 0.997
RH 0.883 0.027 0.900 0.619 1790.61 0.974 0.00870 − 653.782 0.996
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Fig. 7   Adsorption isotherms A Freundlich, B Langmuir, and C Temkin plots for the adsorption of 100 mg/L CR using MRHCH, CKC, and RH

Table 2   Parameters of 
pseudo-first and second order 
for the adsorption of CR on 
MRHCH, CKC, and RH

Adsorbent Pseudo-first order equation Pseudo-second order equation

qe1 K1 R2 qe2 K2 R2 Experimental qe

MRHCH 0.988 − 0.009 0.9621 5.562 0.090 0.9997 5.534
CKC 0.853 − 0.009 0.9251 4.153 0.139 0.9998 4.134
RH 1.182 − 0.009 0.9863 3.247 0.046 0.9972 3.180
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Fig. 8   Pseudo-second-order 
plots for the adsorption of 
100 mg/L CR onto 0.4 g a CKC, 
b MRHCH, and c RH moni-
tored over contact time from 
2 to 180 min
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1)	 Enhanced Adsorption: Overtaking activated carbon, MRHCH had the maximum adsorption capacity (98%), followed 
by CKC (95%) and RH (89%). The improved performance can be due to MRHCH’s superior surface characteristics, which 
were boosted via heat treatment and microwave-assisted preparation. These enhancements most likely resulted in 
increased surface area, porosity, and more active adsorption sites.

2)	 Thermodynamic Properties: MRHCH and RH imply exothermic, non-spontaneous adsorption with decreased random-
ness (positive ΔG° and negative ΔS°). Positive ΔS° and negative ΔG° suggest spontaneous, exothermic adsorption in 
CKC with increasing unpredictability. Congo red may interact differently due to these features. These thermodynamic 
features imply that different adsorbents have varied interactions with CR, which can be tailored to specific applica-
tion conditions.

3)	 Kinetic/Isotherm Models: With increased surface covering, the binding energy is evenly distributed and adsorption 
heat decreases, according to the Temkin model. Following pseudo-second-order kinetics, chemisorption was found 
to be the rate-limiting phase and this indicates stronger adsorption interactions. The Temkin model provides a more 
detailed knowledge of the energy changes that occur during adsorption, which, when combined with kinetic analysis, 
aids in fine-tuning the process for optimal efficiency.

4)	 Advanced Adsorbent Preparation: Thermally treated microwaved rice husk clay hybrid (MRHCH) improves surface 
characteristics such as surface area and pore size, as well as Congo red adsorption effectiveness. This method may 
work for advanced water treatment utilising agricultural waste.

4 � Conclusion

The study delved into the potential for adsorption of congo red (CR) using rice husk (RH), calcined kaolin clay 
(CKC), and microwaved rice husk clay hybrid (MRHCH). The highest removal efficiency was achieved by MRHCH 
(98%), followed by CKC (95%), and RH (89%). As contact time increases, the removal efficiency rises. While MRHCH 
and RH gave the best adsorption at 100 mg/L, the adsorption capacity of CKC decreased at higher concentrations. 
The isotherm data was best fitted into the Temkin isotherm model which denotes an even distribution of binding 
energy, characterizes adsorption and the rate at which the adsorption heat of all molecules declines with increas-
ing coverage of the adsorbent surface. The kinetic study followed the pseudo-second-order kinetics with very high 
correlation coefficients. The calculated values of qe were also close to the experimental data. In consonance with 
existing evidence in the literature, the present study further confirmed that the efficiency of adsorbents can be 
increased by thermal treatment owing to the greater adsorption efficiency exhibited by the microwaved rice husk 
clay hybrid adsorbent. It is suggested that the impact of different types of thermal treatment on the efficiency of 
adsorbents should be further investigated. Also, the use of other agricultural wastes as potential adsorbents should 
be explored in future studies. Finally, the feasibility and effectiveness of these adsorbents in real-world applications 
should be evaluated.

Table 3   Thermodynamic Parameters for Adsorption of CR Dye

Adsorbent Langmuir Constant b (L/mg) 
or Equilibrium Constant KL

Gibbs Free Energy 
Change ΔG° (kJ/mol)

Temkin Con-
stant KT (L/g)

Temkin Con-
stant bT (J/mol)

Enthalpy Change 
ΔH° (kJ/mol)

Entropy 
Change ΔS° (J/
mol·K)

MRHCH 0.311 2.89 0.00069 − 2140.82 − 2.14 − 16.87
CKC 3.974 − 3.42 0.00570 − 981.45 − 0.98 8.19
RH 0.027 8.96 0.00870 − 653.782 − 0.65 − 32.24
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