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Eggshell membrane (ESM) was functionalized with waste palm cooking oil (WPCO) and used 

as an adsorbent (ESM@WPCO) for the removal of toxic Alizarin Red dye from aqueous 

solutions. SEM analysis of ESM@WPCO revealed a large microporous network of interwoven 

and coalescing shell membrane fibres. FTIR analysis confirmed the attachment of free fatty acids 

onto the surface of ESM. The protocol for Alizarin Red removal using ESM@WPCO was 

optimized for pH, adsorbent dosage, contact time and initial concentration. A maximum removal 

rate of 93% was achieved at pH 2, with an adsorbent dosage of 20 mg for 50 mg L-1 Alizarin 

Red, and a treatment time of 40 min. The adsorption isotherms were also analysed using 

Langmuir and Freundlich models, and it was found that the Freundlich model was better in 

describing the adsorption isotherm process, with an R2 value of 0.98. From this model, a 

maximum adsorption capacity (Kf) value of 8.41 mg g-1 was obtained. The adsorption kinetics 

followed a pseudo-second order model with an R2 value of 0.99. The results also revealed that 

ESM@WPCO was an effective adsorbent for the removal of Alizarin Red from aqueous 

solutions. 
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Dye-containing wastewater is a serious environmental 

threat to aquatic life and human beings due to its toxic, 

carcinogenic, mutagenic, and teratogenic properties. 

Untreated dye discharged into water bodies also 

causes turbidity, which retards the photosynthesis 

process of plankton and algae, and this can disrupt the 

food chain. Industries that deal with dyes, textile 

ennoblement, food colouring, cosmetics, printing, 

carpets, and leather manufacturing contribute to the 

discharge of dye effluents [1–3]. The dyestuff industry 

alone is responsible for up to 20% of all industrial 

water pollution [4]. Dye-containing wastewater must 

be treated before it is discharged into water bodies. 

Unfortunately, dyes are notoriously difficult to 

remove due to their persistence and non-

biodegradable nature. 

 

Dyes are colourants that are used to impart 

colour onto other substances. There are two types of 

dyes, natural and synthetic. Synthetic dyes are 

commonly used in industry because they are cheap, 

available in a wide range of colours and possess a 

strong binding affinity towards fibres [5,6]. These 

dyes can be categorized into groups such as azo, 

anthraquinone, sulfur, phthalocyanine, and 

triarylmethane, based on their chemical structure [7]. 

Alizarin Red (AR) is one of the most long-lasting 

anthraquinone dyes as it is resistant to chemical, 

physical, and biological degradation [8]. Despite its 

carcinogenic and mutagenic properties, this anionic 

dye is widely used in the textile industry to colour 

woven fabrics, wool and cotton [9]. The strong 

physicochemical, thermal, and optical stability of AR 

is due to its complex fused aromatic structure, which 

makes it resistant to degradation [10]. Hence, 

considerable effort has been expended to find efficient 

methods for the removal of AR from wastewater 

before its discharge into water bodies.  

 

There are several strategies for the treatment of 

wastewater dyes including biodegradation methods 

(fungi, algae, bacteria, and microbial fuel cells), 

chemical methods (photocatalytic oxidation, ozone 

treatment, and Fenton's process), and physicochemical 

methods (adsorption, ion exchange, coagulation, and 

filtration) [11]. Among these strategies, adsorption is 

the most straightforward, efficient, and cost-effective 

approach [12]. The adsorption method can be used to  
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treat the majority of dyes and their mixtures [13]. The 

targeted dye can be relocated from the aqueous matrix 

to the adsorbent surface, and this process depends on 

the degree of affinity of the dye towards the adsorbent. 

Popular adsorbents such as activated carbon, natural 

clay, chitosan composites, nanoparticle- and polymer-

based adsorbents, as well as magnetic adsorbents have 

been employed to treat dye-containing wastewater and 

have demonstrated outstanding removal  

efficiency[14]. 

 

Recently, eggshell membrane (ESM) has been 

gaining interest in the fields of materials science, 

environmental science, and biotechnology [15] for its 

versatility as an adsorbent. ESM possesses a wide 

range of surface functional groups such as amines, 

amides, carboxylic, hydroxyl, and thiol groups, 

making it a very good potential adsorbent for a variety 

of substrates such as metals, phenols, and dyes [16]. 

The hydrophobic functional groups of ESM can 

interact with the dye’s aromatic group, facilitating its 

removal. ESM has been employed for the adsorption 

of Direct Red 80 (DR80) and Acid Blue 25 (AB 25) 

[17],  Basic Fuchsin [18], Congo Red [19], methylene 

blue, bromophenol blue and methyl orange [20], and 

malachite green [21] in aqueous solutions. 

 

ESM can also be modified before use, and 

some examples include a Plantago Psyllium mucilage-

ESM composite for the determination of methylene 

blue and methyl orange from aqueous solution [22], 

and an ESM-modified polyethersulfone membrane for 

the separation of methylene blue and sulforhodamine 

B dyes from sodium chloride and magnesium sulphate 

respectively [23]. In other studies, a CdS-TiO2 

decorated carbonized eggshell membrane (CESM) 

was used for the removal of methylene blue [24], a 

CuO/ZnO-ESM nanocomposite to adsorb Congo Red 

[25], a methyl-esterified eggshell membrane (MESM) 

to adsorb sulfur blue [26], silver nanoparticle-

modified tannic acid-ESM to remove Congo Red and 

methyl orange [27], and magnetic eggshell membrane 

powder (MESM-P) to adsorb Congo Red dye from 

wastewater [28]. Although many different ESM-based 

adsorbents have been developed, to the best of the 

authors’ knowledge none of the ESMs were modified 

with free fatty acids (FFAs). Gupta and Rathod 

proposed a similar method utilizing FFAs from waste 

cooking oil, although they used eggshells instead of 

ESM [29]. In this study, a new modified ESM 

adsorbent, ESM@WPCO, was developed using FFAs 

derived from the hydrolysis of waste palm cooking oil. 

The present work aimed to investigate the possibility 

of using ESM@WPCO for the adsorptive removal of 

Alizarin Red (AR) from aqueous solution. The 

influence of various operating parameters such as pH, 

adsorbent dosage, and contact time were investigated. 

The pseudo-first-order and pseudo-second-order  

 

models were introduced to correlate the adsorption 

kinetics of AR with ESM@WCPO. Langmuir and 

Freundlich models were used to fit the adsorption 

isotherms. 

 

MATERIALS AND METHODS 

 

Chemicals 

 

Potassium hydroxide, n-hexane, and hydrochloric acid 

were purchased from Sigma Aldrich (Missouri, USA). 

Anhydrous sodium sulphate and sulphuric acid were 

obtained from Merck (Darmstadt, Germany), while 

Alizarin Red was supplied by Supelco (Bellefonte, 

USA). All solvents used for synthesis were analytical 

grade and used without further purification. Deionized 

water was used throughout the study. A stock solution 

of 100 mg L-1 of AR was prepared by dissolving 0.01 

g of pure Alizarin Red in 100 mL deionized water. The 

working solutions were made daily by diluting the 

stock solution with deionized water to the desired 

concentration. 

 

Instrumentation 

 

FTIR spectra were recorded using a Perkin Elmer 

FTIR spectrophotometer (Massachusetts, USA) in the 

range of 4000 to 400 cm-1. Surface morphological 

analysis of ESM and ESM@WPCO was performed 

using a JOEL JSM-7600F Scanning Electron 

Microscope (SEM, Tokyo, Japan). The adsorption 

study of Alizarin Red was conducted using a UV-

Visible spectrophotometer (UV-Vis) (Shimadzu, 

Kyoto, Japan). 

 

Preparation of ESM 

 

Raw eggshells were collected from local eateries and 

immediately rinsed with deionized water to prevent 

decomposition. The ESM was then carefully removed 

from each eggshell and rinsed with deionized water 

again, before being dried for 1 hour at 70 °C, crushed 

and finally sifted with a 30 nm sieve to produce 

particles of consistent size. 

 

Preparation of ESM@WPCO 

 

ESM@WPCO (Figure 1) was prepared based on the 

work by Sathasivam & Haris [30] with a little 

modification. 0.1 g of ESM was treated with 0.5 g of 

filtered waste cooking oil in the presence of 5 drops of 

sulphuric acid as the catalyst and 10 mL of n-hexane. 

The solution was then heated for 2 hours at 60 °C. A 

series of ESM@WPCO were prepared with 

ESM:WPCO ratios of 1:1, 1:2, 1:3, 1:4, 1:5, 2:1, 3:1, 

and 4:1. The obtained products were washed with n-

hexane and dried under vacuum at 70 °C for 24 hours 

to yield the final products.
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Figure 1. Schematic diagram of the preparation of ESM@WPCO 

 

 

Adsorption Experiments 

 

The adsorption experiments began by mixing 

ESM@WPCO with 15 mL of AR solution. The 

mixture was then agitated at 150 rpm at ambient 

temperature for 10 to 40 minutes. Then, the adsorbent 

was filtered and the residual concentration was 

evaluated using a UV-Vis spectrophotometer at a 

wavelength of 405 nm. All experiments were 

conducted in triplicate. The percentage of removal, R 

(%), was calculated using equation 1, where C0 and Cf 

are the initial and residual concentrations of AR (mg 

L-1) in the solution.  

 

𝑅(%) =  
𝐶0 − 𝐶𝑓

𝐶0

× 100%                                 (1) 

 

The effects of adsorbent dosage, pH, reaction 

time, and initial concentration were studied in detail 

using a one-factor-at-a-time method. The AR removal 

efficiency was initially examined using five different 

adsorbent dosages (5, 10, 20, 40 and 60 mg). The 

initial concentration of AR was fixed at 50 mg L-1 at 

pH 2 and 40 min of treatment time. The pH effect was 

then investigated using a pH range of 2-10. The effect 

of treatment time was evaluated at different intervals 

of 10-70 min at room temperature. The initial AR 

concentration was fixed at 50 mg L-1 with an adsorbent 

dosage of 20 mg at pH 2. The effect of the initial 

concentration of AR dye was investigated at 20, 50, 60 

and 80 mg L-1 using the optimized parameters: 20 mg 

of adsorbent, 40 min of treatment time, and pH 2.  

 

Adsorption Kinetics and Isotherm Study 

 

An adsorption kinetics experiment was carried out at 

10–60 min intervals using the optimized parameters as 

previously described. The adsorption isotherm 

experiment was carried out using different initial AR 

concentrations (20, 50, 80 and 100 mg L-1). The 

pseudo-first-order and pseudo-second-order models 

were used in an attempt to fit the adsorption kinetics, 

while the Langmuir and Freundlich models were used 

in an attempt to fit the adsorption isotherm data. The 

residual concentration of AR in the supernatant 

solution was determined, and the adsorption capacity, 

i.e., the amount of AR adsorbed per unit mass of the 

adsorbent (qe) was calculated using equation 2:  

 

      𝑞𝑒 =  
(𝐶0 − 𝐶𝑒)𝑉

𝑊
                                                  (2) 

 

where C0 and Ce are the initial and equilibrium 

concentrations of solution (mg L-1), respectively, 

while V (L) is the volume of the solution and W (g) is 

the mass of the dry adsorbent used.  

 

RESULTS AND DISCUSSION 

 

1. Characterization of ESM and ESM@WPCO 

 

Figure 2 shows the characteristic bands for the 

functional groups present in (A) unmodified ESM and 

(B) ESM@WPCO (using a 1:5 ratio of ESM:WPCO). 

There are significant differences between the 

characteristic peaks for both adsorbents. For the 

unmodified ESM, a strong broad band was present at 

3299.45 cm-1 which is associated with the presence of 

O-H and N-H groups (Figure 2A). Other important 

peaks were located at 1649.67 cm-1 corresponding to 

the carbonyl group, 1528.48 cm-1 corresponding to N-

H bending, 1400.9 cm-1 corresponding to C-H 

bending, and 1237.4 cm-1 corresponding to C-O 

stretching. After functionalization with free fatty 

acids, new distinctive peaks appeared at 2925.7 cm-1 

and 2855.6 cm-1, which correspond to the stretching of 

the asymmetric and symmetric CH2 [31,32]. The 

presence of these new bands in Figure 2B suggests that 

the free fatty acids were successfully functionalized 

onto the ESM. 
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Figure 2. FT-IR spectrum (A) ESM (B) ESM@WPCO  

 

 

Morphological analysis was performed using 

SEM to determine the surface features of 

ESM@WPCO. The image in Figure 3 was captured at 

a magnification of 500x. The ESM@WPCO was 

observed to consist of a highly porous network of 

interweaving and coalescing shell membrane fibres. 

The porous structure provides a high surface area for 

AR adsorption onto the ESM@WPCO surface.  

 

2. Optimization of the Eggshell Membrane 

(ESM) to Waste Palm Cooking Oil (WPCO) 

Mass Ratio 

 

The mass ratio of ESM to WPCO was varied to 

evaluate the AR dye removal performance of 

ESM@WPCO (Figure 4). The percentage of AR 

removal was 78% at a mass ratio of 1:1 ESM: 

WPCO. The AR removal increased progressively as 

the mass of WPCO was increased, reaching a 

maximum of 92% at 1:5 ESM:WPCO. The increase 

of WPCO contributed to the increase of 

hydrophobic sites at ESM@WPCO, and therefore 

the active sites for the adsorption of AR. At the 

optimum mass ratio of 1:5 ESM:WPCO, it can be 

reasonably expected that hydrogen bonding and 

hydrophobic interactions occur synergistically to 

bind AR at the surface of the ESM@WPCO. 

Conversely, when the mass of WPCO was reduced, 

the percentage removal of AR also decreased. The 

relative decrease in WPCO reduced the available 

hydrophobic interactions between the aromatic core 

of the AR and the ESM@WPCO. Therefore, the 

optimum mass ratio of 1:5 ESM:WPCO was 

selected and used in subsequent experiments. 

 

 

 
 

Figure 3. SEM image of ESM@WPCO. 
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Figure 4. Percentage of AR removal against ESM@WPCO mass ratio 

 

 

3. Comparative AR Dye Removal 

Performance of ESM and ESM@WPCO 

 

A comparative screening was conducted to evaluate 

the performance of ESM and ESM@WPCO (using 

a 1:5 ratio of ESM:WPCO) in AR dye removal. 

Preliminary investigation showed that the 

adsorption process of AR occurred at both ESM and 

ESM@WPCO surfaces. Under identical conditions, 

the percentage of AR removal by ESM and 

ESM@WPCO were 44% and 87%, respectively. 

The adsorption of AR onto ESM is governed only 

by hydrogen bonding between the oxygen of the 

carbonyl group from the AR ring and the hydrogen 

of the NH2 and OH groups at the surface of the 

ESM. The functionalization of WPCO onto ESM 

enables the hydrophobic interaction between AR 

and ESM@WPCO through the aromatic core of the 

AR structure and the R group (amide) at the 

adsorbent surface. The improved performance of 

ESM@WPCO is due to its hydrophobic interaction 

and hydrogen bonding with AR. The interactions 

between AR and ESM@WPCO are illustrated in 

Figure 5. 

 

 

 
 

Figure 5. Interactions that occur between AR dye and ESM@WPCO 
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Figure 6. Effects of (A) adsorbent dosage (pH2, 50 mg L-1 AR, 40 min) (B) pH (50 mg L-1 AR, 40 min, 20 mg 

ESM@WPCO), (C) contact time (pH2, 50 mg L-1 AR, 20 mg ESM@WPCO) and (D) initial concentration of 

AR dye (pH2, 40 min, 20 mg ESM@WPCO), on the removal of AR dye 

 

 
4. Optimization of Operating Parameters for 

AR Removal  

 

4.1. Effect of Adsorbent Dosage  

 

Figure 6(A) shows the influence of adsorbent dosage 

on the removal of AR dye. Five different amounts of 

ESM@WPCO (5, 10, 20, 40, 60 mg) were used to 

adsorb 50 mg L-1 of AR dye from 15 mL of deionized 

water. As the adsorbent dosage was increased to 20 

mg, AR adsorption was found to increase 

significantly, due to the increase in the available 

sorbent surface area and therefore sorption sites. 

When the dosage of ESM@WPCO exceeded 20 mg, 

the curve started to taper off, as the adsorbed AR 

concentration and free AR reached equilibrium [33]. 

This is because there were more available active sites 

for adsorption than free AR molecules in the solution 

[34]. The percentage of AR removal increased from 

73% to 93% when the adsorbent dose was increased 

from 5 to 20 mg. Therefore, 20 mg of adsorbent was 

used in subsequent experiments.  

 

4.2. Effect of pH 

 

The functional group of the adsorbent and adsorbate 

may be protonated and deprotonated depending on the 

pH of the solution, and this affects electrostatic 

interactions between the materials. Figure 6(B) shows 

the percentage of AR removal at different pH values. 

The results show that the adsorption process was 

strongly pH dependent, and AR removal increased as 

the pH value decreased. A maximum AR removal of 

81% was obtained at pH 2. Fayazi et al. [35] explained 

that the adsorption phenomenon was based on the 

electrostatic interaction between the dye molecules 

with the residual (non-functionalized) amino group of 

the adsorbent. Under acidic conditions, the residual 
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amino, carboxylic acid and hydroxyl groups of the 

adsorbent are protonated as described in the following 

equations:  

 

 𝑅 − 𝑁𝐻2 + 𝐻+ ↔ 𝑅 − 𝑁𝐻3
+                             (3) 

 

 𝑅 − 𝐶𝑂𝑂𝐻 + 𝐻+   ↔ 𝑅 − 𝐶𝑂𝑂𝐻2
+                     (4) 

 

𝑅 − 𝑂𝐻 +  𝐻+ ↔ 𝑅 − 𝑂𝐻2
+                                  (5) 

 

AR is an anionic dye due to its negatively 

charged sulfonate groups (-SO3
-) in aqueous solution. 

The dissociation of AR dye in aqueous solution is 

shown as follows: 

 
D − SO3Na ↔  D − SO3

−   +  Na+                            (6) 

 
Therefore, the adsorption of AR proceeds 

through an electrostatic interaction as shown below 

[36]: 

 
𝑅 − 𝑁𝐻3

+ + 𝐷 − 𝑆𝑂3
− ↔ 𝑅 − 𝑁𝐻3

+ … 𝑆𝑂3𝐷      (7) 

 
At pH 2, the residual amines are in protonated 

form and therefore preferable for the adsorption of the 

AR dye. Colour removal was found to decrease at pH 

values higher than 7, down to 34% at pH 10. This 

phenomenon is due to the decrease in protonation of 

the residual –NH2, –OH, and –COOH, and the 

increase in –OH groups that compete with the anionic 

sulphonic groups for the active sites. The high pH 

promotes electrostatic repulsion between the AR dye 

molecules and the negatively-charged surface of 

ESM@WPCO, causing a decrease in its adsorption 

capacity. The results obtained here agree with the 

findings published by Celekli et al. [37], Gupta et al. 

[38] and Gautam et al. [39]. The effects of acidic and 

basic media on the AR adsorption process are  
 

 

illustrated in Figure 7. pH 2 was selected as the 

optimum pH for AR dye removal in aqueous solution 

and used in subsequent experiments. 

 

4.3. Effect of Treatment Time 

 

Figure 6(C) describes the percentage removal of AR 

as a function of treatment time. The percentage of AR 

removed increased as the treatment duration 

increased. AR sorption increased rapidly for the first 

40 minutes, then slowed down and reached 

equilibrium after 70 minutes. The highest percentage 

of AR removed was 93% after 40 min of treatment 

time. In the first 40 min, rapid distribution of AR from 

the solution to the large surface area of ESM@WPCO 

occurred [35,40]. However, as more sites became 

occupied, the adsorption efficiency decreased as it 

became harder for the AR to find a free sorption site. 

Therefore, 40 minutes was the optimum contact time 

for the removal of AR using ESM@-WPCO and this 

value was used in subsequent experiments. 

 

4.4. Effect of Initial AR Concentration 

 

The removal of AR dye by ESM@WPCO was 

dependent on its initial concentration (Figure 6(D)). 

The variation in AR uptake with different initial dye 

concentrations (20 – 80 mg L-1) was investigated. An 

increase in initial AR dye concentration from 20 to 50 

mg L-1 led to an increased dye uptake by the 

adsorbents. The highest removal rate was observed 

when 50 mg L-1 of AR dye was used. At higher 

concentration rates (60 and 80 mg L-1), uptake was 

reduced due to dye particle accumulation at the 

sorption sites, resulting in a decrease in sorption. It is 

known that the availability of adsorption sites is a 

limiting factor for the dye sorption process [35]. 

Therefore, an initial concentration of 50 mg L-1 of AR 

dye in aqueous solution was used in subsequent 

experiments. 

 

 
 

Figure 7. Interactions between Alizarin Red dye and ESM@WPCO in acidic and basic solutions. 
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5. Adsorption Kinetics 
 

Pseudo-first-order and pseudo-second-order 

models were employed to fit the adsorption 

process of AR onto ESM@WPCO. The pseudo-

first-order model is a simple kinetic evaluation of 

the equilibrium established between the liquid 

phase and the sorbent. This model proposes that 

initially, there is no sorbate present, but with time, 

sorbate ions accumulate on the surface of the 

sorbent [36]. The pseudo-first order equation is 

provided as equation 8: 
 

 log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 −
𝑘1𝑡

2.303
                       (8)    

 

where 𝑞𝑒 and  𝑞𝑡 are the adsorbed amounts (mg) of 

AR at equilibrium and at time t (min), respectively, 

and k1 (min-1) is a constant adsorption rate. The log 

(qe - qt) against t was plotted, and the slope of the 

graph gave the value of the k1 (Figure 7A). Table 1 

summarizes the kinetic parameters for AR dye 

adsorption on the ESM@WPCO. It was observed 

that the correlation coefficient (R2) had a low value 

of <0.96. There was a very large difference between  

 

q (experimental) and q (calculated); therefore, the 

pseudo-first-order model did not fit the 

experimental data.  

 
The pseudo-second order model is provided 

as equation 9:  

 

  
𝑡

𝑞𝑡

=
1

𝑘2𝑞𝑒
2

+
1

𝑞𝑒

𝑡                                                  (9)  

 
where k2 (g mg-1 min-1) is the rate constant 

determined from the slope of t/q t versus t. It can be 

seen in Figure 7(B) that the linear correlation 

coefficient value R2 was 0.99. The pseudo-second-

order constant, k2 and the adsorption equilibrium, qe 

values were found to be 0.0014 g mg -1 min-1 and 

45.45 mg g-1, respectively. The qe value was similar 

to the value obtained from the experiment 

indicating that the sorption system followed the 

second-order kinetics model. Therefore, it can be 

concluded that the adsorption of AR onto 

ESM@WPCO followed the chemisorption 

mechanism, driven by a chemical reaction that 

occurs on the adsorbent's surface [41].  

 

 

 
 

Figure 8. (A) Pseudo-first order kinetics and (B) pseudo-second order kinetics of 

Alizarin Red dye adsorption on ESM@WPCO. 

 

 

 

Table 1. Kinetic parameters for AR dye adsorption on the ESM@WPCO adsorbent. 

 

Pseudo-first-order Pseudo-second-order 

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

7.729 37.15 0.958 0.0014 45.45 0.9916 
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6. Evaluation of the Adsorption Isotherm 

Models 

 

The adsorption behaviour of AR onto ESM@WPCO 

was analyzed using the Freundlich and Langmuir 

adsorption isotherm models. The Langmuir isotherm 

assumes homogeneous adsorption, while the 

Freundlich isotherm assumes heterogenic adsorption 

[42]. The Langmuir model can be expressed as 

equation 10: 

 

 
𝑐𝑒

𝑞𝑒

=
1

𝑘𝑙𝑞𝑚

+
1

𝑞𝑚

𝑐𝑒                                         (10)   

 

where ce is the equilibrium concentration of the dye 

solution (mg L-1), qe is the adsorption capacity at 

equilibrium (mg g-1), k1 is the constant related to the 

free energy of adsorption (L mg-1), and qm is the 

maximum adsorption capacity at monolayer coverage 

(mg g-1). Figure 9(A) shows the plot of qe against Ce. 

Table 2 summarizes the adsorption isotherm 

p a r am e t e r s  f o r  A R  d y e  a d s o rp t i o n  o n  th e   

 

ESM@WPCO adsorbent. The value of qm and k1 were 

found to be 50.0 and 0.129, respectively.   

 
Equation 11 is the equation for the Freundlich 

model:  

 

𝑞𝑒 = 𝑘𝑓𝑐𝑒
1/𝑛

                                                         (11)  

 

where 𝑘𝑓(𝑚𝑔1−
1

𝑛
 𝐿

1

𝑛𝑔−1  ) is the Freundlich constant 

and n represents the adsorption capacity and 

adsorption intensity. The plot of ln qe against ln ce 

(Figure 9B) was constructed, and the kf and n values 

obtained from the slope and intercept were 8.41 g mg-

1 and 2.31, respectively. The theoretical qe was 

comparable with the obtained qe from the experiment 

because the exponent was between 1< n <10. By 

comparing the R2 values of the two isotherm models, 

it was clear that the Freundlich model better explained 

the adsorption of AR onto the ESM@WPCO surface. 

The n value indicated that the adsorption process was 

a chemical process. 

 

 
 

Figure 9. (A) Langmuir isotherm and (B) Freundlich isotherm of Alizarin Red dye adsorption on ESM@WPCO 

 

 

 

Table 2. Adsorption isotherm parameters for AR dye adsorption on the ESM@WPCO adsorbent 
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CONCLUSION 

 

ESM@WPCO was synthesized, characterized, and 

evaluated for its ability to adsorb AR. ESM@-WPCO 

exhibited better adsorption capacity for AR than ESM. 

The adsorption of AR was preferred under acidic 

conditions. The adsorption of AR onto ESM@WPCO 

fit the pseudo-second-order model and the Freundlich 

model well. The adsorption mechanism could be 

attributed to the electrostatic effect, hydrogen bonding 

and hydrophobic interactions between AR and the 

functional groups on ESM@WPCO. The results 

presented in this paper show that ESM@WPCO is a 

viable, low-cost adsorbent for the effective removal of 

AR dye from aqueous solutions. However, more 

research is needed to investigate the performance of 

ESM@WPCO in real wastewater applications. 
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