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Rice husk ash (RHA) is an abundant byproduct of the food industry. While frequently used as a fertilizer, 

this application can lead to the polluting accumulation of residual carbon in the soil. Research suggests that 

RHA can serve as a cost-effective alternative adsorbent to high-cost activated carbon. In this study, RHA 

was chemically treated with NaOH (RHA-b) and H3PO4 (RHA-a) to enhance the adsorption of the anionic 

dye tartrazine yellow (TY) and the cationic dye methylene blue (MB). Structural analysis identified silanol 

groups and a slit-like pore morphology on the RHA surface.Kinetic studies revealed that equilibrium was 

reached faster for MB (180 minutes) than for TY (240 minutes), with experimental data best described by 

the pseudo-second-order kinetic model. RHA-b exhibited the highest removal efficiency, reaching 93% for 

MB and 54% for TY. Regarding isothermal studies, the Langmuir model provided the best fit for the 

experimental data. The maximum adsorption capacities were determined to be 20.21 and 19.92 mg g-1 for 

MB (RHA-a and RHA-b, respectively) and 3.29 and 9.29 mg g-1 for TY (RHA-a and RHA-b, respectively). 

Thermodynamic parameters indicated that adsorption was a spontaneous process for all adsorbents, with 

the highest spontaneity observed for MB adsorption on RHA Gºads = -34.5 kJ mol-1. Furthermore, 

spontaneity was driven by enthalpy in TY adsorption and by entropy in MB adsorption. 

Keywords: adsorption, rice husk ash, thermodynamics. 

 

A cinza de casca de arroz (RHA) é um subproduto abundante da indústria alimentícia. Embora comumente 

utilizada como fertilizante, essa aplicação pode causar o acúmulo poluente de carbono residual no solo. 

Estudos indicam que a RHA pode atuar como adsorvente alternativo ao carvão ativado de alto custo. Neste 

trabalho, a RHA foi tratada quimicamente com NaOH (RHA-b) e H3PO4 (RHA-a) para otimizar a adsorção 

do corante aniônico amarelo tartrazina (TY) e do catiônico azul de metileno (MB). Estruturalmente, 

identificaram-se grupos silanol e morfologia de poros do tipo fenda na superfície da RHA. 

Os estudos cinéticos revelaram que o equilíbrio foi alcançado em 180 minutos para o MB e 240 minutos 

para o TY, com os dados experimentais sendo melhor descritos pelo modelo de pseudo-segunda ordem. A 

RHA-b apresentou a maior eficiência de remoção, atingindo 93% para MB e 54% para TY. Nos estudos 

isotérmicos, o modelo de Langmuir demonstrou o melhor ajuste aos dados. As capacidades máximas de 

adsorção obtidas foram de 20,21 e 19,92 mg g-1 para MB (RHA-a e RHA-b, respectivamente) e de 3,29 e 

9,29 mg g-1 para TY (RHA-a e RHA-b, respectivamente). Os parâmetros termodinâmicos indicaram que a 

adsorção foi um processo espontâneo para todos os adsorventes, com maior espontaneidade registrada na 

adsorção de MB em RHA Gºads = -34,5 kJ mol-1. Além disso, observou-se que a espontaneidade foi 

impulsionada pela entalpia na adsorção de TY e pela entropia na adsorção de MB. 

Palavras-chave: adsorção, cinza da casca de arroz, termodinâmica. 

1. INTRODUCTION 

The rise in the world population has contributed to the expansion of industrial activities. 

Satisfactorily, this expansion has supplied the population with food, medicine, clothing, etc. 

However, a greater number of effluents, with different types of contaminants, have been 

generated. As many of these contaminants are resistant to chemical, photochemical, and 
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biological degradation, they are considered extremely harmful to the environment and, hence, to 

humans [1, 2]. Considering that less than 1% of the planet's water is available for consumption, 

the lack of adequate treatment and incorrect disposal of these effluents in natural waters is a 

serious problem [3]. 

One of the most harmful contaminants in liquid effluents is dyes, which originate from the 

textile, pharmaceutical, food, and various other industrial sectors [4]. The presence of dyes or 

pigments in industrial effluents is because they are not completely consumed during the 

production process. It is estimated that there are more than 10 thousand types of dyes generated 

by the different types of existing industries, generating approximately 800 thousand tons of dyes 

annually [5, 6]. The presence of dyes in rivers, resulting from inadequate disposal, tends to reduce 

the water's reoxygenation capacity, the passage of sunlight, and photosynthetic activity [7, 8]. 

Among the dyes, the class of azo dyes and phenothiazines is the most used by industries [9], such 

as tartrazine yellow (TY) and methylene blue (MB), respectively. 

TY is an anionic dye (Figure 1A) and one of the most commonly used dyes in the coloring of 

pharmaceuticals, beverages, and foods. Nevertheless, TY is regarded as toxic due to its potential 

to cause allergic reactions, migraines, eczema, thyroid cancer, hives, and lupus. Even though TY 

toxicity, it is permitted in many countries, such as Brazil, Canada, the United States, and the 

European Union, and is one of the most utilized food colorings in the world [10, 11]. MB is a 

cationic dye (Figure 1B) and has been widely applied to color silk, wool, cotton, and paper [12, 

13]. MB is not biodegradable and, depending on the dose ingested, it can be carcinogenic. In fact, 

MB is a threat to human health and can cause serious damage to the environment [14, 15]. 

Regarding human health, MB can cause respiratory difficulties, abdominal disorders, blindness, 

digestive problems, and mental disorders [16, 17]. 

In this context, methods for removing dyes are extremely important for preserving the 

environment and human well-being. Several traditional methods result in other pollutants as 

secondary products, causing losses [18]. Therefore, much research has been performed to discover 

ecological and sustainable methods for removing dyes from natural waters, such as precipitation, 

chemical degradation, biodegradation, electrocoagulation, chemical coagulation, and adsorption. 

In particular, adsorption offers significant advantages over other methods, including its low cost, 

simplicity, and remarkable efficiency in dye removal [19, 20]. Activated carbon is one of the best 

materials used as an adsorbent to be used to remove dyes from water bodies by adsorption. 

Nevertheless, the high cost has prompted extensive research into alternative adsorbent materials. 

Some examples of these adsorbent materials are bamboo waste [21], coconut shell [22], sugar 

cane bagasse [23], almond shell [24], orange peel [25], banana peel [26], rice husk [27], and others 

[28, 29]. 

 
Figure 1: Chemical structures of tartrazine yellow (TY) (A) and methylene blue (MB) (B).  

In the food industry, rice husk (RH) is one of the most significant by-products generated. To 

add value to this abundant biomass, industries have increasingly utilized rice husks as an 

alternative energy source to fossil fuels, particularly in boilers for steam generation. However, the 

direct combustion of rice husks generates ash that, if improperly disposed of, can lead to 

environmental pollution, as residual carbon in large quantities poses a significant threat to soil 

quality [30, 31]. In pursuit of a more sustainable disposal method for rice husk ash (RHA), 

researchers have observed compelling results regarding its potential as a highly effective 

adsorbent for dyes in natural water bodies. Lakshmi et al. (2009) [32] studied the adsorption of 

the dye indigo carmine and obtained an adsorption capacity between 29.3 and 65.9 mg g-1, 
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depending on the temperature. Razak et al. (2013) [33] investigated the removal of methylene 

blue and found a removal of 96.1%. In this same study, the authors found that RHA was more 

effective in adsorbing the dye than RH. Khan et al. (2022) [34] chemically modified RHA and 

achieved 99.1% removal of the crystal violet dye at pH 6, using a dosage of 2.0 g L−1 of adsorbent. 

RHA was also used to adsorb the dye brilliant green [35], congo red [36], acid orange 7 [37], 

malachite green [38], remazol red [39], and reactive orange 16 [40]. 

This study seeks to rigorously investigate and critically compare the adsorption processes of 

the TY/RHA and MB/RHA systems, which have not yet been reported in the literature. The RHA 

was characterized in its raw form (RHA-r), treated in an acidic medium (RHA-a), and treated in 

a basic medium (RHA-b). The kinetics and adsorption study were performed, and the 

thermodynamic parameters were determined for all systems. 

2. MATERIALS AND METHODS 

2.1 Chemical treatment of RHA 

The RHA was collected at Zaeli Food Industry, located in the city of Umuarama, Paraná State, 

Brazil. RHA was used in three forms: (i) raw (RHA-r), (ii) treated in acid medium-H3PO4 (RHA-

a), and (iii) treated in basic medium-NaOH (RHA-b). Firstly, the RHA was left to rest in contact 

with distilled water for 24 h to remove water-soluble species. After, the mixture was filtered. 

Then, the RHA was dried in the oven for 2 h at 105 oC and sieved, seeking homogeneity in particle 

size. For the acid and base treatment, the sieved RHA was placed in contact with a solution of 

H3PO4 (0.1 mol L−1) or NaOH (0.1 mol L−1), under stirring for 24 h. After carrying out the acid 

or basic treatment, the RHA was filtered, washed with distilled water several times to remove the 

acid or basic residue, and dried again in the oven for 2 h at 105 oC. 

2.2 Characterization of RHA 

The RHA ATR-FTIR spectra were obtained with an ATR-FTIR spectrophotometer (Agilent 

Cary, 630), using a platinum module and diamond crystal for attenuated total reflection, from 400 

to 4000 cm−1. The X-ray diffractograms (XRD) were collected with a Shimadzu XRD6000 X-ray 

diffractometer using Ni-filtered Cu-K α radiation (λ = 0.154 nm) at 40 kV and 30 mA, with a 

diffraction angle (2Ө) ranging from 10 to 60°. The crystallinity index (CrI) was determined by 

Eq. 1 (Segal et al., 1959) [41]: 

 

                                       𝐂𝐫𝐈 =  (
𝐈𝐧𝐭𝐞𝐧𝐬𝐢𝐭𝐲𝐜− 𝐈𝐧𝐭𝐞𝐧𝐬𝐢𝐭𝐲𝐚𝐦

𝐈𝐧𝐭𝐞𝐧𝐬𝐢𝐭𝐲𝐜
) 𝐱𝟏𝟎𝟎                                     Eq. 1 

 

where Intensityc is approximately the crystalline cellulose content, and Intensityam is 

approximately the amorphous cellulose content. 

 

The scanning electron microscopy (SEM) images were obtained with a QUANTA 250 FEI 

microscope with an operating accelerating voltage of 12.50 kV. The samples were metallized with 

gold, and the images were magnified at 800x. 

The surface area, volume, and size of pores and the distribution of pores in the adsorbent were 

determined using gas (N2) adsorption analysis. Internal structure analysis is primarily concerned 

with the structure of adsorbent pores. The area surface and pore diameters of the adsorbents were 

measured using data from the adsorption-desorption process. The models developed by Brunauer, 

Emmett, and Teller (BET) and Barrett, Joyner, and Halenda (BJH), describe the phenomenon of 

adsorption, to determine the volume of adsorbed gas as a function of relative pressure. To 

determine the micropore volume, the t-plot method was applied. 

The point of zero charge (pHPZC) assesses the surface charge of adsorbents. It was estimated 

by adding 0.100 g of each adsorbent to 100 mL of a 1.00 mol L−1 KCl solution and 100 mL of 



F.A.C. Biasuz et al., Scientia Plena 22, 034201 (2026)                                           4 

distilled water. The experiments were performed in duplicate. After stirring for 15 min, the 

samples were centrifuged, and the pH values were measured using a pH meter (Quimis,  

Q-400MT). Employing Eq. 2 and 3, the pH and pHPZC, respectively, were determined (Batistela 

et al., 2016) [42]: 
 

∆𝑝𝐻 =  𝑝𝐻𝐾𝐶𝑙 − 𝑝𝐻𝐻2𝑂                                                      Eq. 2 

 

𝑝𝐻𝑃𝑍𝐶 = 2 𝑥 𝑝𝐻𝐾𝐶𝑙 −  𝑝𝐻𝐻2𝑂                                                  Eq. 3 

 

where pHKCl is the pH in KCl solution, pHH2O is the pH in water, pH is the difference between pHKCl and 

pHH2O, and pHpcz is the pH where the adsorbent surface is neutral.  

2.3 Adsorptions kinetics Study 

The initial concentration of the TY and MB solution was 20 mg L−1 [43, 44]. From these 

solutions, an aliquot of 10.0 mL was collected and introduced into Falcon tubes. A fixed dosage 

of 10.0 g L−1 was used for each adsorbent (RHA-r, RHA-a, and RHA-b). The RHA was introduced 

into the TY or MB solution to ensure complete immersion, with a controlled pH of 2 [43] for the 

TY/RHA system and 11 [44] for the MB/RHA system. The tubes were closed and mechanically 

agitated in a shaker. After each time interval, the adsorbent was removed, and the concentrations 

of free TY and MB in the solution were quantified using a UV-Vis spectrophotometer. The 

experiment was performed in triplicate. The amount of TY and MB adsorbed (Qt) was calculated 

according to Eq. 4: 

 

                                          𝑸𝒕 = (
𝑪𝒊−𝑪𝒇

𝒎𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒏𝒕
) 𝒙𝑽𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏                                           Eq. 4 

 

where Qt is the amount of TY or MB adsorbed by the adsorbent at each time t (mg g−1), Ci is the 

initial concentration of the dye solution (mg L−1), Cf is the final concentration of the dye solution 

(mg L−1), Vsolution is the volume of the adsorbate solution (L), and madsorbent is the mass of adsorbent 

used (g). The kinetic studies were performed in triplicate, and the mathematical models applied 

were pseudo-first order (PPO) and pseudo-second order (PSO). 

2.4 Adsorptions isotherms Study 

The isothermal study was conducted by fixing the equilibrium time determined in the kinetic 

study and applying different initial concentrations of the adsorbate (TY and MB). This study was 

also performed for the three forms of RHA (RHA-r, RHA-a, and RHA-b), with the dosage fixed 

at 12.0 g L−1. A total of 10.0 mL of the TY or MB solution was added at a specified initial 

concentration, along with 0.012 g of adsorbent in Falcon tubes. The pH was maintained at 2 for 

the TY/RHA system and at 11 for the MB/RHA system. The tubes were closed and mechanically 

agitated in a shaker. After the shaking period, an aliquot of the solution was removed, and the 

absorbance was measured using a UV-Vis spectrophotometer. The experiment was performed in 

triplicate. The adsorbent capacity was calculated according to Eq. 4, and the adsorption 

parameters were determined using the mathematical models of Langmuir and Freundlich, 

represented by Eq.5 and 6, respectively: 

 

                                                                𝑞𝑒 = (
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
)                                              Eq. 5 

                                                                  𝑞𝑒 =  𝐾𝐹𝐶𝑒

1

𝑛                                                 Eq. 6 
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where qe is the equilibrium adsorption capacity (mg g−1), qm is the maximum adsorption capacity 

(mg g−1), Ce is the equilibrium concentration (mg L-1), KL is the Langmuir constant (L mg−1), KF 

is the Freundlich constant, and n is the constant that indicates the adsorption intensity. 

2.5 Thermodynamic parameters 

To determine the thermodynamic parameters (Ho
ads, So

ads, and Go
ads), adsorption isotherms 

were investigated at various temperatures (25, 35, and 45 °C). At each temperature, the 

experimental procedure outlined in section 2.3 was followed. The mathematical model employed 

was the Langmuir model. Since the Langmuir constant (KL) is not dimensionless, a correction 

factor was required for its proper application in the equation Go
ads = −RTlnKº [45]. Therefore, 

Eq. 7 was applied as a correction factor: 

 

𝐾𝑜 =  𝐾𝐿  𝑥 𝑀𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 𝑥 103 𝑥 55.5                             Eq. 7 
 

where Kº is the thermodynamic equilibrium constant (dimensionless), and Madsorbate is the molar 

mass of the adsorbate (g mol−1). Employing the Ko values obtained at each temperature, the van’t 

Hoff equation (Eq. 8) was applied to determine the values of the standard enthalpy of adsorption 

(Ho
ads) and the standard entropy of adsorption (So

ads): 

 

𝑙𝑛𝐾𝑜 =  
∆𝑆𝑎𝑑𝑠

𝑜

𝑅
−  

∆𝐻𝑎𝑑𝑠
𝑜

𝑅𝑇
                                                Eq. 8 

 

where R is the ideal gas constant (8.314 J mol-1 K−1), and T is the temperature in Kelvin (K). The 

values of Ho
ads and So

ads were determined by plotting lnKº versus 1/T. The variation of the 

standard Gibbs free energy of adsorption (Go
ads)

 of adsorption was determined by applying 

Eq. 9. 

 

∆𝐺𝑎𝑑𝑠
𝑜 =  −𝑅𝑇𝑙𝑛𝐾𝑜                                               Eq. 9 

3. RESULTS AND DISCUSSION 

3.1 Characterization of rice husk ash 

3.1.1 ATR-FTIR spectra and X-ray diffraction patterns  

Rice husk ash (RHA) results from the combustion of rice husks, which likely causes the 

decomposition of much of the organic matter in the agro-industrial residue, such as hemicellulose, 

cellulose, and lignin. The ATR-FTIR spectra confirm this decomposition by showing the absence 

of some of the characteristic signals from these compounds. According to Yang et al. (2007) [46], 

hemicellulose is the first to decompose within a temperature range of 220 to 315 °C. Cellulose 

then begins to decompose between 315 and 400 °C. Finally, lignin, which is the most resistant to 

decomposition, decomposes more slowly from room temperature up to 900 °C. The ATR-FTIR 

spectra of RHA under different conditions (RHA-r, RHA-a, and RHA-b) were obtained and are 

presented in Figure 2A. 
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Figure 2: ATR-FTIR spectra (A) and X-ray diffraction patterns (B) for RHA-r, RHA-a, and RHA-b.  

The ATR-FTIR spectra (Figure 2A) show similar peaks across the three conditions analyzed, 

suggesting that the composition and structure of RHA-r, RHA-a, and RHA-b are comparable. 

Silica signals appear in the spectra of all three conditions, as the combustion of rice husks 

generally produces a concentration of amorphous silica, typically exceeding 90% [47-50]. The 

signals observed around 450, 786, and 1036 cm−1 correspond to Si-O bonds [51]. The signal at 

1036 cm−1 is indicative of C-O bonds, which indicates cellulose content related to the C-O bond 

in cellulose [52]. This result indicates that cellulose was not completely decomposed. A more 

intense signal is observed in the RHA-r condition, where cellulose remained unaffected by acid 

hydrolysis [53] or basic hydrolysis [54]. In contrast, under basic conditions (RHA-b), lignin 

undergoes primary degradation [55]. The small peak at 1526 cm−1 corresponds to C-C stretching 

in the aromatic ring of lignin. RHA-b shows the smallest peak due to the degradation of lignin 

under basic conditions [55]. Lastly, the peak at 2346 cm−1 is associated with C-H vibration and 

C-O stretching in polysaccharides [56].  

Figure 2B shows four well-defined peaks between 21° and 36°. The observed peaks are likely 

associated with silica, since a significant amount of organic matter decomposes during the rice 

husk combustion process. This result supports the silica signal observed in the FTIR analysis 

(Figure 2A). The sharpness of these peaks (Figure 2B) suggests the presence of crystalline silica, 

specifically an allotropic form of silica named cristobalite [50]. The crystallinity index can be 

observed in Table 1. 

Table 1. Crystallinity index of the adsorbents: RHA-r, RHA-a, and RHA-b.  

Parameters RHA-r RHA-a RHA-b 

Ic 6379 7547 3319 

Iam 525 547 509 

Crystallinity index 92% 93% 85% 

Table 1 shows that all adsorbents exhibited a relatively high crystallinity index. The lowest 

crystallinity index was observed for RHA-b, likely due to the NaOH attack on crystalline silica 

[57]. 

3.2.2 Scanning electron microscopy (SEM) 

The RHA samples were analyzed employing SEM to obtain essential information on the 

surface characteristics of the materials, which can significantly influence the adsorption process. 

The images of the adsorbents, magnified at 800x, are presented in Figure 3. 
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Figure 3: SEM images of the adsorbents: RHA-r (A), RHA-a (B), and RHA-b (C).  

Figure 3 displays that the three samples (A: RHA-r, B: RHA-a, and C: RHA-b) exhibit a 

similar heterogeneous and slit-like pore morphology on the surface. In addition, all images reveal 

an irregular network of elongated voids and interconnected channels, which is characteristic of 

silica-rich agricultural residues. 

3.2.3 Surface area assessment: BET, BJH, and t-plot methods 

The surface area of the adsorbents was determined by applying the Brunauer-Emmett-Teller 

(BET) method. The total pore volume was calculated by the Barrett-Joyner-Halenda (BJH) 

desorption method, and the micropore volume was determined by the t-plot method [58]. The 

results are presented in Table 2. 

Table 2: Surface area, total pore volume, micropore volume, and average pore diameter for RHA under 

different conditions.  

Condition 
Surface area 

(m2 g−1) 

Total pore volume  

(cm3 g−1) 

Micropore volume  

(cm3 g−1) 

Average pore 

diameter (Å) 

RHA-r 36.58 0.01664 0.00965 37.34 

RHA-a 45.35 0.01522 0.01010 39.94 

RHA-b 46.16 0.01757 0.00854 37.52 

A surface area of 45.35 m2 g−1 for RHA-a and 46.16 m2 g−1 for RHA-b was obtained (Table 2). 

These values are higher than those of RHA-r (36.58 m2 g−1), which is consistent with the findings 

reported in the literature [59]. Although the chemical treatment produced an increase in surface 

area, this change is modest, and the differences among the samples may fall within the 

experimental uncertainty typically associated with BET measurements. The average pore 

diameter (Table 2) classifies the pores as mesopores [58]. The shape of the isotherms presented 

in Figure 4 is characteristic of multilayer adsorption and resembles a type II isotherm, indicating 

both multilayer adsorption and the presence of micropores. The hysteresis observed in the 

isotherms of Figure 4 indicates the presence of non-rigid agglomerates with plate-like particles, 

which generate slit-shaped pores [58]. This result is consistent with the SEM images (Figure 3), 

which also show slit-shaped pores. 

(A) (B) (C) 
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Figure 4: BET isotherms (A) and pore size distribution as a function of average pore diameter (B) for 

RHA-r, RHA-a, and RHA-b.  

3.2.4 Determination of point of zero charge (pHPZC) 

The pHPZC (Table 3) represents the pH at which the adsorbent surface is electrically neutral. 

This value is crucial for assessing the electrostatic interactions between the adsorbent and 

adsorbate. When pHsolution < pHPZC, the adsorbent surface carries a positive charge on its surface. 

Conversely, when the pHsolution > pHPCZ, the adsorbent surface carries a negative charge on its 

surface [60, 61]. At pHsolution 2.0, the optimal pHsolution for TY dye [43], all RHA conditions show 

a positive surface charge, promoting the adsorption of TY (an anionic dye). In contrast, at pHsolution 

11, the optimal pHsolution for MB [44], all RHA conditions display a negative surface charge, 

promoting the adsorption of MB (a cationic dye).  

Table 3: pHPZC values for the adsorbents studied at 25.0 °C.  

Adsorbents  pHKCl pHH2O ΔpH pHPZC 

RHA-r 7.30±0.10 8.51±0.03 −1.21±0.13 6.10±0.23 

RHA-a 5.57±0.03 6.36±0.07 0.79±0.10 4.79±0.13 

RHA-b 6.47±0.03 7.16±0.11 0.69±0.13 5.78±0.16 

Table 3 demonstrates that, under all experimental conditions, the pHPZC values fall within the 

acidic pH range, with the most acidic value observed for RHA-a (4.79). Based on the observed 

pHPZC values, electrostatic attractions favor the adsorption of both TY and MB dyes for all 

adsorbents. 

3.2 Adsorptions kinetics Study 

The kinetic studies were conducted in triplicate. As illustrated in Figure 5, the adsorption 

equilibrium was achieved after approximately 240 min for TY and 180 min for MB. This 

difference in the adsorption time suggests a difference in the adsorption mechanism. The 

experimental data were best described by the pseudo-second-order kinetic (PSO) model, as 

illustrated in Figure 5 and in Table 4. 
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Figure 5: Adsorption kinetics for TY and MB on RHA in different conditions at 25.0 °C. Adsorbent 

dosage of 10.0 g L−1, pH = 2.0 for TY solution and pH = 11 for MB solution. [TY] = 20.0 mg L−1,  

[MB] = 10.0 mg L−1. (A) TY/RHA-r; (B) TY/RHA-a; (C) TY/RHA-b; (D) MB/RHA-r; (E) MB/RHA-a  

and (F) MB/RHA-b.  

Table 4: Kinetic parameters for TY and MB adsorption on RHA in different conditions at 25.0 °C. 

Dosage = 10.0 g L−1, pH = 2.0 for TY adsorption and pH = 11 for MB adsorption. [TAR] = 20.0 mg L−1 

and [MB] = 10.0 mg L−1.  

Models PPO PSO 

Systems qe (mg g−1) k1 (min−1) R2 qe (mg g−1) k2 (g mg-1 min−1) R2 

TY/RHA-r 2.33±0.14 0.019±0.004 0.9218 2.76±0.17 0.008±0.003 0.9570 

TY/RHA-a 2.86±0.14 0.024±0.005 0.9293 3.30±0.18 0.010±0.002 0.9569 

TY/RHA-b 4.63±0.21 0.014±0.002 0.9723 5.75±0.32 0.003±0.001 0.9808 

MB/RHA-r 7.11±0.38 0.097±0.023 0.8640 7.68±0.33 0.019±0.005 0.9356 

MB/RHA-a 12.18±0.73 0.060±0.015 0.8544 13.28±0.72 0.007±0.002 0.9193 

MB/RHA-b 14.84±0.85 0.042±0.009 0.8899 16.36±0.93 0.004±0.001 0.9119 

The PSO model provided the best fit for the experimental values. This model assumes that 

chemisorption may be the phase controlling the adsorption rate, where the valence forces, 

resulting from the sharing or exchange of electrons between the adsorbent and the adsorbate, are 

considered [62]. Phihusut and Chantharat (2017) [63] compared the adsorption efficiency of MB 

on RH and RHA. The values of qe and k2 obtained in this study were consistent with those reported 

by the authors under similar experimental conditions. 

The observed qe values (Table 4) demonstrate that RHA adsorbs more MB dye compared to 

TY, indicating a stronger affinity of RHA for cationic dyes. The chemically treated adsorbents 

exhibited superior efficiency in adsorbing both dyes, particularly for MB. These results suggest 

that the increased surface roughness and porosity of the adsorbents (evident in Figures 3B, 3C, 

and Table 2), as a result of chemical treatment, contribute to the enhancement of dye removal 

from aqueous solutions. The kinetic data further allowed for the assessment of the removal 

efficiency for each system, as illustrated in Figure 6. For both dyes, the highest removal 

efficiencies were observed for RHA treated in a basic medium (RHA-b), achieving 93% and 54% 

for the MB/RHA-b and TY/RHA-b systems, respectively. 
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Figure 6: Percentage of MB and TY removal using RHA under different conditions at 25.0 °C.  

Adsorbent dosage of 10.0 g L−1, pH = 2.0 for TY solution and pH = 11 for MB solution.  

[TY] = 20.0 mg L−1, [MB] = 10.0 mg L−1.  

The principal component of RHA is silica, as observed in the ATR-FTIR spectra (Figure 2A). 

This implies that its surface contains silanol groups, such as (SiO)3−SiOH and (SiO)2−Si−(OH)2 

[64]. These groups exhibit pKa values of 4.5 and 8.5, respectively [65]. The chemical treatment 

with NaOH caused the deprotonation of the silanol OH groups, thereby making the negative 

charges on the surface of the material more intense. The MB adsorption was conducted at pH 11, 

ensuring that the adsorbent surface remained deprotonated throughout the process. Thus, the 

negative charge on the surface of the material originates from residual negative charges, since  

pH > pHPZC, and from negative charges of deprotonated chemical groups.  

In the adsorption of TY, the solution pH (pH = 2) plays a decisive role because, under highly 

acidic conditions, the silanol groups on the RHA surface become protonated. Since pH < pHPZC, 

the surface acquires a net positive charge, which favors the adsorption of the anionic dye through 

electrostatic attraction. Accordingly, a higher adsorption capacity would normally be expected 

for RHA-a, as the acidic treatment favors the protonation of surface sites. However, the 

experimental results showed the opposite trend. As presented in Figure 6, TY removal reached 

21% for RHA-a and 33% for RHA-b, despite the fact that the alkaline-treated sample does not 

present a stronger electrostatic attraction toward the dye. Because the BET surface areas of  

RHA-a and RHA-b are very similar (45.35 and 46.16 m2 g−1, respectively; Table 2), and the 

differences fall within the expected experimental uncertainty of the technique, surface area 

variations cannot explain the observed adsorption behavior. These findings indicate that TY 

adsorption onto RHA is influenced by factors beyond surface charge. The distinct chemical 

treatments likely generated subtle but relevant differences in surface chemistry and 

microstructure, such as modifications in functional groups, surface roughness, pore accessibility, 

and the amount or nature of residual carbon. Even when not reflected in significant changes in 

total surface area, these effects can alter diffusion, affinity, and interaction strength between the 

adsorbent surface and the dye molecules [66]. A similar result was reported by Bertolani et al. 

(2024) [67], who observed that, for tartrazine adsorption onto pigeon pea husk, structural and 

chemical changes introduced by the treatment processes exerted a more significant influence on 

adsorption performance than surface area alone. In this context, the higher adsorption of TY onto 

RHA-b suggests that the chemical and microstructural modifications induced by alkaline 

treatment played a more dominant role in the adsorption mechanism than surface charge effects.  

The removal of MB from aqueous solutions is significantly higher compared to the removal 

of TY. This fact is probably related to the strong electrostatic interactions between the negatively 

charged surface of RHA and the cationic MB molecules. A similar behavior was verified by 

Hongo et al. (2021) [68], who reported a removal efficiency exceeding 80% for MB at pH 11, 

employing RHA from a power plant in Myanmar, a country in South Asia.  
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3.3 Adsorptions isotherm Study 

The isotherm studies were carried out by fixing the equilibrium time found in the kinetic study 

(240 min for TY and 180 min for MB) at different initial concentrations of the adsorbate. The 

experimental data were best represented by the Langmuir model, as shown in Figure 7 and in the 

R2 values presented in Table 4. This model suggests that the adsorption process of TY and MB 

on the surface of RHA, under all conditions, was chemical adsorption (chemisorption), 

homogeneous, and monolayer. Furthermore, it indicates that the adsorption process occurs at 

specific sites [69]. 
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Figure 7: Adsorption isotherm for TY and MB on RHA in different conditions at 25.0 °C. Adsorbent 

dosage of 10.0 g L−1, pH = 2.0 for TY solution and pH = 11 for MB solution. (A) TY/RHA-r;  

(B) TY/RHA-a; (C) TY/RHA-b; (D) MB/RHA-r; (E) MB/RHA-a and (F) MB/RHA-b.  

The evaluation of the maximum adsorption capacity values (qm) for the TY/RHA system 

shows that TY adsorption was higher on RHA-b, reaching qm = 9.29 mg g−1, as presented in Table 

4. This result is consistent with the TY removal percentages observed in Figure 6, confirming that 

the superior performance of RHA-b cannot be attributed to surface area differences, which are 

negligible. Instead, the result supports the interpretation that chemical and microstructural 

changes induced by the alkaline treatment exert a more significant influence on the adsorption 

behavior than surface charge effects alone. Evaluating the qm of the MB/RHA system, it can be 

seen that under conditions where RHA was chemically treated, the values were higher,  

20.21 mg g−1 and 19.92 mg g−1 for RHA-a and RHA-b, respectively, as shown in Table 5. This 

result is consistent with the MB removal percentage observed in Figure 6. However, in this case, 

both chemically treated adsorbents had a higher adsorption capacity, not just RHA-b, as seen in 

the TY/RHA-b system. Salem et al. (2018) [70] found a similar result when studying the 

adsorption of MB on untreated and HCl- and NaOH-treated RHA. The authors found the value 

of 28.42 mg g−1 for MB adsorption on NaOH-treated RHA, 15.64 mg g−1 for MB adsorption on 

HCl-treated RHA, and 17.36 mg g−1 for MB adsorption on untreated RHA [70]. This is an 

interesting result because it suggests that dye adsorption on the surface of adsorbents should 

consider not only van der Waals forces and electrostatic interactions, but also the chemical 

structure of the adsorbate [71]. In fact, the kinetic data demonstrated different equilibrium times 

for each dye, probably due to differences in the structure of the dye molecules (charge and spatial 

geometry). 
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Table 5: Adsorption parameters for TY and MB adsorption on RHA in different conditions at 25.0 °C. 

Dosage = 10.0 g L−1, pH = 2.0 for TY adsorption and pH = 11 for MB adsorption. [TAR] = 20.0 mg L−1 

and [MB] = 10.0 mg L−1.  

Models Langmuir Freundlich 

Systems qm 

(mg g−1) 

KL 

(L mg−1) 
R2 KF 

(mg1 − 1/n L 1/n g−1) 
n R2 

TY/RHA-r 2.87±0.08 0.24±0.05 0.9733 1.39±0.11 6.24±0.80 0.9812 

TY/RHA-a 3.29±0.17 0.15±0.05 0.9296 1.15±0.13 4.37±0.54 0.9723 

TY/RHA-b 9.29±0.27 0.25±0.06 0.9699 5.19±0.76 8.00±2.45 0.9256 

MB/RHA-r 10.81±0.13 0.89±0.05 0.9972 5.21±0.40 3.82±0.51 0.9487 

MB/RHA-a 20.21±0.51 0.61±0.05 0.9905 9.69±0.22 4.22±0.17 0.9239 

MB/RHA-b 19.92±0.99 2.23±0.78 0.9205 12.87±0.95 6.01±1.19 0.9244 

Comparing the adsorption of TY and MB on RHA (without chemical treatment), the qm values 

obtained were 2.87 mg g−1 and 10.81 mg g−1 for TY/RHA and MB/RHA, respectively, as shown 

in Table 4. This result aligns with the removal percentages observed in Figure 6, where 33% and 

93% were observed for TY and MB, respectively. Because the MB molecule is flatter than the 

TY molecule, MB molecules can interact more closely with the adsorbent surface, leading to 

greater adsorption. Thus, the effects of surface charge, π–π interactions, and hydrogen bonding 

[71] are expected to be more pronounced for the MB/RHA system than for the TY/RHA system. 

3.4 Thermodynamic Study 

The adsorption isotherms were performed at three temperatures: 25 ºC, 35 ºC, and 45 ºC. Based 

on the values of the Langmuir constant (KL) at different temperatures, Eq. 5 was applied, and 

subsequently the van’t Hoff model (ln(Kº) versus 1/T), as illustrated in Figure 8. 
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Figure 8: van’t Hoff model (ln(Kº) versus 1/T) to determine Hºads and Sºads for the systems  

(A) TY/RHA-r, (B) TY/RHA-a, (C) TY/RHA-b, (D) MB/RHA-r, (E) MB/RHA-a, (F) MB/RHA-b.  

Through the slope and intercept, obtained from the above graphs and Eq. 6, the standard 

adsorption enthalpy (ΔHºads) and the standard adsorption entropy (ΔSºads) were determined, 

respectively. The standard adsorption free energy (ΔGºads) was calculated by Eq. 7. The 

thermodynamic parameters are presented in Table 6. 
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Table 6: Thermodynamic parameters for the adsorption of TY and MB on RHA under different 

conditions. Dosage = 10.0 g L−1, pH = 2.0 for TY adsorption and pH = 11 for MB adsorption.  

[TAR] = 20.0 mg L−1 and [MB] = 10.0 mg L−1. 

Systems 
Hºads 

(kJ mol−1) 

Sºads 

(J mol−1 K−1) 

 Gºads (kJ mol−1)  

298.15 308.15 318.15 

TY/RHA-r −112.1 −278.1 −29.1 −26.3 −23.6 

TY/RHA-a −67.8 −133.3 −28.3 −26.1 −25.6 

TY/RHA-b −33.9 −4.9 −32.6 −32.0 −32.5 

MB/RHA-r +13.6 +150.1 −31.1 −32.7 −34.1 

MB/RHA-a +18.4 +163.1 −30.2 −31.7 −33.5 

MB/RHA-b −17.0 +54.9 −33.4 −33.8 −34.5 

The thermodynamic parameters above revealed that the adsorption of TY and MB onto the 

RHA surface, under all conditions, is a spontaneous process, with Gºads ranging from −34.5 to 

−23.6 kJ mol−1. For the TY/RHA system, the spontaneity is dominated by the standard enthalpy 

of adsorption (Hºads). In contrast, for the MB/RHA system, the spontaneity is primarily driven 

by the standard entropy of adsorption (Sºads) - except in the case of the MB/RHA-b system, 

where both the enthalpic (Hºads = −17.0 kJ mol−1) and entropic (Sºads = +54.9 J mol−1 K−1) 

contributions are thermodynamically favorable. The MB/RHA system exhibited a higher degree 

of spontaneity than the TY/RHA system, suggesting stronger interactions between MB molecules 

and the RHA surface. Both TY and MB showed more spontaneous adsorption under the condition 

where RHA was treated in a basic medium (RHA-b).  

TY adsorption onto RHA occurs via an exothermic process, in contrast to MB adsorption, 

which is generally endothermic. This indicates that, overall, increasing the temperature tends to 

favor the adsorption of MB, while it generally disfavors the adsorption of TY onto RHA under 

most conditions. De Araújo et al. (2021) [71] reported similar findings in their study of TY and 

MB adsorption onto brewer’s spent grain (BSG). They observed a standard adsorption enthalpy 

of −13.19 kJ mol−1 (exothermic process) for TY adsorption on BSG and +40.86 kJ mol−1 

(endothermic process) for MB adsorption on BSG. However, unlike the results reported by  

De Araújo et al. (2021) [71], in the present study, TY interacts with RHA predominantly via 

chemisorption, whereas MB interacts predominantly via physisorption. According to the 

literature, standard adsorption enthalpy values greater than 40 kJ mol−1 (in absolute terms) 

typically indicate chemisorption, while values lower than 25 kJ mol−1 (in absolute terms) are 

indicative of physisorption [72]. The contrast observed between this study and the findings of De 

Araújo et al. (2021) [71] highlights that the nature of the adsorbent, and consequently its surface 

properties, can significantly influence the adsorption mechanism.  

The negative values of standard adsorption entropy for the TY/RHA system indicate molecular 

ordering at the solid–liquid interface during the adsorption process. On the other hand, the positive 

standard adsorption entropy values for the MB/RHA system suggest molecular disorder at the 

solid–liquid interface during adsorption. 

4. CONCLUSIONS  

In this study, the effectiveness of TY and MB adsorption onto RHA under different conditions 

was investigated: raw form (RHA-r), treated with H3PO4 (RHA-a), and treated with NaOH  

(RHA-b). The characterization of the adsorbents revealed the presence of both crystalline and 

amorphous silica across all conditions. The surface of the RHA displayed a porous structure 

characterized by a slit-like morphology. The point of zero charge (pHPZC) of all adsorbents was 

found in the acidic region, which favored the adsorption of both TY and MB. Adsorption 

equilibrium was achieved more rapidly in the MB/RHA system (180 min) than in the TY/RHA 

system (240 min). For the kinetic studies, the experimental data were best described by the 

pseudo-second-order kinetic model. Among the adsorbents, RHA-b demonstrated the highest dye 

removal efficiency, achieving 93% of removal for MB and 54% of removal for TY. For the 
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isotherm studies, the experimental data were best represented by the Langmuir model. The 

chemically treated adsorbents showed the highest adsorption capacities, reaching 20.21 and  

19.92 mg g−1 for MB (RHA-a and RHA-b, respectively) and 3.29 and 9.29 mg g−1 for TY  

(RHA-a and RHA-b, respectively). The Thermodynamic parameters demonstrated that the 

adsorption process was spontaneous in all cases, with greater spontaneity observed in the 

MB/RHA system, reaching Gºads = −34.5 kJ mol−1. Furthermore, spontaneity was driven by the 

standard enthalpy of adsorption for the TY/RHA system and by the standard entropy of adsorption 

for the MB/RHA system. Notably, the MB/RHA-b system was both enthalpically and entropically 

favorable. Then, RHA-b (NaOH-treated RHA) was identified as the most efficient adsorbent for 

removing dyes from aqueous solutions, particularly for positively charged dyes such as MB. 

Finally, these findings underscore the potential of chemically modified RHA as an effective,  

low-cost, and sustainable adsorbent for wastewater treatment applications. 
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