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ABSTRACT 

 This study examined the effect of pH and the kinetics of adsorption and desorption of atrazine, an herbicide whose 

environmental behaviour is governed by sorption–desorption processes at solid–liquid interfaces, on activated charcoal, 

kaolin, and their composites. Batch experiments were conducted over pH 5–8, and time‑dependent concentration changes 

were measured at pH 5 to model kinetic behaviour. Atrazine adsorption was essentially independent of pH in the range 5–

8, consistent with its predominantly neutral speciation above pH 5. Under these conditions, electrostatic attraction between 

charged species is unlikely; adsorption is instead attributed mainly to van der Waals forces, hydrophobic interactions, and 

weak hydrogen bonding between atrazine functional groups and hydroxyl‑rich surfaces. Adsorption kinetic data were fitted 

to zero‑, first‑ and second‑order models. Second‑order plots did not obey linearity, and zero‑order fits were generally poor. 

First‑order treatment of the data produced saturation‑type plots consistent with Langmuir monolayer adsorption, with 

equilibrium achieved in about 50 minutes on all surfaces. First‑order rate constants ranged from 0.077 to 0.090 day⁻¹, 

corresponding to half‑lives of 7.70–9.00 days, and composite matrices did not significantly enhance adsorption relative to 

the pure materials. Desorption, initiated after sorption equilibrium, was also analysed using zero‑, first‑ and second‑order 

models. Zero‑order plots showed reasonable linearity, but first‑order analysis again yielded saturation behaviour with clear 

approach to equilibrium. Desorption rate constants were 0.017–0.052 day⁻¹ with half‑lives of 34.65–46.20 days. Overall, in 

the environmentally relevant pH window, atrazine sorption and desorption on these adsorbents are dominated by 

non‑electrostatic interactions and are well described by first‑order, Langmuir‑type kinetics. 
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1. INTRODUCTION 

 

 Atrazine, a widely used triazine herbicide, is applied for pre- and post-emergence weed control in maize 

and other crops and is commonly detected in surface and groundwater due to its moderate persistence and high 

mobility in soils (Prasanta Majee et al., 2023). Its continued occurrence in drinking water sources has raised 

environmental and public health concerns, prompting stringent regulatory limits in many regions and stimulating 

research on cost-effective removal technologies. Among the various techniques, sorption onto carbonaceous 

materials and clay minerals is regarded as a practical and economical option for atrazine attenuation in aqueous 

and soil–water systems (Prasanta Majee et al., 2023). 

 Activated carbon–based sorbents, including powdered or granular carbons, activated carbon cloths, and 

biochar-derived activated carbons, have shown high atrazine uptake due to their large surface area, developed 

porosity, and surface functional groups (Cleuciane Tillvitz do Nascimento et al., 2022, Javier M. Gonzalez et al., 

2020, Yamil L. Salomón et al., 2022). Equilibrium data for atrazine on activated carbons are typically well 

described by Langmuir or Freundlich isotherms, indicating favorable sorption and, in many cases, high sorbent–

sorbate affinity (Cleuciane Tillvitz do Nascimento et al., 2022, Javier M. Gonzalez et al; 2020). Kinetic studies 

commonly report rapid initial uptake followed by a slower approach to equilibrium, with pseudo-second-order 

and intraparticle-diffusion models frequently providing good fits and suggesting contributions from both film 

diffusion and pore diffusion mechanisms (Cleuciane Tillvitz do Nascimento et al., 2022, Javier M. Gonzalez et 

al., 2020). These findings underline the potential of activated carbon and related materials as key components of 

pollution-control structures and water-treatment systems targeting atrazine (Javier M. Gonzalez et al., 2020).  

 Clay minerals and kaolinite-based materials also play an important role in controlling the fate of atrazine 

in the environment. Sorption of atrazine on soils and clay fractions is strongly influenced by mineralogy, organic 

matter content, surface area, and solution chemistry, particularly pH (Sun Jing et al., 2020, Prasanta Majee et al., 

2023). Several studies have shown that lower pH conditions enhance atrazine sorption, attributed to increased 

protonation of the weakly basic atrazine molecule and stronger electrostatic or specific interactions with mineral 

and organic surfaces (Sun Jing et al., 2020, Prasanta Majee et al., 2023). Kaolinite and modified kaolinite clays 

have been identified as promising low-cost adsorbents for triazine removal, with equilibrium often described by 

the Langmuir isotherm and kinetics by pseudo-second-order models, indicating monolayer sorption with 

chemico-physical controls (Sun Jing et al., 2020) 

 Despite extensive work on atrazine sorption onto soils, biochars, and various activated 

carbons, comparative studies that systematically evaluate kinetics, equilibrium behavior, and pH effects on 

atrazine sorption using both activated charcoal and kaolin under identical conditions remain limited (Sun Jing et 

al., 2020, Prasanta Majee et al., 2023). Such information is crucial for understanding the relative contributions of 

carbonaceous and clay phases to atrazine attenuation, optimizing treatment media for water purification, and 

improving predictive models of herbicide transport in the soil–water environment. This study, therefore, 

investigates the kinetics, equilibrium isotherms, and pH dependence of atrazine sorption onto activated charcoal 

and kaolin, with the aim of elucidating the controlling mechanisms and assessing their suitability as sorbents for 

atrazine removal from contaminated waters. 
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2. MATERIALS AND METHODS 

Equipment 

 The following equipment was used in this research: analytical balance (Mettler Toledo); mechanical 

shaker (Science Laboratory Supplier, UK), centrifuge (Megafuge, Heraeus), sonicator (Fischer Scientific 

FB/4032), vortex mixer (Vortex Genie 2 Scientific Industries), UV-Visible spectrophotometer (Varian), pH meter 

(Meterlab TM PHM 290 pH-stat with a Radiometer), syringe; leaching tube; capped glass vial; and water bath. 

Materials 

 The following materials were obtained as analytical grade from Zayo Sigma, Jos, Nigeria, and were used 

as received: atrazine, anhydrous citric acid, ethylamine, chloroform, sodium alginate, potassium dihydrogen 

phosphate (KH2PO4), while calcium chloride, ethanol, distilled water, kaolin, and activated charcoal were 

obtained from NAFDAC Zonal Laboratory, Agulu. 

Preparation of Buffer Solutions 

 Solutions of potassium dihydrogen phosphate (KH2PO4) buffer were utilized in this study. A litre of 0.1M 

KH2PO4 buffer pH 4.38 was made by weighing 6.80g (0.1mol) KH2PO4into 500ml water in a 1-litre volumetric 

flask. This was agitated with a vortex mixer to make it dissolve. Aliquots of 18 ml, 22 ml, and 26.5 ml of 1M 

NaOH were added into the volumetic flask to adjust the pH to 5.0, 6.0 and 8.0, respectively. These pHs were 

chosen to give room for cross-system comparism as most other works on atrazine were done within the same pH 

range. A pH meter was used to confirm the pH. 

Preparation of Atrazine Stock Solutions 

 Stock solution of atrazine (3.50 mg/ml) was prepared by dissolving 70.00 mg of atrazine in 20 ml ethanol 

in a volumetric flask in order to aid solubility of the herbicide in water. Serial dilution (equ.3.1) using 1000𝜇𝐿 

Eppendorf pipettes was carried out by measuring 1.43 ml, 2.86 ml, 3.57 ml, 4.29 ml and 5.71 ml of the stock 

solution into 25 ml volumetric flasks and making up to the mark using ethanol. These produced the following 

concentrations of atrazine, respectively: 0.20, 0.40, 0.50, 0.60, 0.80. 

 

C1V1 = C2V2                   1 

 

 Kinetic Experiments 

 In each kinetic experiment, 200 mg of the sorbent (i.e. C100, K100 KC7030, KC5050 and KC3070) was 

weighed into capped glass vials, and 2 ml distilled water added, followed by 3 ml buffer (pH 5, 6 or 8) and 5 ml 

standard herbicide solution. These were placed on the shaker. One vial each was taken at intervals of 20, 40, 60, 

80, 100, 120 minutes, centrifuged at 4000rpm and 3ml of the supernatant withdrawn for spectrophotometric 

herbicide analysis. 
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3. RESULTS /EXPERIMENTAL 

 

 

                                 

Scheme 1. Protonation of atrazine in acidic medium. 

 

    

                                       N-H…………. O                                                   Cl...........H  

 

Atrazine         Kaolin/alginate fragments      Atrazine        Kaolin/alginate 

fragment        in CRs                                     fragment        fragments in CRs 

    

Figure 1. Possible hydrogen bonding patterns involving (a) the N-H moiety and (b) the Cl atom in atrazine 

fragments and OH-group in kaolin/alginate fragments in CRs. 
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Figure 2. Graphs depicting pH effects on atrazine adoption onto the different surfaces of (a) 100%K 

(b)70%K:30%Ac (c) 50%K:50%Ac (d) 30%K:70%Ac (e) 100%Ac. 

 

 

Table 1. Rate data for the adsorption of atrazine on different surfaces at room temperature. 
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Figure 3. Zero-order kinetic plots for the adsorption of atrazine at pH 5 on (a) K100 (b) KC7030 (c) KC5050 

(d) KC3070 (e) C100. 
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Figure 4. First order kinetic plots for the adsorption of atrazine at pH 5 on (a) K100 (b) KC7030 (c) KC5050 

(d) KC3070 (e) C100. 
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Figure 5. Second order kinetic plots for the adsorption of atrazine at pH 5 on (a) K100 (b) KC7030 (c) KC5050 

(d) KC3070 (e) C100. 
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Table 2. Zero-order rate constants for the desorption of atrazine into water at room temperature from different 

surfaces, obtained by assuming zero-order behaviour. 

 

 

 

 

 

 

 

 

Figure 6. Zero-order plots of the amount released vs. time for the desorption of atrazine in water at pH 5 from 

(a) K100(b) KC7030 (c) KC5050 (d)KC3070 (e) C100. 
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Table 3. First-order rate constants for the desorption of atrazine into water at room temperature from different 

surfaces, obtained by assuming first-order behaviour. 
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Figure 7. First-order plots of the amount of atrazine released vs. time for the desorption of atrazine in water at 

pH 5 from (a) K100 (b) KC7030 (c) KC5050 (d) KC3070 (e) C100. 
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Figure 8. Second-order plots of the amount of atrazine released vs. time) for the desorption of atrazine in water 

at pH 5 from (a) K100 (b) KC7030 (c) KC5050 (d) KC3070 (e) C100. 

 

 

Table 5. Rate and equilibrium constants for adsorption and desorption processes. 
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4. DISCUSSION 

Effect of pH 

 The influence of pH on the charge state of the adsorbent surface makes it the main factor affecting the 

sorption processes. In terms of the effect of pH on atrazine adsorption, it was found that the extent of adsorption 

on all the surfaces was essentially the same at the different pHs investigated, such that adsorption at pH 5 ~ 

adsorption at pH 6 ~ adsorption at pH 8 as depicted in figure 2. Although Qiu et al., (2015) have observed that 

acidic conditions are more favourable for atrazine adsorption because of the existence of charged (protonated) 

atrazine molecules, as shown in Scheme 1, at the lowest pH investigated in this study, i.e., pH 5, the proportion 

of protonated atrazine will be extremely small, since pKa of atrazine =1.7 (Qiu et al., 2015). 

 In agreement with the finding above, the pesticide atrazine has been found to exist as a neutral molecule 

in the natural environment (pH ~ 5 - 8) (Colombini et al., 1998, Jamil et al., 2011). 

 Although several interactions, as discussed below, would conceivably be responsible for the adsorption 

of atrazine on different surfaces, hydrogen bonding is by far the more significant interaction at low pH (Welhouse 

and Bleam, 1993; Kovaios et al., 2006). Many interactions, such as electrostatic interactions (Salvestrini et al., 

2010), hydrophobic effects and van der Waals forces (Tang et al., 2012) or hydrogen bonding (Kulikova and 

Perminova, 2002), have been reported to be involved in atrazine adsorption on various adsorbents. In the present 

study, the adsorption processes were studied in solutions of pH 5-8 (Ayadinuno E.O. et al., 2026). Under these 

conditions, atrazine is adsorbed on the carbon surface as an uncharged molecule, and as a result, electrostatic 

interactions of the type involving charged species are not likely to play any role in adsorption from aqueous 

solutions. Rather, by a process of elimination, it can be inferred that in the pH range of the study, adsorption of 

atrazine on the surfaces studied is most likely to involve Van der Waals, hydrophobic, and similar non-bonding 

interactions (Schneider, 2003). Weak hydrogen bonding of the nature shown in Figures 1 (a) and (b) may also 

occur between the hydroxyl groups that abound in kaolin and the alginate used in the CR formulations and the N-

H moiety or the Cl atom in atrazine. The aromatic ring of atrazine acting as a hydrogen bond acceptor to give 

weak H-bonds of ~3 kcal mol-1 is not a far-fetched idea (Levitt and Perutz, 1988).     

Sorption Kinetics 

Adsorption Kinetics 

 The kinetic behavior of the adsorption of atrazine on activated charcoal, kaolin, and activated charcoal-

kaolin mixtures as adsorbents at pH 5 has been studied. Most studies reported in the literature as precursors of 

this investigation were studied at pH 5. This pH was chosen to enable cross-system comparison at the same pH. 

Data obtained from the adsorption kinetics were subjected to zero-order, first-order, and second-order plots in 

order to obtain a best fit model for the adsorption process. Equations 3, 4 and 5 represent the zero-order, first-

order, and second-order rate expressions, respectively. 
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[A] = [Ao] - kot        3 

In[A] = In[A]o – k1t       4 

1/[A] = 1/[A]o + k2t       5 

 

 Adsorption data were subjected to different plots in order to determine the kinetic order that best describes 

the adsorption process at pH 5. To obtain zero-order plots shown in Figure 3, the concentration of atrazine, [A] 

was plotted against time according to equation 3. To obtain first-order plots, the adsorption data were plotted 

according to equation 4, which demands a plot of ln [A] versus time. The first-order plots are presented in Figure 

4. Finally, treatment of the data in Table A6 according to equation 5 for second-order reactions, by plotting  
1

[𝐴]
  

against time, resulted in the plots presented in Figure 5. 

 The outcomes of the plots in Figure 3 –5 are now discussed, starting from the second-order plots in Figure 

5. The second-order rate expression of equation 5 predicts a straight line from the plot of 
1

[𝐴]
  against time. It is 

clear from Figure 5 that equation 5 is not obeyed by atrazine adsorption on the surfaces studied at pH 5. This 

leaves Figures 3 and 4 for zero-order and first-order behaviour respectively, for further consideration.  

 The plots for zero-order behaviour mostly do not conform to equation 3 both by visual inspection and 

from the value of R2 obtained from the different plots. Although the plausibility of the system manifesting zero-

order kinetics with significant error is admissible, such consideration is inferior to the argument for first-order 

behaviour which the plots of ln[𝐴] versus time for first-order behaviour. The plots shown in Figure 4 clearly 

manifest saturation kinetics on all the surfaces. Saturation kinetics which show an initial linear response of  to 

time but which attains a plateau is consistent with the Langmuir isotherm in which an equilibrium saturation point 

is reached once available sites are occupied by a unimolecular layer of the adsorbate (Foo and Hameed, 2010). 

 The first-order rate constants, k1, obtained from plots, of the linear portions of the graphs presented in 

Figure 4, along with the R2 values for the plots are presented in Table 1. The k1 value does not vary in any 

systematic way. Given the magnitude of error associated with these measurements, implicit in the R2 values, it 

can be argued that these values of k1 do not vary substantially amongst themselves as there is only a difference of 

23% between the highest and lowest values. The significant result here is that the composite matrices do not 

promote adsorption better than the pure surfaces. It is, however, noteworthy from the plots that on all the surfaces 

investigated, equilibrium is established around 50 minutes. 

 The plots for second-order kinetics on all the surfaces investigated at pH 5 according to equation 5 are 

assembled in Figure 5. Although the plots give the impression of second-order behaviour which precedes 

attainment of equilibrium, the paucity of points in the initial phase of the plot does not allow a discussion of this 

kinetic behaviour to be pursued further. 

 

 



- 25 - 
 

World Scientific News 214 (2026) 25-29 

 Having considered the viability of the different rate equations for zero-order, first-order, and second-order 

behaviour in modeling the kinetic data obtained for adsorption on different surfaces, it is concluded that the 

saturation kinetics obtained by treatment of the rate data as first-order behaviour is best suited to the Langmuir 

isotherm, which the adsorption data conform to. First-order sorption behaviour was also reported by Donald and 

Shahamat (2011) in atrazine in mineral soil: chemical species and catalysed hydrolysis, with sorption rate 

constants in the range of 0.1925 - 0.0009 day-1 while sorption half-life ranged from 3.6 to 735 days.  

 The first-order constants and half-lives obtained in this work are of similar order of magnitude as that 

reported in the literature. The k1 obtained is in the range of 0.077 to 0.09 with the t1/2 ranging from 7.70 to 9.00 

days. For Protzman et al. (1999) and Armstrong et al. (1967), the half-lives of atrazine vary greatly from 45 days 

to 3-5 years, depending on environmental conditions. The values of k1 and t1/2 obtained in this work done in 

aqueous environment in the laboratory, do not fall within the range reported by these workers.  

Desorption Kinetics 

 Desorption kinetics of atrazine from the different surfaces were determined by measuring the decrease in 

the concentration of atrazine with time, following the attainment of equilibrium in the sorption kinetics 

experiments. The kinetic data so obtained were plotted to obtain Figure 6 – 8 according to equation 3-5 for zero-

order, first-order, and second-order kinetics. 

 Analysis of the kinetic data according to zero-order behaviour gave the plots presented as Figure 6. The 

parameters obtained from these plots are summarized in Table 2. The values of R2 obtained for desorption from 

the surfaces are ≥ 0.903, suggesting about 90% linearity of the plots. These values make reaction via zero-order 

kinetics a plausible possibility. Though zero-order kinetic behaviour are not very common in the literature, Arica 

et al. (1997) reported that the use of high molecular weight carboxymethylcellulese microcapsules (CMC) in the 

controlled release formulation of aldicarb, a drug, follows zero-order kinetic. 

 Treatment of the kinetic data by assuming first-order behaviour according to equation 4 gives the plots in 

Figure 7. The resulting first-order plots for desorption from the different surfaces show saturation behaviour in 

which there is an initial linear portion of the plot which attains a plateau, signifying the attainment of equilibrium. 

First-order rate constants obtained from the linear portion of the plots, along with the calculated t1/2 values and R2 

values, are given in Table 3. 

 The first-order rate constants, k1 obtained in this work fall within the range 0.017 to 0.052 with the half-

life, t1/2 ranging from 34.65 to 46.20 days. These values are in accord with the work of Jaikraw et al. (2017) in 

which the desorption data fitted the first-order model with half-life ranging from 19.2 to 46.9 days for atrazine 

(46.9 at 5oC, 49.7 at 20oC and 19.2 at 35oC) with the rate constants been in the range of 0.036 to 0.015. Also, Al-

Wabel et al. (2010), measured the degradation rate for atrazine as 0.0102/day with the half-life accounted as 68.1 

days. Vryzas et al. (2012) reported that the half-life of atrazine ranges from 5-18 days. Another study by Gaynor 

et al. (1998) stated that the half-life of atrazine ranged from 31 to 66 days. The low half-life values reported in 

the literature (Barriuso and Houot, 1996; Vanderheyden et al., 1997; Singh et al., 2009; Yassir et al., 1999) were 

related to (i) high soil pH which support high bacterial biomass, (2) soil exposed to repeated applications of 

pesticides, and (3) specific management practices. 
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 In this work, pure kaolin and activated charcoal have similar rate constants with half-life of 34.65 days. 

The rate constants for the composites are a bit lower than that of the pure surfaces, with half-life ranging from 

38.5 to 46.20 days. KC5050 and KC3070 both have the highest half-life of all the matrices investigated, with a 

value of 46.20 days. This means that both surfaces have the ability to hold on to atrazine longer than others; hence, 

these are the most likely matrices for atrazine slow-release formulations (SRFs). 

 To model kinetic data according to second-order expression of equation 5, 
1

[𝐴]
 is plotted against time to 

obtain the plots in Fig. 8 for the different surfaces investigated. These plots are basically biphasic in shapes: there 

is an initial rapid linear portion which gradually flattens out, consistent with an equilibrium process. The linear 

portion is utilized to calculate second-order rate constants, which are displayed in Table 4, along with the R2 

values obtained. 

 From Table 4, pure activated charcoal has the lowest k2 value and hence the highest t1/2 of all the surfaces 

investigated, while pure kaolin has the highest k2 and the lowest t1/2 values of the surfaces. The k2 and t1/2 of the 

composites fall in between the two surfaces, with the order ranging from 0.052-6.679. In the work of Nkwaju et 

al., (2016) involving the influence of modification of the activated charcoal on adsorption of atrazine, second-

order model was observed, with the surfaces investigated having t1/2 of 0.12 for pure activated charcoal (PAC), 

0.27 for activated charcoal treated with nitric acid (AC-HNO3) and 0.08 for silver treated AC (AC-Ag). This 

shows that the values obtained in our work corresponded with that reported in the literature for the activated 

charcoal surfaces. The t1/2 value for the pure kaolin and activated charcoal surfaces implies that activated charcoal 

can hold on to atrazine much longer than pure kaolin surface and the composites; hence, it is likely to be a better 

matrix for atrazine SRFs.  

The kinetic results are unable to distinguish between zero-order, first-order, and second-order desorption. This is 

not unusual, as this lack of discrimination has been observed in the sorption kinetics of a number of adsorbates 

on different surfaces (Achintya, et al., 2009; Liwang and Selim, 2005) 

 

Kinetically Determined Equilibrium Constants  

 The sorption equilibrium can be written as: 

   

Ssolution                                       Smatrix, where S is atrazine substrate             

 

The forward process is adsorption, with the rate constant kad. The backward process is desorption, with rate 

constant kdes. The equilibrium constant, as determined from the kinetic constants, is shown in equation 6     

𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
                                                    6 

 

 

Kads   =          

kad      

kdes    
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If the equilibrium is viewed from the backward direction, then the equilibrium constant Kdes is defined as in 

equation 7, from which the relationship in equation 8 is obtained.  

Kdes   =     
𝑘𝑑𝑒𝑠

𝑘𝑎𝑑𝑠
                          7 

Which is the same as                     Kdes = 
1

𝐾𝑎𝑑𝑠
                                                     8 

 The values of kads(s
-1) show that the rate of adsorption is, to a first approximation, independent of the 

surface such that kads = 0.0820 ± 0.003 s-1. Also, the values of kdes(s
-1)   are small and could conceivably incorporate 

a large measurement error. One may therefore assume that the kdes(s
-1) values in Table 5 are also independent of 

the surfaces, so that kdes = 0.0176 ± 0.003 s-1. This gives a Kdes of 4.659. This positive value is in the range of the 

KL values measured for the different surfaces according to the Langmuir isotherm. Assuming second-order 

desorption kinetics gives a value of kdes = 0.281, this gives a Kdes of  
0.082

0.281
  = 0.292 (gcm-1)    

 The value of KL obtained by assuming second-order desorption is significantly lower than that obtained 

experimentally. It is seen that the kinetic model that fits the Langmuir isotherm is one in which the adsorption-

desorption equilibrium can be described in kinetic terms in which the adsorption process is first-order in the 

forward direction and first-order in the reverse direction.   

5. CONCLUSION 

 

 The kinetics of the sorption process showed that first-order behaviour better describes the rate processes 

for adsorption on all the surfaces investigated. For desorption, no clear distinction between first-order and second-

order behaviour was established. However, determination of the adsorption capacity, KL, of the systems 

investigated by kinetic procedure (KL= 
𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
) showed that a KL  value, which is the same range as that obtained 

thermodynamically, is obtained when first-order behaviour is assumed for the reverse process.  
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