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Hot water-treated cow waste (HWTCW) was used as an efficient, low-
cost, and sustainable adsorbent for the removal of cresol red dye and 
chromium(VI) from aqueous solutions. Functional groups present on the 
biomass surface were identified by Fourier Transform Infrared 
Spectroscopy as -OH, C=O, C=C, and C-O. The scanning electron 
microscopy analysis showed the structure relating to plant tissue and 
rough surfaces that were heterogeneous and irregular, revealing the 
origin of the biomass to be cellulose, lignin, hemicellulose, and other 
water-soluble components. Maximum adsorption capacity was attained 
at biomass dosage of 40 and 50 mg, 120 and 140 min as the time of 
contact, pH of 4 and 3, and temperature of 40 and 45 °C for CR and Cr 
(VI) adsorption. The equilibrium data from the adsorption of CR and Cr 
(VI) followed Langmuir and Freundlich models with maximum uptake of 
73.3 and 66.4 mg/g. For the adsorption of CR by HWTCW, a pseudo-
first-order kinetic model provided a better fit, whereas a pseudo-second-
order model provided a better fit for Cr (VI) ions adsorption. The analysis 
of ΔH gave positive values of 22.4 kJ/mol for CR and 46.0 kJ/mol for Cr 
(VI) indicating the endothermic process. 
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INTRODUCTION 
 

Water pollution from organic contaminants including industrial effluent, dyes, oil 

spillage, pesticides, and herbicides is a significant concern as it degrades the quality of 

water and poses high risks to the environment and public health (Uzosike et al. 2022; 

Ofudje et al. 2023). Many industries, including plastics, pharmaceuticals, printing, 

textile, cosmetics, rubber, paper, leather, food processing, agriculture, and hair coloring, 

use dyes extensively and often discharge them as by-products into water bodies (Tkaczyk 

et al. 2020; Ogundiran et al. 2022). Dyes can form carcinogenic compounds in the body 
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if inhaled or ingested via food and, in severe cases, block sunlight and oxygen from 

penetrating water bodies (Konicki et al. 2017; Ofudje et al. 2022). When industrial waste 

and effluents released into municipal areas are not controlled, it is a major factor 

contributing to deteriorating water quality (Uzosike et al. 2022; Ofudje et al. 2023). Even 

small amounts of dye-laden wastewater can affect the appearance of receiving streams, 

while the carcinogenic and mutagenic properties of dyes can disrupt aquatic life and food 

webs (Ofudje et al. 2020; Delpiano et al. 2021). 

Cresol red dye, for instance, is a widely used phenolic organic compound in 

antiseptics and disinfectants that can cause physiological reactions, such as vomiting, 

insomnia, and cramps, if accidentally touched (Herbache et al. 2015; Zhang et al. 2023). 

Ingesting cresol, however, poses far greater risks, including damage to the nervous 

system and internal organs, and can even be fatal (Guo et al. 2021; Yang et al. 2022). 

Once introduced into the environment through wastewater discharge, this harmful 

organic compound can have long-lasting negative effects on water ecosystems, 

potentially causing irreversible damage (Guo et al. 2021; Yang et al. 2022). In a literature 

report by the United States Environmental Protection Agency (US EPA), the upper limit 

of any phenolic compounds should not surpass 12 μg/L (Taleb et al. 2021).  

Meanwhile, chromium (VI) occurs naturally and is widely used in various 

industries including mining, leather tanning, paint pigments, refractories, wood 

preservation, textile, aerospace, and electroplating (Misbah et al. 2016; Islam et al. 2019). 

Industrial leakage, improper disposal practices, and poor storage are some of the ways 

through which significant amounts of chromium are discharged into the environment. 

Natural sources, such as chromium ores, which includes chromite deposits in bedrock and 

soil, also contribute to increased chromium levels in the environment (Zhang et al. 2018). 

The extreme toxic nature of hexavalent chromium means that it could become 

carcinogenic, mutagenic, and teratogenic to living organisms, with greater water 

solubility and mobility, which makes it more toxic when compared with Cr(III) 

(approximately 300 times more toxic) (Shi et al. 2020). As a result, it is crucial to search 

for new materials that can effectively neutralize such pollutants, transforming them into 

harmless and non-toxic substances. 

Contaminants removal from wastewater can be achieved via methods such as 

coagulation, photocatalysis, ion exchange, membrane processes, advanced oxidation 

processes, flocculation, and adsorption (Taleb et al. 2021; Uzosike et al. 2022; Ofudje et 

al. 2023). The selection of cresol red dye and chromium(VI) [Cr(VI)] for this study is 

driven by their prevalence in industrial effluents and the significant challenges associated 

with their removal from aqueous solutions. The challenges in removal of chromium (VI) 

has to do with the fact that these traditional removal methods often face challenges such 

as high operational costs, generation of secondary waste, and the need for skilled 

manpower. Additionally, the efficiency of these methods can be compromised by the 

presence of other contaminants and varying water chemistry (Abayneh et al. 2022). 

Cresol red dye removal on the other hand is challenging due to their synthetic origin and 

complex molecular structures, which confer stability and resistance to biodegradation and 

as such, conventional treatment methods may be ineffective, leading to the persistence of 

these dyes in the environment and potential ecological impacts (Badr Khudhair et al. 

2015).  Given the environmental persistence and health hazards associated with Cr(VI) 

and cresol red dye, there is a pressing need to develop efficient, cost-effective, and 

sustainable removal methods. Exploring alternative adsorbents, such as hot water-treated 
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cow waste, offers a promising avenue to address these challenges, providing potential 

benefits in terms of availability, low cost, and environmental sustainability. 

Of these traditional approaches, adsorption is one of the most effective, cost 

efficient, and simple techniques for producing good quality water that is often utilized 

(Kanawade et al. 2011). The adsorbent that is widely deployed in this adsorption process 

is known as ‘activated carbon’, which is expensive due to its high level of purity, often 

leading to its setback in the treatment of wastewater. Various researchers have explored 

cheap adsorbents, including agricultural waste (Lai, 2021), apatite derived from bone 

meal (Ofudje et al. 2020), bagasse (Kumar et al. 2020), snail shells (Ogundiran et al. 

2022), vlignin-based composite (Shi et al. 2020), sugarcane waste (Ofudje et al. 2014), 

seed coat of Heinsia crinita (Dawodu et al. 2020), Algerian sodium (Na)-clay (Herbache 

et al. 2015), Artocarpus nobilis fruit peel (Samaraweera et al. 2020), Teff husk (Adane et 

al. 2020), and chickpea (Ozsin et al. 2019) in eliminating dyes and other contaminants 

from the environment. The strong affinity for pollutants towards these low-cost 

adsorbents is ascribed to the availability of cellulose and other functional properties 

available on the adsorbent surface.  

Kuncoro et al. (2017) developed an adsorbent from a mixture of algae waste and 

bentonite, characterized by FTIR and SEM-EDX analyses, which indicated successful 

Pb2+ adsorption through observed shifts in wave numbers and the presence of lead on the 

adsorbent surface. The findings suggest that this adsorbent is a promising method for 

treating lead-contaminated wastewater. Neolaka et al. (2024) successfully developed a 

green adsorbent from banana peel activated with lime juice, characterized by structural 

changes such as a bonded O–H group at 3300 cm⁻¹, C–H stretching at 2921 cm⁻¹, and 

increased porosity, achieving a Rhodamine B adsorption capacity of 70 mg/L in 10 

minutes at pH 6 and 323 K. Thermodynamic analysis showed an exothermic and 

spontaneous process (ΔH = −25.3 kJ/mol, ΔS = 0.572 kJ/mol), highlighting its potential 

for wastewater treatment. The evaluation of horn snail (Telescopium sp) and mud crab 

(Scylla sp) shell powders as low-cost adsorbents for removing Cu²⁺ from synthetic 

wastewater was done by Darmokoesoemo et al. (2016). Optimal adsorption occurred at 2 

hours, achieving capacities of 4.59 mg/g for horn snail and 4.32 mg/g for mud crab 

shells. The FT-IR analysis identified functional groups such as C=O and O-H in both 

adsorbents, with mud crab shells also exhibiting N-H bending, while SEM-EDX analysis 

of horn snail shells revealed ion exchange between Ca²⁺ and Cu²⁺, confirming their 

potential for heavy metal removal in wastewater treatment. Raseed et al. (2020) evaluated 

the adsorption behavior of Cu²⁺, Ni²⁺, and Zn²⁺ ions using Archontophoenix alexandrae in 

single (SMS), bi-metal (BMS), and tri-metal systems (TMS). The results indicated that 

Cu²⁺ exhibited the highest adsorption capacity, with its presence suppressing the 

adsorption of Ni²⁺ and Zn²⁺. They concluded that A. alexandrae is an effective biosorbent 

for removing toxic metals from industrial effluents. 

Existing adsorbents for removing contaminants such as cresol Red dye and 

chromium(VI) from aqueous solutions often face significant challenges related to cost, 

efficiency, and environmental impact, while traditional materials, such as activated 

carbon for instance are expensive to produce and regenerate, limiting their widespread 

application in large-scale wastewater treatment (Sanad et al. 2024). Additionally, many 

conventional adsorbents exhibit limited adsorption capacities, necessitating large 

quantities to achieve effective contaminant removal, which further escalates operational 

costs and complexity (Satyam and Sanjukta 2024). Moreover, the production and 

disposal of some synthetic adsorbents can introduce secondary environmental concerns, 
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including the generation of hazardous by-products and non-biodegradable waste (Jana et 

al. 2024). These limitations underscore the need for developing innovative, cost-

effective, and environmentally friendly adsorbents, such as hot water-treated cow waste, 

to enhance the sustainability and efficiency of wastewater treatment processes. 

Cow waste, a renewable resource material, primarily consists of the undigested 

cellulose-based feed excreted by livestock such as bulls and cows. Composed mainly of 

lignin, cellulose, and hemicelluloses, cow waste is composed of feces and urine in a 3:1 

ratio (Gupta et al. 2016; Anuar et al. 2019). If not properly managed, these animal by-

products can cause environmental issues such as air pollution in forms of greenhouse 

gases, including methane, offensive odors, public health hazards from water 

contamination, and infectious pathogens (Gupta et al. 2016; Anuar et al. 2019).  

The sorption ability of these cellulose materials can be harnessed, and cow waste 

is a potential green material that might be utilized as cheap pollutant removal in diverse 

applications. Garba et al. (2019) studied cow dung as affordable and efficient adsorbent 

for glyphosate (GLY) and its metabolite, aminomethylphoshonic acid (AMPA). It was 

found that the cow dung contained amines, phenol, ethers, and carboxylic functional 

groups, and it had high affinities for GLY and AMPA respectively. It also demonstrated 

strong adsorption capacities and minimal desorption. The ability of dry cow dung powder 

to remove toxic heavy metal ions, including Cr(III), Cr(VI), and Cd(II), was successfully 

demonstrated by Barot et al. (2012). Batch equilibration experiments showed that the 

cow dung powder is an eco-friendly and efficient biosorbent for heavy metal removal 

from aqueous solutions, offering a promising solution for wastewater treatment. Cow 

dung ash was investigated by Ayyappan and Elangovan (2017) as a low-cost adsorbent 

for chromium (Cr) removal from industrial wastewater, a critical environmental concern 

due to Cr’s toxicity. The study found optimal chromium removal with 6 g/L of cow dung 

ash in 1000 mL solution within 3 hours, while pH showed minimal impact on the 

adsorption process. Elaigwu et al. (2009) reported that the adsorption efficiency of Pb(II) 

ions onto activated carbon derived from cow dung is influenced by pH levels and that the 

highest removal efficiency was observed at pH 2.0, which decreased at pH 3.0, followed 

by a steady increase between pH 4.0 and 8.0. Qian et al. (2008) investigated the 

adsorption of methylene blue (MB) onto activated carbons (ACs) derived from cattle 

manure compost (CMC) through ZnCl₂ activation. The adsorbents demonstrated 

exceptional performance in MB adsorption, which can be attributed to their high surface 

area, substantial mesopore volume, and elevated nitrogen content. Using cow waste as an 

adsorbent not only capitalizes on its low economic value but also helps mitigate its 

harmful impact on the environment. 

The primary objective of this research was to evaluate the effectiveness of hot 

water-treated cow waste (HWTCW) as an efficient, low-cost, and sustainable adsorbent 

for the removal of cresol red dye and chromium(VI) from aqueous solutions. 

Determination of the optimal conditions (e.g., pH, contact time, adsorbent dosage, and 

initial contaminant concentration) for the adsorption of cresol red dye and chromium(VI) 

onto HWTCW was carried out. The study also examined the interaction mechanisms 

between HWTCW and the contaminants to elucidate the adsorption process. Finally, the 

potential for regenerating and reusing HWTCW in multiple adsorption-desorption cycles 

to determine its practical applicability was performed.  
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EXPERIMENTAL 
 
Materials 
Preparation of adsorbate solution 

Chromium (VI) ions and cresol red aqueous solution were made using chemicals 

purchased from Sigma Aldrich, India and deployed without any purification because they 

were of analytical grade. Adsorbate stock solutions were prepared by dissolving 3.824 g 

of CR and 2.75 g of Cr (VI) in 1000 mL of distilled water inside a volumetric flask and 

made to the mark. Several other solutions were made from the stock solution through 

dilution principle for the analysis.  

 

Cow waste adsorbent preparation 

The cow waste was obtained from Owode Eleran, Imowo, Ijebu-Ode, Ogun State 

of Nigeria. It was collected at the point of discharge from the cow on the field. The 

samples were treated with hot water for 10 min at a temperature of 100 °C, washed with 

distilled water several times and filtered. Then, residue cow waste was sun dried for 7 

days to remove its odour and kill any active maggots that may be present. The hot water-

treated cow waste was later oven dried to dry off other moisture present, ground into 

powder using mortar and pestle, and referred to as hot water-treated cow waste 

(HWTCW). 

 

Methods 
Cow waste structural analysis  

The structural characterization of the adsorbent was performed using multiple 

techniques. Surface morphology was analyzed through Scanning Electron Microscopy 

(SEM-EDX; EVO MA-10, Carl Zeiss, Jena, Germany). Fourier Transform Infrared (FT-

IR) spectroscopy was employed to identify surface functional groups using the attenuated 

total reflectance (ATR) method, with spectra recorded in the range of 4000 to 400 cm⁻¹ at 

a resolution of 4 cm⁻¹ (Bruker Tensor 27 spectrophotometer; Bruker Corporation, 

Billerica, MA, USA). X-ray diffraction (XRD) measurement was conducted using an 

X'PERT Pro PANalytical diffractometer (Malvern Panalytical, Almelo, Netherlands) 

with Cu Kα radiation, with diffraction peaks recorded at 2θ angles between 15° and 30° 

and a step size of 0.013. The biomass zeta potential was measured with a Zetasizer Nano 

ZS (Malvern, UK). Prior to measurement, 10 mg of the sample was finely ground and 

dispersed in distilled water to enhance light scattering. Next, the sample was sonicated 

for 10 min to break up particle agglomerates and ensure uniform distribution.  

  

Adsorption study 

A 25-mL aliquot of the pollutant was transferred into a beaker, followed by pH 

adjustment using a dilute solution of either 0.1 M HNO₃ or NaOH in the pH range of 2 to 

8. Next, 40 mg of HWTCW was added to the beaker containing the pollutant solutions, 

and an orbital shaker was used to agitate the mixture at 100 rotation per minute (rpm). At 

specific time intervals, aliquots of the pollutant solution were collected for analysis using 

a UV-visible spectrophotometer (model V-570; ASCO Corporation, Tokyo, Japan) after 

filtration. For the Cr(VI) analysis, prior to the UV-visible spectrophotometer analysis, the 

residual chromium ion concentration was measured using the diphenylcarbazide method 

at 570 nm. Since the detection of Cr(VI) was based on a redox-type test, the presence of 

Cr(III) was not detected. The adsorption experiment was repeated thrice, and the average 
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values reported. The adsorbed amount of the pollutant (Qₑ) in mg/g and the percentage 

removal (%R) were analysed as follows, 

         (1) 

        (2) 

where Co and Ce represent the initial and supernatant concentrations of the pollutant in 

mg/L, respectively. The volume of the pollutant solution is denoted as V in L, and the 

mass of HWTCW used is indicated as m in g. 

 

 

RESULTS AND DISCUSSION 
 
Cow Waste Characterizations 

The FT-IR spectra of cow waste with and without pollutant load adsorbent are 

presented in Fig. 1. In the FT-IR study of the cow waste without pollutant load, the peak 

seen at 3463 cm⁻¹ is typically associated with O-H stretching, which suggests hydroxyl 

groups and water of cellulose and lignin (Jaramillo-Quiceno et al. 2018; Yang et al. 

2023), whereas the peak at 3025 cm⁻¹ corresponds to C-H of alkenes. The peak that 

usually indicates the of C-H stretching in aliphatic compounds, common in organic 

matter such as cellulose and hemicellulose components, was observed at 2915 cm⁻¹ (Ilyas 

et al. 2018; Yang et al. 2023). The peak seen at 1735 cm⁻¹ is ascribed to C=O stretching. 

This was likely from unconjugated ketones and could also be associated with 

hemicellulose (Jaramillo-Quiceno et al. 2018; Yang et al. 2023), while the one seen at 

1674 cm⁻¹ may also suggest the presence of C=O stretching, particularly from amides or 

conjugated systems. The observed peaks at 1505 cm⁻¹ and 1458 cm⁻¹ are associated with 

C-C bending or C-H bending vibrations, possibly indicating aromatic compounds or CH₂ 

groups. The typical peak that is associated with C-O stretching, indicative of alcohols, 

ethers, or carbohydrates, is seen at 1098 cm⁻¹, whereas the lower wavenumber peaks that 

may suggest the presence of substituted aromatic compounds were found around 764 

cm⁻¹ and 650 cm⁻¹.  

The FT-IR spectrum of cow waste after adsorption indicated various changes to 

the vibrational modes of the functional groups present. For instance, a new peak was seen 

at 3425 cm⁻¹, which is associated with O-H stretching vibrations from cellulose and 

lignin. Meanwhile, new peaks corresponding to C-H vibrations from organic matter in 

cellulose and hemicellulose were noticeable at 3016 and 2920 cm⁻¹. Similarly, a new 

sharp peak that may be attributed to carbonyl (C=O) stretching vibrations possibly from 

aldehydes, ketones, or esters was observed at 1730 cm⁻¹, whereas a new band that could 

be due to C=C vibrations was seen at around 1686 cm⁻¹. Furthermore, the peak 

corresponding to C-O stretching was noticed at 1026 cm⁻¹, while the new peaks seen at 

825 cm⁻¹, 730 cm⁻¹, and 685 cm⁻¹ could represent bending vibrations associated with C-H 

in-plane or out-of-plane deformations. Overall, the spectrum indicates that cow waste 

contains a complex mixture of organic compounds that may have interacted with 

adsorbates, causing changes in the functional composition of the biomass. This suggests 

that functional groups such as -OH, C=O, C=C and C-O could have been involved in the 

adsorption of cresol red and chromium (VI) ions. 
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Fig. 1. FT-IR spectra of cow waste earlier and after adsorption process 

 

X-ray diffraction (XRD) evaluation of hot water-treated cow waste prior to and 

after adsorption process, which is aimed at identifying the mineral composition present in 

the biomass, is shown in Fig. 2. Specific peaks at 2θ values around 15.04° and 22.65° 

were due to the (110), and (200) planes of cellulose I (Reddy et al. 2018; Wahlstrom et 

al. 2022) were seen in the XRD of the hot water-treated cow waste before adsorption. 

While the peak at around 15.04° may correspond to organic structures, the peak observed 

at around 22.65° could indicate crystalline materials, such as calcite or other minerals, 

found in cow waste. The XRD analysis of cow waste after adsorption experiments 

indicates changes in the crystalline structure due to the interaction with adsorbates. The 

observed peak at 22.65° in the biomass prior to experiments completely disappeared, 

while the peaks observed at 15.04° changed to 15.01°. Similarly, the interactions between 

the adsorbent and adsorbate may result in chemical reactions that alter the material’s 

phase composition, and such transformations can lead to the emergence of new phases 

and the disappearance of characteristic peaks associated with the original material. 

Furthermore, changes in the sample’s preferred orientation during the adsorption process 

can affect the intensity and presence of diffraction peaks pattern.  
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Fig. 2. XRD spectra of cow waste (a) before and (b) after adsorption process 

 

The SEM analysis of the cow waste fibers with and without adsorbate load is as 

illustrated in Fig. 3. In the image corresponding to hot water-treated cow waste without 

adsorbate load (Fig. 3a), structure relating to plant tissue and rough surfaces that were 

heterogeneous and irregular were observed in the samples, which revealed the origin of 

the biomass to be cellulose, lignin, hemicellulose, and other water-soluble components. 

As for the sample corresponding to hot water-treated cow waste loaded with pollutant 

(Fig. 3b), though the surface still possesses characteristics of a cellulose or lignin, the 

surface appeared to be smoother with appearance of surface coverage suggesting the 

possible adherence of the molecules of the adsorbate onto the surface of the biomass. 

Specifically, the plant-based structure visible before adsorption became less prominent, 

which might have been covered by the adsorbed pollutants and this clear distinction 

between the SEM of cow waste with and without adsorbate could be due to surface 

coverage by pollutants. 

The elemental composition of the hot water-treated cow waste revealed the 

following compositions O (62.0%), C(26.54%), Si (7.78%), and Ti (3.08%), as depicted 

in Fig. 3c. The high oxygen content indicates the presence of oxygenated compounds, 

such as organic material and oxides. Cow feces are known to contain considerable 

amounts of organic matter such as cellulose, hemicellulose, and lignin, all of which are 

rich in oxygen. The high oxygen percentage also suggests the presence of water 

(moisture) or hydrated compounds, which is common in biomass materials. The oxygen 

could also be present due to metal oxides formed on the surface (e.g., silicon dioxide), 
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which might be involved in adsorption or surface modification. Carbon is typically 

abundant in cow feces due to its organic nature, which includes plant material, microbial 

biomass, and other organic residues, while silicon is often found in the form of silica 

(SiO₂), which is naturally present in soil and may be found in cow feces due to the 

animal’s diet or environmental exposure. Silica is a known adsorbent material and can 

contribute to the overall adsorption capacity of the cow feces. Its presence in cow feces 

can improve the mechanical stability of the material and help with the adsorption of 

organic and inorganic contaminants. The presence of titanium dioxide suggests that the 

cow waste may have been contaminated through food or where it was deposited.  

 

Element Atomic
Conc. (%)

Weight
Conc. (%)

O 62.60 39.63

C 26.54 50.26

Si 7.78 8.64

Ti 3.08 1.47

 
 

Fig. 3. SEM of HWTCW (a) before, (b) after adsorption, and (c) EDS analysis of cow waste 

 

Adsorbent Dosage Study 
The availability and accessibility of adsorption sites are influenced by the biomass 

dosage, which was varied in this study from 10 g to 70 mg. Figure 4 presents the effect of 

biomass dosage on removal efficiency. It was noticed that the percentage removal of CR 

and Cr (VI) increased as the amount of HWTCW increased, with maximum removal rates 

of 85.6% for CR at 40 mg and 77.2% for Cr (VI) at 50 mg of HWTCW dosage. This 

surge in removal potency can be ascribed to the higher adsorbent concentration, which 

provided more surface area and active sites on the cow waste, allowing more pollutants to 

be adsorbed. Higher dosages can lead to particle aggregation, reducing the available 

surface area and active sites for adsorption (Alghamdi et al. 2019). Also, excess 

adsorbent may result in many active sites remaining unsaturated, leading to a lower 

adsorption per unit mass (Ali et al. 2023). More also, increasing adsorbent dosage can 
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decrease the concentration gradient between the solute in solution and on the adsorbent 

surface, diminishing the driving force for adsorption. 

Ameer and Mutah (2015) also reported that increasing the adsorbent weight 

enhanced CR uptake using tire rubber recycled waste, with removal rates rising from 

72% to 79%. Similarly, Herbache et al. (2015) found that the adsorption of o-cresol by 

Algerian Na-clay improved with higher adsorbent doses, reaching a maximum adsorption 

of 99.6% at 15 mg/250 mL. El Kassimi et al. (2023) observed a similar trend in the 

adsorption of Cr (VI) using medlar and Cucumis melo activated carbons, attributing the 

increased adsorption to the greater surface area and number of active sites available with 

higher adsorbent mass. 

 
Fig. 4. Role of HWTCW dosages on the adsorption of CR and Cr (VI) 

 

Studies on varied contaminants’ concentration and contact time on the uptake of CR an 

Cr (VI) 

The behavior of adsorption capacity on its response to variation of contact time 

and initial pollutant concentration as it affects the uptake of the pollutants were evaluated 

using varying agitation times and initial concentrations of cresol red dye and hexavalent 

chromium, as shown in Figs. 5 and 6. The adsorption capacity increased with the contact 

time, eventually reaching equilibrium at 120 min for cresol red dye and 140 min for 

hexavalent chromium. The amount removed in the case of cresol red at 300 mg/L of 

contaminant rose from 24.3 to 77.9 mg/g when the contact time was increased from 20 to 

120 min (Fig. 5), whereas for the hexavalent chromium, the amount removed surged from 

21.2 to 69.7 mg/g at the same contaminant concentration but at an increased contact time 

from 20 to 140 min (Fig. 6). The rapid initial increase in adsorption is likely due to more 

vacant active sites on the surface of HWTCW. However, the slower rate of adsorption in 

the later stages is attributed to the gradual diffusion of pollutant molecules into the 

adsorbent’s pores, as the external sites become fully occupied. In a report by Ameer and 

Mutah (2015), the rate of adsorption of cresol red dye was said to have been enhanced 
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when the duration of contact with recycled waste tire rubber adsorbent increased from 7 

to 21 days and that the best removal efficiency of 82% was reached in 21 days. Herbache 

et al. (2015) noted that the adsorption capacity of kaolin and montmorillonite for o-cresol 

adsorption was about 8.4 and 7.98 mg/g, respectively, and that a rapid initial step was 

observed until the process reached equilibrium at 250 min. Misbah et al. (2016) reported 

a linear increase in adsorption capacity with contact time and that 30 min was enough to 

attain equilibrium. They opined that the Cr(VI) rate of uptake at the initial stage was fast, 

and it thereafter declined progressively until equilibrium was attained. They concluded 

that the lower rate of adsorption towards the last stage of the reaction could be due to the 

difficulty experienced by the adsorbate molecules to fill up the leftover active vacant sites 

due to forces between the bulk phase and molecules of the solid. In a literature report by 

El Kassimi et al. (2023), during the uptake of Cr (VI) by medlar activated carbon and 

Cucumis melo activated carbon a rapid early removal of Cr (VI) was seen and was 

ascribed to more sites of adsorption available on the surface of the biomass. 

 
Fig. 5. Contact time impact and pollutant concentration’s role on the sorption of CR using 
HWTCW 
 

The concentration of pollutants is vital in determining the adsorption performance 

of an adsorbent material. Because adsorption is a surface phenomenon, the interaction 

between the adsorbent and the pollutant depends heavily on the concentration of the 

pollutants in the solution. When the role of the pollutant concentration was assessed, it 

was observed that for CR, the amount removed surged from 27.4 to 77.9 mg/g when the 

pollutant concentration was raised from 50 to 300 mg/L, whereas the amount of Cr (VI) 

adsorbed surged from 23.9 to 69.7 mg/g at the same pollutant concentration. Ofudje et al. 

(2022) observed that the concentration gradient between the pollutant in the solution and 

the adsorbent surface is the driving force for adsorption and that a higher concentration of 

pollutant provides a stronger driving force, leading to faster diffusion of pollutant 

molecules to the adsorbent surface. 
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Fig. 6. Contact time impact and pollutant concentration’s role on the sorption of Cr (VI) using 
HWTCW 

 

Study on pH effect 

The pH of the pollutant solution is a crucial factor influencing the adsorption 

process. Figure 7 shows that as the pH rose from 2 to 5, the percentage removal of cresol 

red rose from 56.2% to 76.5%. For Cr (VI) ions, the amount of removal increased sharply 

from 52.3% to 70.3% when the pH was adjusted from 2 to 3. Data from the point of zero 

charge (PZC) tests revealed that the hot water-modified cow waste had a PZC value of 

3.9. The PZC, or isoelectric point, is critical for determining the surface charge of an 

adsorbent. Typically, when the solution’s pH is higher than the PZC, the adsorbent is 

more effective at adsorbing positively charged pollutants (Ofudje et al. 2022). 

Conversely, when the pH is below the PZC, the adsorbent is more suited to adsorbing 

negatively charged contaminants. A uniformly negative surface charge above the PZC 

implies that the sawmill wood waste adsorbent has a heterogeneous surface, containing 

both amine groups (which remain positively charged up to pH of 9) and carboxylate 

groups (which are negatively charged below pH 2). This implies that even at pH 6 (above 

the PZC), some localized positive charges may still exist, allowing electrostatic attraction 

with the anionic Crystal Red dye. Thus, adsorption is not solely dependent on 

electrostatic interactions but also influenced by surface heterogeneity, hydrogen bonding, 

and π–π interactions with lignin. Shabiimam and Ani (2012) observed that in the 

adsorption of o-cresol by landfill leachate, maximum adsorbate removal was achieved at 

a pH of 8. In a literature report by Herbache et al. (2015), it was noticed that the uptake 

of o-cresol surged with pH and that maximum adsorption was attained at pH of 6.31 and 

thereafter it showed a significant decline within basic pH. They based their argument on 

the fact that because the PZC value of the adsorbent used is 5.1 and that the pKa of o-

cresol is 10.3, it is expected that within this pH range, the o-cresol will only exist in the 

molecular form, which is basic in nature due to the electron releasing groups of methyl 

and hydroxyl. They explained further that because the surface of the adsorbent has a net 

positive charge with PZC of 5.11, there is a high adsorption uptake due to a more affinity 

for the molecular form of o-cresol (Herbache et al. 2015). In contrast, Cr(VI) exists in 
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various forms depending on the solution pH. Under acidic conditions (low pH), Cr(VI) 

primarily exists as HCrO₄⁻ (hydrogen chromate ions) and Cr₂O₇²⁻ (dichromate ions), 

while at higher pH (alkaline conditions), it predominantly exists as CrO₄²⁻ (chromate 

ions). The dominant species at low pH is HCrO₄⁻, which is more easily adsorbed onto 

positively charged surfaces. Lower pH levels enhance Cr(VI) adsorption due to the 

formation of favorable species such as HCrO₄⁻ and the presence of a positively charged 

adsorbent surface. In contrast, higher pH reduces adsorption due to repulsion between the 

negatively charged adsorbent and the more negatively charged Cr(VI) species CrO₄²⁻. Shi 

et al. (2020) documented a maximum adsorption capacity of 620 mg/g at pH 2.0, 

attributing this to the specific chromium species present and the surface charge on a 

lignin-based composite. They explained that under acidic conditions, protonation of the 

amino groups resulted in positive charges on the surface, thus enhancing adsorption 

through electrostatic attraction. Similarly, Misbah et al. (2016) reported a maximum 

Cr(VI) adsorption capacity of 85.6 mg/g at pH 3 when using a mango biocomposite, 

ascribing this to changes in Cr(VI) species and surface charges of mango biocomposite.  

 
 

Fig. 7. pH’s effect on the adsorption of cresol red and hexavalent chromium using hot water-
modified cow waste 
 

At lower pH, the surface of the material is likely to have a net positive charge due 

to the presence of any amine functions, and this will favor negatively charged HCrO₄⁻ 

ions species through electrostatic attraction, leading to increased adsorption efficiency. 

On the other hand, higher pH values (less acidic) might favor higher concentrations of the 

negatively charged species of fatty acids in solution, and the cresol red dye being a strong 

acid, might experience enhanced adsorption. El Kassimi et al. (2023) also observed 

maximum efficiencies of 85.9% and 96% for Cr (VI) adsorption at pH 1.5 using medlar 

and Cucumis melo activated carbons, respectively. A decrease in adsorption capacity was 

noted when the pH increased from 1.5 to 4.0, which they attributed to electrostatic forces 

caused by the positively charged adsorbent surface because of protonated functional 

groups and the dominance of HCrO₄⁻. Islam (2018) similarly reported that birnessite’s 

sorption capacity for Cr (VI) adsorption depends highly on solution pH, as maximum 

sorption was seen at pH of 2.0, linking this to the anionic nature of hexavalent chromium 
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species and the adsorbent’s positively charged surface. Overall, Cr (VI) and cresol red 

dye sorption by hot water-treated cow waste occurred primarily through electrostatic 

forces. 
 

Reduction of Cr(VI) to Cr(III) 
The reduction of hexavalent chromium (Cr(VI)) to trivalent chromium (Cr(III)) 

during adsorption using cow dung manure involves both chemical and surface-mediated 

processes. Cow dung manure contains various organic compounds and functional groups 

such as -OH, C=O, C=C, and C-O that can act as electron donors (reducing agents), 

reducing Cr(VI) to Cr(III) and facilitate this redox transformation (Das et al. 2000; Wu et 

al. 2017). 

The reduction mechanisms can be represented by the following simplified reactions: 

Adsorption of Cr(VI): 

 Cr₂O₇²⁻ + S → S-Cr₂O₇²⁻ 

In this expression, S stands for the surface of the adsorbent, and herein, 

dichromate ions (Cr₂O₇²⁻) are adsorbed onto the surface of the cow dung-derived 

adsorbent. 

 
Reduction to Cr(III): 

S-Cr₂O₇²⁻ + RFG  (-OH, C=O, C=C or C-O  ) → S-Cr³⁺ + RFG  

In this expression, RFG are the oxidized functional groups. In this second step, 

the reducing functional groups (e.g., -OH, C=O, C=C or C-O) donate electrons to the 

adsorbed Cr(VI), reducing it to Cr(III), which remains bound to the surface. Thus, cow 

manure, with its rich organic content and functional groups, serves as an effective 

adsorbent for the removal of Cr(VI) from aqueous solutions in which the process 

involves the adsorption of Cr(VI) onto the adsorbent surface, followed by its reduction to 

the less toxic Cr(III) state, facilitated by the reducing functional groups present in the 

manure. This dual mechanism of adsorption and reduction underscores the potential of 

cow dung manure as a low-cost and eco-friendly material for treating chromium-

contaminated water. Liang et al. (2018) observed few changes in the functional groups 

that took place after chromium ions were adsorbed on the surface of lignin-PEI 

adsorbent, and it was concluded that these functional groups contributed electrons and 

were oxidized during the reduction process of Cr(VI) to Cr(III). They thereafter 

established that the surface of lignin-PEI first adsorbed the anionic Cr(VI) through 

electrostatic attraction, complexation and possibly ion exchange and that as the 

adsorption proceeded, some of the Cr(VI) ions get reduced to Cr(III) ions via the redox 

reaction of neighboring electron-donor groups.  

Adsorption Isotherm Studies 
Isotherms are commonly used to represent adsorption processes that illustrate how 

the adsorbed molecules are distributed between the liquid and solid phases at equilibrium 

(Geçgel et al. 2013). Isotherms are mathematical tools for evaluating the efficiency of 

adsorbents in pollutant solutions by optimizing surface properties and adsorption 

capacity, thereby assessing the effectiveness of the adsorption system. To this end, 

Dubinin-Radushkevich (D-R), Langmuir, and Freundlich models were selected. The 
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Langmuir isotherm model assumes a homogeneous adsorbent surface, characterized by 

uniformly available active sites, monolayer adsorption, and consistent adsorbent-

adsorbate interactions (Arica et al. 2004; Geçgel et al. 2013). In contrast, the empirical 

Freundlich isotherm model accounts for surface heterogeneity (Adeogun et al. 2012; 

Geçgel et al. 2013). As for the Dubinin-Radushkevich (D-R) model, it is primarily used 

to describe the adsorption process in microporous materials, particularly when physical 

adsorption rather than chemical adsorption is dominant. The D-R model helps in 

determining the nature of the adsorption process, such as whether it follows a 

physisorption mechanism and in assessing the porosity and surface properties of 

adsorbents. It differs from other isotherms like Langmuir and Freundlich in that it is 

based on a Gaussian distribution of adsorption energy rather than assuming a uniform 

energy of adsorption sites. The equations of these isotherm models are shown in 

equations 3 to 5 (Adeogun et al. 2012; Geçgel et al. 2013; Ofudje et al. 2023), while their 

variable values as obtained from Fig. 8 to Fig. 10 are listed in Table 1. 

Dubinin–Radushkevich isotherm                  (3) 

Langmuir:                    (4) 

 Freundlich:                                      (5) 

In the Langmuir model, Ce is the equilibrium concentration of adsorbate (mg/L), 

qmax is the maximum adsorption capacity (mg/g) and KL is the Langmuir constant (L/mg). 

The plot of Ce/qe versus Ce was used to determine the various constants from the data 

obtained from the slope and the intercept, as depicted in Fig. 8. For the Freundlich model, 

qe and Ce are as previously defined, KF is the Freundlich constant that indicates adsorption 

capacity, and n is the adsorption intensity (dimensionless). The plot of lnqe versus lnCe 

was employed to compute the various constants from the slope and the intercept, as 

provided in Fig. 9. When n >1, it is favorable adsorption, n = 1 implies linear adsorption, 

and when n < 1, it is unfavorable adsorption. From D-R model, qe  denotes the amount of 

adsorbate adsorbed (mg/g), qm is maximum adsorption capacity (mg/g), β (beta) 

represents the adsorption energy constant (mol²/kJ²), and ε represent the Polanyi 

potential. The plot of lnqe against ε2 was used to compute the various constants using the 

slopes and intercepts (Fig. 10).  

Table 1. Physical Variables of Isotherms Models for the Adsorption of CR and Cr 
(VI) by HWTCW 

 Parameters CR Cr (VI) 

Langmuir 

Qmax (mg/g) 74.33 66.42 

RL 0.18 0.32 

b (mg/L) 0.104 0.079 
R2 0.979 0.967 

Freundlich 

KF (mg/g)(mg/L)-1/2 44.34 35.84 

1/n 0.276 0.350 

R2 0.966 0.989 

Dubinin-Radushkevich 

Q (mg/g) 55.27 46.21 

ε (molJ-1)2 0.287 0.261 

E (kJmol-1) 6.34 11.225 

R2 0.996 0.976 
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Fig. 8. Langmuir isotherm model for cow waste adsorbent for the adsorption of CR and Cr (VI) 

 

 
 

Fig. 9. Freundlich isotherm model for cow waste adsorbent for the adsorption of CR and Cr (VI) 
 

The constant known as the Langmuir separation factor RL was estimated using Eq. 

6, 

         (6)  
 

where C0 is the initial concentration of adsorbate and RL indicates favorability with: 

0<RL<1: Favorable adsorption, RL = 1: Linear adsorption, and RL > 1: Unfavorable 

adsorption. 

From the D-R model, the Polani potential, which is expressed as ϵ in mol2/j2, is 

given as Eq. 7, 

          (7) 
 

where R is the universal gas constant with value of 8.314 J/mol·K and T is the 

temperature in Kelvin (K). 

The adsorption free energy that is represented as E (kJ/mol) is mathematically 

represented as Eq. 8, 
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          8 

 
Fig. 10. Dubinin-Radushkevich (D-R) isotherm model for cow waste adsorbent for the adsorption 
of CR and Cr (VI) 

 

From the information obtained, the maximum adsorption capacity of the hot 

water-treated cow waste adsorbent showed a higher capacity for cresol red (qm = 74.3 

mg/g) than for Cr(VI) (qm = 66.4 mg/g. These determinations were corroborated by the 

coefficient of determination values (R2 = 0.979 for CR) and (R2 = 0.967 for Cr (VI)), 

indicating how well the Langmuir isotherm fit the experimental data of both adsorbates, 

with cresol red showing a marginally better fit to the model. Similarly, from the value of 

RL = 0.180 for CR and RL = 0.320 for Cr (VI), it indicates that the biomass had a higher 

favorability for the cresol red than Cr(VI) adsorption. This suggests a stronger interaction 

between the adsorbent and cresol red than the Cr(VI). From the Freundlich isotherm, the 

KF value indicates a relatively higher adsorption tendency for cresol red (44.3 

(mg/g)(mg/L)-1/2)) than for Cr (VI) (35.8 (mg/g)(mg/L)-1/2)), meaning that the adsorbent 

can adsorb a significant amount of cresol red at low equilibrium concentrations when 

compared with hexavalent chromium molecules. The value of 1/n was less than 1, 

indicating favorable adsorption. A higher 1/n indicates weaker interactions between the 

adsorbate and the adsorbent compared to cresol red. Furthermore, the marginally higher 

R2 suggests that Cr(VI) adsorption is better modeled by the Freundlich isotherm, which 

could imply a more heterogeneous surface or varying adsorption sites.  
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Table 2. Comparable Analysis of Adsorption Capacities from Other Adsorbents 
Towards CR and Cr (VI) Uptake 

Adsorbents 
Adsorption 

Capacities (mg) 
References 

CR 

Activated carbon 27.78 Shabiimam and Anil (2012) 

Sodium natural 
bentonite 

58.824 Taleb et al. (2021) 

Wastepaper 
 

16.7 Salman et al. (2022) 

β-CD/chitosan resin 39.9 Chen et al. (2006) 

Cyclodextrin-based polymer 15.1 Peñas et al. (2022) 

Al2O3/carbon nanotubes 70.4 Jaafari et al. (2018) 

Synthetic hydroxyapatite 67.6 Zhu and Kolar (2016) 

Hot water-treated cow waste 74.33 This study 

Cr (VI) 

Sodium lignosulfonate 57.7 Liang et al. (2013) 

Rice husk carbon 38.1 Singh et al. (2012) 

Paper mill sludge 23.2 
Gorzin and Bahri 

(2018) 

Banana (Musa 
cavendishii) peel 

(BP) 
10.4 

Parlayici and 
Pehlivan (2019) 

Montmorillonite-supported 
magnetite 

nanoparticles 
20.16 Mthombeni et al. (2015) 

 
Cucumis melo activated 

54.28 El Kassimi et al. (2023) 

Medlar activated carbon 34.12 El Kassimi et al. (2023) 

Ocimum americanum L. seed 
pods 

 
83.33 Yogeshwaran and Priya (2017) 

Hot water-treated cow waste 66.42 This study 

 

From the examination of the Dubinin–Radushkevich model, it was observed that 

the R2 value of  the cresol red dye (0.996) was higher than the hexavalent chromium ions 

(0.976), which means that the D-R isotherm model provides can be used to describe both 

CR and hexavalent chromium ions adsorption. The mean free energy values of 6.34 and 

11.2 kJ/mol were obtained for CR and Cr(VI). The value for Cr(VI) was greater than 8 

kJ/mol, which sometimes is taken as an indication of chemisorption, while a value less 

than 8 kJ/mol as observed for CR can be regarded as an indication of physisorption. The 

maximum adsorption capacity (qm) for cresol red was 55.3 mg/g, which was higher than 

that of Cr(VI) with qm of 46.2 mg/g, and this further suggests that the adsorbent for cresol 

red had a higher capacity to adsorb the substance when compared with Cr(VI) ions. Table 

2 shows that the present adsorbent (HWTCW) performed excellent when compared with 

other documented adsorbents in the literature. Generally, the analysis did not provide 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

El-Rayyes et al. (2025). “Cow waste adsorb Aq solution,” BioResources 20(2), 3252-3285. 3270 

sufficient evidence to reject any of the three adsorption isotherm models viz: Langmuir, 

Freundlich, and Dubinin–Radushkevich, as they all gave suitable representations of the 

data, and each model adequately described the adsorption behavior observed in the 

study.  

Since HWTCW exhibited great adsorption capacities comparable to and even in 

some cases exceeding existing values, it positions itself as a competitive alternative for 

contaminant removal. Its advantages include low cost, abundance, and sustainability, 

which are crucial for large-scale applications. HWTCW's low-cost nature can offset 

slightly lower adsorption capacities compared to high-performance adsorbents such as 

specialized activated carbons, while the feasibility of regenerating and reusing HWTCW 

without significant loss in capacity enhances its practical appeal as well. Thus, utilizing 

agricultural waste like HWTCW aligns with sustainable practices, reducing 

environmental footprints associated with adsorbent production. 

 

Adsorption kinetic studies 

The adsorption process is influenced by both the physical and chemical properties 

of the adsorbent system, as well as the specific conditions under which adsorption occurs. 

In this study, pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle 

diffusion kinetics were examined. The equations for these kinetic models are presented in 

equations 9 to 11 (Adeogun et al. 2012; Geçgel et al. 2013; Ofudje et al. 2023). A 

comparative analysis of PFO and PSO kinetics was conducted, evaluating performance 

based on parameters, such as experimental and calculated adsorption capacities, and rate 

constants (k₁ and k₂), as shown in Tables 3 and 4 using Fig. 11 to 13.  

Pseudo-first-order:                      (9) 

Pseudo-second-order:      (10) 

Intra-particle diffusion:                                               (11) 

The best fit was determined from the coefficient of determination (R2) values and 

also the sum of error squares (SSE, %) (Ofudje et al. 2020): 

% SSE =        (12) 

where qt and qe are the amount of adsorbate adsorbed at time t and at equilibrium (mg/g). 

k1 and k2 are the pseudo-first-order rate constant (min⁻¹) and pseudo-second-order rate 

constant (g/mg·min) respectively, and t is time (min). In the case of the plot of ln(qe−qt) 

against t was used to deduce the values of the constants from slope and intercept of the 

plot (Fig. 11), whereas for the second-order model, the plot of t/qt against t was used for 

the variable determination via the slope and intercept as shown in Fig. 12. For the 

intraparticle diffusion model, qt, and t are as defined previously, kp is the intraparticle 

diffusion rate constant (mg/g·min⁰·⁵) and Ci denotes the constant that relates to boundary 

layer thickness. On plotting qt against t0.5, the variables were evaluated (Fig. 13).  

For cresol red adsorption by HWTCW, the PFO kinetic model provided a better 

match to the experimental adsorption capacity, with calculated values closer to the 

experimental ones compared to the PSO model. The rate constants ranged from 0.153 to 

0.461 for PFO (k₁) and from 0.131 to 1.050 for PSO (k₂), with a more significant 

variation observed in k₂. This indicates that the adsorption process is more sensitive to 
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changes in conditions under second-order kinetics. The PFO model demonstrated a better 

fit, as evidenced by higher R² values, which indicate a closer correlation to the 

experimental data. Additionally, lower %SSE values in the PFO model suggest minimal 

error between experimental and calculated values, making it a more accurate model 

compared to the PSO model, which had higher %SSE. 

In contrast, for Cr(VI) adsorption by HWTCW, the PSO model provided a closer 

match between the experimental and calculated adsorption capacities. The smaller 

difference between these values, along with higher R² values and lower %SSE for PSO 

kinetics, suggests that this model more accurately represents the adsorption behavior for 

Cr(VI). The PSO model showed a better fit to the experimental data with fewer errors in 

prediction. Thus, for cresol red adsorption, PFO kinetics is the better model, while for 

Cr(VI) adsorption, PSO kinetics offers a more accurate representation. This finding is 

consistent with the observations of Misbah et al. (2016) and Iqbal et al. (2013), who also 

reported that Cr(VI) adsorption followed the PSO kinetic model. 

In the comparative analysis of intra-particles diffusion mechanism, the 

performance of each adsorption process was analyzed based on the diffusion rate constant 

(kp), intercept value (C₁), and coefficient of determination (R²), as depicted in Tables 3 

and 4. The higher kp values for cresol red adsorption (5.325 to 34.553) suggest a faster 

diffusion process compared to Cr(VI) adsorption (2.355 to 17.227). This implies that 

cresol red molecules diffused more quickly into the pores of the cow waste adsorbent 

than Cr(VI) ions. The greater range of kp values for cresol red also suggests more 

variability in the adsorption rates across different conditions or concentrations. The 

intercept value C₁ represents the thickness of the boundary layer, with a higher value 

indicating a greater contribution from surface adsorption. For cresol red, C₁ was higher, 

ranging up to 4.226, compared to Cr(VI), where the maximum C₁ was 2.035. This 

indicates that surface adsorption played a more significant role in cresol red adsorption 

than in Cr(VI) adsorption, suggesting that cresol red adsorbs more on the surface before 

intra-particle diffusion takes place. Both adsorption processes showed high R² values, 

indicating that intra-particle diffusion was a good model for describing the adsorption 

behavior of the two pollutants. 

The intraparticle diffusion kinetic model explains the transport of adsorbate 

molecules from the bulk solution into the internal pores of a porous adsorbent. The 

process begins with an external mass transfer, or film diffusion, where adsorbate 

molecules migrate from the bulk solution to the adsorbent’s external surface through a 

surrounding boundary layer. In the second stage, intraparticle diffusion occurs as the 

adsorbate moves into the internal pore network, which is often the rate-limiting step in 

adsorption. Finally, in the third stage, adsorption onto active sites takes place, where the 

adsorbate molecules attach to specific sites within the internal structure of the adsorbent 

(Ofudje et al. 2024a). 
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Fig. 11.  PFO kinetics plots of the adsorption of hexavalent chromium ions and cresol red dye by 
HWTCW 

 

 
Fig. 12.  PSO kinetics plots of the adsorption of hexavalent chromium ions and cresol red dye by 
HWTCW 
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Table 3. Constants From Kinetics Models for the Adsorption of Cresol Red by HWTCW 

  First Order Second Order Intra Particle Diffusion 

Co  
(mg/L) 

Qe(exp) 

(mg g-1) 

Qe cal 

(mg g-1) 
k1  

(min-

1) 

R2 % SSE Qe cal 

(mg g-1) 
k2 

 (g 
mg-1 
min-1) R2 

% SSE Kp  

(mg g-1 min-0.5) 
C1 (mg g-1) R2 

50 27.441 28.022 0.153 
0.98

8 0.009 24.524 0.131 0.919 0.043 
5.325 0.156 0.966 

100 37.632 38.251 0.182 
0.97

6 0.007 31.221 0.353 0.942 0.070 
9.663 0.663 0.958 

150 48.836 47.624 0.216 
0.98

5 0.010 42.651 0.673 0.951 0.052 
12.895 1.062 0.976 

200 65.630 67.210 0.260 
0.99

4 0.010 58.564 0.881 0.924 0.044 
16.055 1.225 0.977 

250 70.440 69.460 0.330 
0.97

9 0.006 65.262 0.942 0.933 0.030 
19.431 2.315 0.987 

300 77.872 78.021 0.461 
0.98

8 0.001 71.223 1.050 0.889 0.035 
34.553 4.226 0.984 

Table 4. Constants from the Kinetics Models for the Adsorption of Cr (VI) by HWTCW 

  First Order Second Order Intra Particle Diffusion 

Co  
(mg/L) 

Qe(exp) 

(mg g-1) 
Qe cal 

(mg g-1) 
k1  

(min-1) 
R2 % 

SSE 
Qe cal 

(mg g-1) 
k2 

 (g mg-1 
min-1) R2 

% SSE Kp (mg g-1 min-0.5) C1(mg g-1) R2 

50 23.630 26.144 0.224 
0.95

5 0.043 24.225 0.245 0.997 0.010 
2.355 0.105 0.976 

100 31.330 35.215 0.463 
0.97

5 0.051 31.101 0.553 0.997 0.003 
5.322 0.225 0.954 

150 45.270 40.214 0.735 
0.94

4 0.046 46.051 0.822 0.989 0.007 7.332 
0.618 0.963 

200 56.430 50.225 1.224 
0.96

5 0.045 58.011 1.042 0.996 0.011 10.288 
1.266 0.977 

250 66.141 69.331 1.638 
0.97

2 0.020 67.204 1.227 0.996 0.007 13.301 
1.638 0.946 

300 69.670 73.446 2.335 
0.96

6 0.022 71.141 1.553 0.998 0.009 17.227 
2.035 0.966 
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Fig. 13.  Intra-particles diffusion kinetics plots of the adsorption of hexavalent chromium ions and 
cresol red dye by HWTCW 
 

Temperature impact and thermodynamic studies 

The role played by temperature on the removal of Cr(VI) ions and CR from 

aqueous solution was studied by varying the temperature of the adsorption between 25 

and 65 °C. Results are presented in Fig. 14. In the case of cresol red dye adsorption, at 25 

°C, the adsorption capacity was 54.3% and as the temperature increased to 40 °C, the 

adsorption capacity rose to 79.9%, indicating an improvement of about 47.0% from the 

initial value. However, at 65 °C, the adsorption capacity dropped to 60.3%, marking a 

24.5% decrease from its peak value at 40 °C. On the examination of the effect of 

temperature on hexavalent chromium ion adsorption at 25 °C, the adsorption capacity 

was 48.3%. With an increase in temperature to 45 °C, the adsorption efficiency reached 

75.4%, reflecting a rise of approximately 56.1%. Further increase to 65 °C resulted in a 

drop in adsorption capacity to 55.4%, representing a 26.5% decrease from its peak value 

at 45 °C. This is could be due to increased kinetic energy, which enhances molecular 

interactions and the diffusion rate of dye molecules to the active sites of the cow waste 

adsorbent. The decrease in adsorption capacity at elevated temperature likely reflects 

desorption or weakening of bonds. 

In addition, at elevated temperatures, the formation of emulsions mixtures where 

tiny droplets of one liquid are dispersed within another becomes more pronounced and 

this increase in emulsified matter can trap pollutants within the dispersed droplets, 

effectively keeping them in a state similar to being dissolved in the liquid phase rather 

than allowing them to adsorb onto solid surfaces. As a result, the pollutants remain in the 

liquid phase, reducing their availability for adsorption onto solid adsorbents. This 

phenomenon can lead to a decrease in the efficiency of processes designed to remove 

pollutants through adsorption, as the emulsified state hinders the transfer of pollutants 

from the liquid to the solid phase. Also, elevated temperatures enhance the reduction of 

hexavalent chromium (Cr(VI)) to trivalent chromium (Cr(III)) and subsequently reducing 

the amount of Cr (VI) in the media 
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For cresol red dye, maximum adsorption occurred at 40 °C, while for hexavalent 

chromium ions, maximum adsorption occurred at 45 °C. According to Misbah et al. 

(2016), biosorption capacity was reduced when the temperature was increased and that 

the rate constant equally dropped with rise in temperature, thus indicating the adsorption 

of Cr(VI) to be exothermic in nature. They observed that with higher temperature, the 

mobility of the pollutant’s molecules is accelerated and could cause desorption of these 

molecules but at low temperature, these molecules could efficiently adsorb onto the 

surface of the adsorbent. However, this report is contrary to the findings of the current 

study, which is found to be in agreement with the reports of El Kassimi et al. (2023), 

where it was recorded that as the temperature increases from 25 to 55 °C, the adsorption 

capacity of Cr (VI) by medlar activated carbon and Cucumis melo activated carbon also 

increased and that the amount of Cr (VI) adsorbed rose from 33.2 to 37.1 mg/g and from 

48 to 54.6 mg/g, respectively. They explained that this phenomenon is caused by the 

increase in the mobility of Cr(VI) molecules in solution, which enhances their migrations 

to active adsorption sites. 

In the current study, both pollutants showed a peak adsorption capacity at 

relatively moderate temperatures, suggesting the cow waste adsorbent has an optimal 

temperature range for adsorption. The adsorption capacity for cresol red dye shows a 

greater fluctuation with temperature changes, dropping from 79.9% to 60.3% between 40 

and 65 °C, indicating that the dye adsorption process might be more sensitive to 

temperature changes compared to hexavalent chromium ions. Hexavalent chromium ions 

showed a more gradual decline from 75.4% to 55.4%, suggesting a relatively more stable 

adsorption mechanism over a wider temperature range. 

 
Fig. 14. Temperature impact on cresol red and Cr (VI) adsorption using cow waste 
 

Thermodynamic variables such as the Gibbs free energy change (ΔG), enthalpy 

change (ΔH), and entropy change (ΔS) were evaluated, with the results presented in 

Table 4. According to thermodynamic analysis, ΔG is related to ΔH and ΔS at a given 
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temperature by the Van’t Hoff equation (Adeogun et al. 2012; Ofudje et al. 2020), which 

is set out in Eqs. 13 through 15, 

R

S

RT

H
InKC

 
+


−=        (13) 

e
C

e

q
K

C
=           (14) 

CG RTInK = −         (15) 

where Kc is the equilibrium constant representing the ratio of the amount adsorbed (qe) in 

mg/g to the equilibrium concentration (Ce) in mg/L, and R is the molar gas constant.  

 

 
 

Fig. 15. Thermodynamic plots for the uptake of cresol red and Cr (VI) ions adsorption using cow 
waste 

 

The relationship between ΔG, ΔH, and ΔS was determined from the linear plot of 

ΔG against the inverse of temperature (1/T), as shown in Fig. 15. The analysis of ΔG 

shows that the process of adsorption cresol red dye and hexavalent chromium ions was 

spontaneous at all temperatures studied, as ΔG was negative in both cases (Adeogun et 

al. 2012; Ofudje et al. 2020).For cresol red, the adsorption became more spontaneous 

with increasing temperature (ΔG had increasing negative values as the temperature 

increased).  For hexavalent chromium, the change in ΔG was less pronounced compared 

to cresol red, suggesting that the adsorption of cresol red was more spontaneous at 

elevated temperatures (338 K), as indicated by its increasingly negative ΔG values. At 

lower temperatures (298 K), both adsorption processes exhibited similar spontaneity 

levels. The positive enthalpy values (cresol red: ΔH = 22.4 kJ/mol; hexavalent chromium: 

ΔH = 46.0 kJ/mol) indicate the endothermic nature of the adsorption, with hexavalent 

chromium exhibiting a more endothermic process. This higher ΔH value suggests that the 

adsorption of hexavalent chromium requires more energy and involves stronger 

adsorbate-adsorbent interactions compared to cresol red (Ofudje et al. 2024b). In 
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industrial settings, maintaining elevated temperatures could improve removal efficiency, 

making the process more effective. Additionally, industries operating at elevated 

temperatures (e.g., metal plating, dye manufacturing) can integrate HWTCW adsorption 

units without significant modifications to existing thermal conditions, enhancing Cr(VI) 

removal efficiency without incurring extra heating costs. 

Positive ΔS (cresol red: ΔS = 5.16 J/mol·K and hexavalent chromium: ΔS = 10.3 

J/mol·K) in both cases suggest an increase in disorder at the solid-liquid interface during 

adsorption (Uzosike et al. 2022). However, the entropy change for hexavalent chromium 

was higher, indicating a more significant increase in disorder in the system compared to 

cresol red. This could imply that the chromium ions displace more water molecules or 

undergo greater structural reorganization upon adsorption compared to cresol red 

molecules. 

 

Table 4. Thermodynamic Constants for Adsorption of Cr (VI) and Cresol Red 
Dye Using Cow Waste 

 

 

 

 

 

 

 

 

 
 

 

 
Fig. 16. Regeneration study of HWTCW 

T (K) ΔG ΔH ΔS ΔG ΔH ΔS 

 Cresol Red Hexavalent Chromium Ions 

298 -0.660   -0.142   

303 -1.252   -0.621   

308 -1.543 22.430 5.162 -1.023 46.035 10.251 

313 -2.245   -1.130   

318 -2.451   -1.873   

328 -3.252   -2.254   

338 -3.730   -2.942   
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Regeneration Evaluation 
To evaluate the regeneration capacity of the biomass, the already used HWTCW 

was treated with 0.1 M HCl followed by distilled water to remove the pollutant from the 

surface. The desorption process was carried out for 120 min by reconstituting the 

adsorbent inside an adsorbate solution and then agitating. After filtration, the pollutant 

concentration was measured and the desorption efficiency was estimated and the results 

are shown in Fig. 15. The desorption efficiency of the adsorbent showed a gradual 

decrease as the number of cycles increased, indicating good desorption ability. After five 

successive cycles, the desorption efficiency ranged from 54.2% to 75.3% for CR and 

from 46.3% to 68.4% for Cr(VI). Minimal changes were seen in the adsorption process 

after three cycles, attributed to slight reductions in the adsorption capacity of the 

adsorbent, particularly after the fifth cycle.  

 

 
ADSORPTION MECHANISM 

 

The functional groups present on the surface of hot water-treated cow waste 

(HWTCW), particularly hydroxyl (-OH) and carbonyl (C=O) groups, play a crucial role 

in the adsorption of Cr(VI) and Cresol Red from aqueous solutions. Also, since the 

adsorption of CR and Cr (VI) perfectly fits this model, it suggests that diffusion within 

the adsorbent pores is a key part of the adsorption mechanism process. However, the 

intraparticle diffusion occurs in conjunction with surface adsorption kinetics, indicating 

that adsorption isn’t controlled by a single mechanism but rather by a combination of film 

diffusion, surface interactions, and pore diffusion. 

 
Interaction with Cr(VI) 

Cr(VI) typically exists in aqueous solutions as anionic species such as HCrO₄⁻ 

(hydrogen chromate ions) and Cr₂O₇²⁻ (dichromate ions) at lower solution pH as 

experienced in this study. The likely adsorption mechanisms could involve electrostatic 

interactions, complexation and most likely, potential redox reactions. In case of the 

electrostatic attraction, the -OH and C=O groups when protonized at lower pH could 

form positive charge on the HWTCW surface, which facilitates the attraction of the 

negatively charged Cr(VI) species. For complexation mechanism, the lone pairs of 

electrons on oxygen atoms in -OH and C=O groups can form coordination bonds with 

Cr(VI) ions, enhancing adsorption. While for redox reactions, the functional groups such 

as -OH may participate in redox reactions, reducing Cr(VI) to the less toxic Cr(III), 

which can then form stable complexes with the functional groups on the adsorbent 

surface. 

 
Interaction with Cresol Red 

Cresol red is an anionic dye with sulfonate groups that can interact with the 

functional groups on HWTCW through different reaction mechanisms. The adsorption of 

crystal red onto sawmill wood waste is influenced by both hydrophobic and hydrophilic 

interactions due to the dual nature of its molecular structure. The aromatic rings in crystal 

red facilitate π–π interactions with lignin, a major component of wood waste, while van 

der Waals forces further enhance adsorption and these non-polar interactions contribute 

significantly to the affinity of the dye for the wood waste surface (Han et al. 2022). In 

addition, the sulfonic (-SO₃H) and hydroxyl (-OH) functional groups in crystal red enable 
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hydrogen bonding with cellulose and hemicellulose in the wood waste. Electrostatic 

interactions also play a role, depending on the pH. At lower pH, the wood waste surface 

becomes more protonated, strengthening electrostatic attraction with the negatively 

charged sulfonate (-SO₃⁻) groups of crystal red (Salahuddin et al. 2020). At higher pH, 

both the dye and the adsorbent acquire negative charges, leading to electrostatic 

repulsion, though hydrogen bonding and π–π interactions may still contribute to 

adsorption (Salahuddin et al. 2020). Overall, the adsorption mechanism is a combination 

of π–π interactions, hydrogen bonding, and pH-dependent electrostatic forces. 

 

 

CONCLUSIONS 
 

This work presents hot water-treated cow waste adsorbent as a cheap and 

effective adsorbent for the removal of cresol red and hexavalent chromium ions from 

aqueous solution. Specific findings from the study are listed below: 

1. The results revealed that the adsorption efficiency of hot water-treated cow waste 

depends on the experimental conditions investigated. 

2. Equilibrium data for the adsorption of cresol red dye and  Cr (VI)  conformed to 

the three isotherms tested viz: Freundlich, Langmuir and D-R models. 

3. Based on the magnitude of free energy of adsorption, for cresol red the adsorption 

can be classed as physisorption, whereas the adsorption of Cr (VI) can be classed as 

chemisorption. 

4. The presence of cellulose functional groups in the adsorbent played a key role in 

the adsorption process, based on shifts in FTIR spectra. 

5. The cow waste proved to be more of an adsorbent for cresol red uptake compared 

to Cr(VI), indicating stronger interactions between the adsorbent and cresol red. 

6. Hot-water-treated cow waste is an effective adsorbent for the removal of both 

cresol red dye and Cr(VI) ions from aqueous solutions. 
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