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Abstract  

In this study, Fe loaded zeolite NaY with varying iron contents was prepared and used as glyphosate 

adsorbents. A hydrothermal method was used to synthesize the zeolite NaY from bagasse ash derived silica 

(Si-BA). Various Fe contents (1.75 - 7.66 %w/w) were impregnated onto the zeolite. Several techniques 

were used to examine the physicochemical properties of adsorbents, including X-ray diffraction (XRD), 

energy dispersive X-ray fluorescence (ED-XRF), N2 adsorption-desorption, field emission scanning 

electron microscopy (FE-SEM), pH drift method, and zeta potential. In a batch adsorption process with an 

initial glyphosate concentration of 50 mg/L at pH 4, the effect of contact time was investigated. The pseudo 

second order kinetic model fitted the experimental data well, indicating that chemisorption controlled the 

rate determining step for all adsorbents. The Fe loaded zeolite NaY outperformed the bare zeolite NaY in 

terms of adsorption capacity. The rate constant (K2) and adsorption capacity at equilibrium time (qe) 

increased when the adsorbents were used in the following order: 1.75 < 5.11 < 7.66 %Fe/NaY. Furthermore, 

the intra-particle diffusion model was fitted to the experimental data, with a correlation coefficient R2 

greater than 0.95. The findings demonstrated that both internal and external diffusion contributed to the 

rate-determining step. The Langmuir and Freundlich adsorption isotherm models were used to depict the 

glyphosate adsorption mechanism by the adsorbents. The Freundlich adsorption isotherm best explained 

all of the data. Glyphosate was thus multilayer adsorbed on the heterogeneous surfaced adsorbents. The 

adsorption of glyphosate increased as the Fe content, which is primarily due to complexation between Fe 

and the glyphosate molecule. 

Keywords: Glyphosate, Adsorption, Zeolite NaY, Fe, Bagasse ash 

 

 

Introduction 

 Thailand is an agricultural country that exports rice, cassava, rubber, and fruits to the world market 

[1]. One of the most commonly used herbicides in crop production is glyphosate, N-(phosphonomethyl 

glycine), which has been imported in the greatest quantity over the last decade and is widely used as a non-

selective weed killer [2]. After spraying glyphosate to the target plants, it inhibits the biosynthesis of 

aromatic amino acids from shikimic acid pathway resulted in the dead plants within 10 - 20 days [3]. Long-

term glyphosate use results in glyphosate-resistant plants, which increases the consumption volume. As a 

result, glyphosate may contaminate soil and surface water in many areas of Thailand [4,5]. In 2015, the 

International Agency for Research on Cancer classifies glyphosate as probably carcinogenic to humans 

(Group 2A) [6]. Many attempts have been undertaken to study the adsorption of glyphosate from aqueous 

solutions, as evidenced by a number of publications. Glyphosate molecules contain nitrogen (N) and oxygen 

(O), which act as Lewis bases and can coordinate with metals (M+) to form a stable complex. The most 

stable complexes are in the following order Fe3+-glyphosate > Al3+-glyphosate > Cu2+-glyphosate > Zn2+-
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glyphosate > Fe2+-glyphosate > Mn2+-glyphosate > Ca2+-glyphosate > Mg2+-glyphosate [7,8]. From the 

work of Barja et al. (1998), they studied the ATR-FTIR spectra in aqueous solution of the 1:1 

Fe3+/glyphosate complex at pH of 4. The glyphosate showed an evidence of coordinating the metal through 

the phosphonic group [9]. Sheals et al. (2018) also studied the adsorption of glyphosate on the surface of 

goethite (α-FOOH) and monitored by ATR-FTIR techniques [10]. They found that the phosphonic group 

of glyphosates bound to the goethite surface forming monodentate inner-sphere complex. The glyphosate 

could interact with the supported metal faster than the soluble metal in a liquid media [11]. To increase the 

adsorption of glyphosate, Fe was dispersed on various types of porous support. For instance, Fe loaded on 

modified carbons [12,13], montmorillonite [14], resin [15], metal oxide [11] and metal organic framework 

[16]. 

 Zeolites are one of the promising adsorbents for pesticide removal. They are well-defined porous 

materials with a high specific surface area and good thermal stability, able to reuse for many cycles. 

Milijević-Rakić et al. (2013) studied the adsorption of glyphosate by zeolite ZSM-5. The maximum 

adsorption capacity of ZSM-5 was 14.9 mg/g when the initial glyphosate concentration of 4,000 mg/L at 

the sorption equilibrium of 2 h [17]. For Janićijević et al. (2021), the zeolite BEA and Ag/BEA were tested 

for glyphosate adsorption. They found that the maximum adsorption capacities were 114 and 102 mg/g 

from Krishnamurti isotherm model for BEA and Ag-BEA, respectively [18]. Moreover, the zeolite 4A and 

Cu/zeolite 4A were employed for the adsorption. The Cu/zeolite 4A exhibited a higher glyphosate 

adsorption capacity than the zeolite 4A. The maximum adsorption capacity of Cu/zeolite 4A was 112.7 

mg/g using the fitted Langmuir model [19]. Zeolite’s silanol group and Brønsted acid site formed hydrogen 

bonds with glyphosate [18]. Meanwhile, the loaded metal acted as a Lewis acid site, allowing it to interact 

with the glyphosate phosphonic group via chemisorption. Considerably, the molecular size of glyphosate 

was 0.30 - 0.53×0.77×0.45 nm3 [20]. Therefore, the zeolite with small pore sizes as zeolites ZSM-5, BEA, 

and 4A might retard the adsorption of glyphosate inside the zeolite pore. Yang et al. (2019) studied the 

removal of phenol through the Fenton-type reaction. The Fe2O3 was dispersed over the zeolite ZSM-5, 

MOR and NaY by impregnation method. They discovered that the Fe2O3 was well dispersed on the zeolite 

NaY and provided superior phenol degradation efficiency over the other zeolites. Because the zeolite NaY 

has a large surface area and a 3-dimensional 12-MR channel system with a pore diameter of 0.74 nm, it is 

suitable for use in adsorption applications. Furthermore, the zeolite with low Si/Al ratios resulted in its 

hydrophilic properties which aided in the deep infiltration of the impregnated Fe, which served as an active 

site for the reaction [21]. To the best of our knowledge, there have been no reports of glyphosate adsorption 

using zeolite NaY. 

 In this study here, the Fe loaded zeolite NaY was used as adsorbent for adsorption of glyphosate in a 

batch process. The zeolite NaY was first synthesized from bagasse ash silica through a hydrothermal 

method and then being loaded with Fe by impregnation method. We compared the effects of different Fe 

loadings on glyphosate adsorption. To understand the kinetic behavior and adsorption mechanism, the 

pseudo-first order model (PFO), pseudo-second order model (PSO), Elovich model (ELV), and intra-

particle diffusion model (IPD) were applied to the kinetic adsorptions. Finally, the adsorption isotherms 

were studied by Langmuir and Freundlich adsorption isotherm models to get more information about the 

interaction between the prepared adsorbents and glyphosate molecules.  

 

Materials and methods 

 Materials 

 Bagasse ash obtained from the Eastern sugar & cane Co., Ltd., Sakaeo, Thailand. Silica which a raw 

material for a synthesis of zeolite NaY was extracted from the bagasse ash. Chemicals used for the silica 

extraction and the zeolite synthesis were following NaOH (99 wt%, Merck), concentrated H2SO4 (98 wt%, 

ANaPURE®) and NaAlO2 (55 - 56 wt%, Riedel-de Haën). Then FeSO4.7H2O (99.5 - 102.0 wt%, Merck) 

was loaded onto the zeolite NaY by an impregnation method. For the glyphosate adsorption study, 

chemicals used were following glyphosate (C3H8NO5P, 99.5 wt%, SIGMA-ALDRICH), ninhydrin 

(C9H4O3.H2O, 99 wt%, Ajax Finechem), sodium molybdate (Na2MoO4.2H2O, 99.5 wt%, Ajax Finechem). 

 

 Methods 

 Extraction silica from bagasse ash 

 Silica was extracted from the obtained bagasse ash by a dissolution-precipitation method adapted 

from the work of Chindaprasirt and Rattanasak (2020) [22]. For the dissolution step, the bagasse ash was 

firstly rinsed with DI water to remove dust and dried at 100 °C overnight. The mixture of bagasse ash: 2 M 

NaOH solution of 12.0 g:100 mL was well stirred at 400 rpm for 36 h. After that the solution was separated 
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by a vacuum filtration. For the precipitation step, the obtained solution was stirred and heated to 90 - 95 °C 

before drop wised 3 M H2SO4 to the solution until the pH was approximately 11. The cloudy slurry occurred 

indicating the silica precipitation. It was left at this condition for 3 h before continuously added 3 M H2SO4 

until the pH of 7. Lastly, the silica was centrifuged, washed and dried at 120 °C for 24 h. The obtained solid 

was silica from bagasse ash. 

 

 Preparation of zeolite NaY and iron loaded zeolite NaY  

 Zeolite NaY was synthesized through a hydrothermal method adapted from the work of Rintramee et 

al. [23]. Firstly, the seed gel was prepared by dissolving 6.67 g NaOH: 2.09 g NaAlO2: 6.52 g Si-BA in 20 

mL DI H2O. The gel was further aged at room temperature for 24 h. Then the feedstock gel was prepared 

by dissolving 16.39 g NaOH: 13.09 g NaAlO2: 40.88 g Si-BA in 131 mL DI H2O. The 16.50 g seed gel 

was slowly added into the prepared feedstock gel and stirred until getting a clear gel. After that the overall 

gel was transfer into a polypropylene bottle, which was tightly capped, and left for a crystallization at 100 

°C 24 h in a hot air oven. The sample was then cooled to a room temperature, centrifuged washed and dried 

at 120 °C for 24 h. Finally, the obtained product was zeolite NaY. It was being impregnated with Fe by 

varying the metal contents (1.75 - 7.50 %w/w). FeSO4.7H2O was used as a substance for the Fe loading. It 

was dissolved in DI H2O and impregnated onto the zeolite NaY with the ratio of 2 mL/g. The obtained solid 

was dried at room temperature overnight and further dried at 120 °C for 12 h. Then it was calcined at 450 

°C for 3 h. The obtained solids are denoted as x% Fe/NaY, where x is the mass percentage of Fe derived 

from ED-XRF techniques. 

 

 Characterizations  

 Sample structure was identified by XRD (Bruker AXS D5005) with Cu Kα radiation and nickel 

filtered at 40 mA and 40 kV in the range 2θ of 5 - 50 °. Elemental content was analyzed by ED-XRF 

(PANalytical Epsilon3x) using Rh as anode material at 1.0 mA and 50 kV with a high resolution Si drift 

detector. N2 adsorption-desorption isotherms were measured by BELLSORP mini II, Bell model. The 

samples were outgassed at 300 °C for 24 h until the pressure reached 10−2 MPa before an analysis. Total 

surface area (SBET) and total pore volume (Vp) of materials were analyzed by using Brunauer-Emmett-Teller 

(BET) and Barrett-Joiner-Halenda (BJH) methods, respectively. The pHPZC of samples was determined by 

a pH drift method. A series of 0.01 M NaCl aqueous solution was prepared with the pHinitial of 2, 4, 6, 7, 8 

and 10 by using 0.1 M NaOH and 0.1 M HCl. The precious pH values were recorded by pH meter 

(METTLER TOLEDO). Then the sample was added to a series of the adjusted pH solution and stirred for 

24 h at a speed of 300 rpm. The solution’s pH final was measured in which the value equivalents to the 

pHinitial is pHpzc. Zeta potential (ζ) of samples was determined by zetasizer Nano ZS90 (Malvern 

PANalytical) and using the measurement technique of Lazer Doppler electrophoresis. The sample (0.2 g) 

was dispersed in DI H2O water (10 mL) adjusted pH of 4 by 0.1 M NaOH and 0.1 M HCl. The colloidal 

solutions were taken to estimate the particle surface charge. The morphology of samples was studied by 

FE-SEM (Zeiss AURIGA) with the accelerator voltage of 5 kV. The sample was gently dispersed onto the 

carbon tape mounted to the copper stub. Then it was coated with a thin layer of gold by a coating instrument 

(Leica EM ACE600). 

 

 Glyphosate adsorption 

 The synthetic zeolite NaY and Fe loaded zeolite NaY were used as adsorbents for glyphosate 

adsorption. Their adsorption kinetic behavior was studied through a batch process at various times. Firstly, 

the adsorbent (0.05 g) was added to a 50 mg/L glyphosate aqueous solution (20 mL). The solution pH was 

adjusted to 4 by 0.1 M NaOH and 0.1 M HCl. The adsorption was monitored at 30 + 1 °C under stirring 

with a speed of 300 rpm. The adsorption mixture was withdrawn by a syringe at the adsorption times of 15, 

30, 60, 120, 150 and 180 min. The adsorbents were removed from the mixture by filtration using a nylon 

filter with a pore size of 0.45 µm. Glyphosate concentration was determined by a colorimetric method using 

UV-Visible spectrometer (T80+, PG instruments limited). The adsorption capacity of the adsorbents can 

be calculated from an Eq. (1); 

 

 AC =  
Ci−Cf

W
 × V                                                              (1) 

 

 The AC (mg/g) is adsorption capacity. Ci (mg/L) and Cf (mg/L) are the concentration of glyphosate 

before and after adsorption experiments, respectively. W is the amount of adsorbent (g). V is the volume 

of glyphosate solution (L). For the adsorption isotherm study, the experiment was also performed as a 
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similar procedure to the adsorption kinetic study. The initial concentration of glyphosate aqueous solution 

was varying 40 to 350 mg/L.  

 

 Glyphosate analysis 

 Glyphosate concentration was measured by a colorimetric method according to the procedure from 

the work of Angélica et al. [24]. A calibration curve was prepared in the concentration range of 2 - 16 mg/L 

by a 500 mg/L stock solution. The stock solutions ranging from 20 - 160 μL were added to a series of test 

tubes. The 5 %w/v ninhydrin solution (1 mL) and 5 %w/v sodium molybdate solution (1 mL) were 

consecutively added to the test tubes, which were sealed and kept in a water bath at 90 °C for 12 min. The 

violet complex was appeared indicating the glyphosate foundation. After that the solution was cooled and 

adjusted the volume to 5 mL by DI water. The visible light absorption of the appearance violet complex 

was monitored at wavelength 570 nm by UV-Visible spectrometer (T80+, PG instruments limited). The 

blank and sample were also prepared in the same sense as the calibration curve, excluding the addition of 

glyphosate stock solution. Glyphosate concentration was plotted against absorbances to create the 

calibration curve. 

 

Results and discussion 

 Characterizations results 

 Figure 1(a) shows XRD patterns of the synthetic zeolite NaY from the bagasse ash. The diffraction 

peaks were observed at 6.19, 10.17, 12.00, 15.67, 19.96, 23.53, 26.90 and 31.17 °, which refers to the FAU 

framework type of pure zeolite NaY (JCPDS 01-081-2466) [25]. The zeolite NaY had a Si/Al mass ratio 

of 2.29. Then it was further impregnated by Fe (1.75 - 7.66 %wt) according to the elemental analysis results 

presented in Table 1. The FAU framework of NaY still remained after Fe loading up to 7.66 %wt. The 

reduction in XRD diffraction intensity of the Fe-loaded NaY could be described by the coverage of Fe 

oxides on the zeolite surface [26]. However, the XRD peaks of Fe oxides were not observed because of low 

Fe loading. It was also found from the zeolite NaY with Fe loading < 9 %wt in the work of Yang et al. [21]. 

The surface area and pore volume of materials were analyzed by N2 adsorption-desorption techniques. The 

N2 adsorption-desorption isotherms of zeolite NaY and the Fe-loaded zeolite NaY are shown in Figure 

1(b). All samples exhibited type I, a microporous material according to the IUPAC classification [27]. The 

hysteresis loops starting at p/p0 ≈ 0.45 were observed to indicate the mesopore for all samples. It was from 

the particle aggregation leading to the interparticle voids [28]. The surface area (SBET) and pore volume of 

samples are summarized in Table 1. The Fe-loaded zeolite NaY had lower SBET and pore volume values as 

compared to the bare zeolite NaY. A drastic decrease in micropore volume was observed for all Fe-loaded 

zeolite NaY. It demonstrated that the iron filled the zeolite pore and dispersed on the zeolite surface. For 

the point of zero charge (pHpzc), it was determined by the pH drift method to evaluate the possible attraction 

and repulsion between glyphosate and the synthetic adsorbents. At the solution pH values higher than pHpzc, 

the adsorbent surface indicates a negative charge. On the other hand, at the solution pH values lower than 

pHpzc value, the adsorbent surface indicates a positive charge [29]. In this work, the pH of glyphosate 

solution was adjusted to 4. Therefore, the surface charge of all adsorbents was positive. The decreasing of 

pHpzc value was observed and related to the increase of Fe contents. The similar result was observed from 

the work of Pereira et al. [29], the decreasing of ferrihydrite’s pHpzc value was obtained after anion loaded 

onto the positive sites of the material. Therefore, the magnification of the positively charged surface of 

material could be estimated from the pHpzc. In addition, the zeta potentials (ζ) of adsorbents were measured 

in the solution at pH 4. They were negative values that arose from the signals of liquid ions of an opposite 

charge to the adsorbent’s particles at a slipping plane. A higher negative value of ζ means a larger positively 

charged particle. As the results, the zeta potentials were corresponded to the pHpzc values of the adsorbents. 

It could be concluded that the zeolite NaY was a higher positively charged particle than the 1.75, 5.11 and 

7.66 %Fe/NaY, respectively. Figure 2 shows the SEM images of the zeolite NaY and the Fe-loaded zeolite 

NaY. The regular and uniform particles was observed and attributed to the zeolite NaY. For the Fe-loaded 

zeolite NaY, the particles with un-smoothed surface could obtain after the impregnation with Fe. This 

phenomenon also observed from the work of Krisnandi et al. [30]. 
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Figure 1 Powdered XRD patterns (a) and N2 adsorption-desorption isotherms (b) of adsorbents. 

 

 

Table 1 Physical properties and elemental contents of adsorbents. 

 

Properties 

 

Si/Ala 

SBET
b 

(m2/g) 

 

Pore volume (cm3/g)  

pHpzc
f 

 

ζ g Vtotalc Vmicrod Vmesoe 

NaY 2.29 627 0.319 0.306 0.066 7.50 −31.63 

a1.75 %Fe/NaY 2.16 456 0.230 0.219 0.059 7.40 −26.37 

a5.11 %Fe/NaY 2.07 423 0.216 0.203 0.056 6.85 −18.80 

a7.66 %Fe/NaY 1.99 415 0.207 0.193 0.072 6.25 −18.60 
aElemental analysis by the ED-XRF technique. 

bTotal surface area (SBET) by the BET method. 
cTotal pore volume by the Horvath-Kawazoe method at P/P0 = 0.97. 
dMicropore volume by the t-plot method. 
eMesopore volume by the BJH method. 
fPoint of zero charges (pHpzc) by the pH drift method. 
gZeta potential (ζ) by the Lazer Doppler electrophoresis technique. 

 

 

 

Figure 2 Scanning electron microscopy images of adsorbents (200 nm scale bar and 30 k magnification). 
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 Adsorption kinetic results 

 The adsorption kinetics of zeolite NaY and Fe-loaded zeolite NaY were studied by using the initial 

glyphosate concentration of 50 mg/L at pH of 4. The results are shown in Figure 3. The adsorption was 

fast at the beginning and then reached equilibrium at 180 min. From the pKa values of the glyphosate which 

consist of 0.78, 2.29, 5.96 and 10.90, [31] the glyphosate could be deprotonated at pH of 4 and give 1 

negative net charge arising from the 2 negative charges of the phosphonic and carboxylate ends and 1 

positive charge of the amino group [32]. On the other hand, the silanol group (Si-OH) of zeolite NaY was 

protonated as Si-OH2
+ which indicates the positively charged surface according to the pHpzc result. The 

electrostatic interaction [33,34] and the hydrogen bond [35] were responsible for glyphosate adsorption. 

Although the zeolite NaY was the most positively charged adsorbent with the greatest surface area and 

porosity in this study, it had the lowest adsorption capacity. Because zeolite NaY had a high hydrophilicity, 

competitive water adsorption could occur, suppressing glyphosate adsorption [36]. For the Fe-loaded 

zeolite NaY, their glyphosate adsorption capacity was higher than the bare zeolite NaY. The Fe could 

coordinate with the glyphosate’s phosphonic end forming a complexation which was monitored by ATR-

FTIR [9].   

 

 

 

Figure 3 Adsorption of glyphosate by the adsorbents at various times (initial glyphosate concentration of 

50 mg/L; the ratio of adsorbent/glyphosate solution of 0.05g/20 mL; stirring speed of 300 rpm at pH of 4). 

 

 

 To clarify the kinetic behavior of all adsorbents, the pseudo-first order model (PFO), pseudo-second 

order model (PSO) and Elovich model (ELV) were used to analyze all adsorption data. The linear equations 

of PFO and PSO are represented by the Eqs. (2) and (3), respectively. The PFO is the plot of log (qe - qt) 

versus t meanwhile, the PSO is the plot of t/qt versus t. The initial glyphosate adsorption rate (h) can be 

evaluated from the reciprocal of the intercept according to the Eq. (4); 

 

 log(qe − qt) = log qe −  
k1t

2.303
                                                            (2) 

 

 
t

qt
 =  

1

k2qe
2  +  

t

qe
                                                                    (3) 

 

 h =  k2qe
2                                                                           (4) 

 

 The qe and qt are amount of glyphosate adsorbed onto the adsorbents (mg/g) at equilibrium and at 

time t, respectively. k1 and k2 are rate constant for the pseudo-first order model (min−1) and the pseudo-

second order model (g.mg−1.min−1). The faster adsorption is the higher rate constant value [37]. Moreover, 

the ELV model is also used to describe the chemisorption on heterogeneous adsorbents. The linear equation 
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is as Eq. (5) Where α is the initial glyphosate adsorption rate (mg.g−1.min−1) and β is the adsorption constant 

(g. mg−1). They can be evaluated from the plot of qt versus ln t. 

 

 qt  =  
ln(𝛼𝛽)

𝛽
 +  

lnt

𝛽
                                                                        (5) 

 

 Figure 4 shows the linear variation for the PFO (a) PSO (b) and ELV (c) models of the prepared 

adsorbents. The adsorption kinetic parameters were summarized in Table 2. The correlation coefficient R2 

close to 1 and a smaller difference in glyphosate adsorption capacity between the calculation and the 

experiment were used to assess the reliability of the kinetic data. As the results, all adsorbents best explained 

by the PSO model rather than the other models. It suggested that the rate determining step was controlled 

by chemisorption. The fastest adsorption was observed by using the zeolite NaY as an adsorbent. It provided 

the highest rate constant (k2) of 2.38×10−2 g.mg−1.min−1 which is probably due to its highest surface area 

and porosity. In case of the Fe loaded zeolite NaY, the k2 and h increased with the Fe content. By the 

maximum adsorption capacities were 6.46, 4.66, 3.36 and 2.86 mg/g for 7.66, 5.11, 1.75 %Fe/NaY and 

NaY, respectively. Therefore, the interaction between glyphosate and Fe was the key-driven force for this 

adsorption.    

 Furthermore, the cause of adsorption was studied by the intra-particle diffusion model (IPD). The 

linear equation is represented by an Eq. (6), which is the plot of qt versus t1/2 as represented in Figure 4(d). 

The KIPD is the intra-particle diffusion constant (mg.g−1.min1/2) and C is the thickness of boundary layer 

(intercept).  

 

  qt  =   KIPDt1/2  + C           (6) 

 

 The kinetic parameters for IPD model were also summarized in Table 2. The correlation coefficient 

R2 is greater than 0.95 for the adsorbents. All linear plots did not pass through the origin (Figure 3(d)), 

indicating that intra-particle diffusion is not the only rate-determining step in adsorption [38]. External 

diffusion may have had an impact on the process [39]. The larger C value was observed by the adsorbents 

with a higher Fe loading. It used to define the distance from the adsorbent where the adsorbate concentration 

reaches 99 % of the bulk concentration. With a larger C value, higher adsorption capacity is achieved [40]. 

 

 

 

Figure 4 Linear plots of (a) pseudo-first order model (PFO), (b) pseudo-second order model (PSO), (c) 

Elovich model (ELV) and (d) intra-particle diffusion model (IPD) for the adsorbents. 
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Table 2 Adsorption kinetic parameters of glyphosate onto adsorbents. 

Kinetic models Parameters 
Adsorbents 

NaY 1.75 %Fe/NaY 5.11 %Fe/NaY 7.66 %Fe/NaY 

PFO 

qexp 2.86 3.36 4.66 6.46 

qcal 1.47 1.99 1.57 1.75 

K1 1.80×10−2 1.20×10−2 1.10×10−2 1.40×10−2 

R2 0.8581 0.7832 0.9473 0.8954 

PSO 

qexp 2.86 3.36 4.66 6.46 

qcal 2.80 3.28 4.50 6.33 

K2 2.38×10−2 1.17×10−2 1.96×10−2 2.02×10−2 

h 0.22 0.16 0.44 0.88 

R2 0.9942 0.9894 0.9954 0.9972 

ELV 

α 2.81 0.76 11.13 5.89×102 

β 2.55 1.63 1.81 1.94 

R2 0.9696 0.9643 0.9691 0.9455 

IPD 

KIPD 0.1013 0.1602 0.1403 0.1346 

C 1.5125 1.1839 2.5257 4.5993 

R2 0.9853 0.9980 0.9511 0.9792 

PFO is pseudo-first order model. 

PSO is pseudo-second order model. 

ELV is Elovich model. 

IPD is intra-particle diffusion model. 

 

 

 Adsorption isotherm results 

 The interactions between glyphosate and adsorbents were investigated further for the purpose of 

predicting water treatment conditions through the adsorption isotherms. The experiment was performed at 

30 °C by varying the initial concentrations of glyphosate (35 - 375 mg/L). The adsorption data were 

analyzed by Langmuir and Freundlich adsorption isotherm models. The Langmuir model is valid for 

monolayer adsorption onto the adsorbent with a homogeneous surface. Conversely, the Freundlich model 

is valid for multilayer adsorption onto the adsorbent with a heterogeneous surface. The linear equations of 

Langmuir and Freundlich adsorption isotherm models are presented by the Eqs. (7) and (8); 

 

 
1

qe
 =  

1

qmKLCe
 +  

1

qm
                                                              (7) 

 

 logqe  =  
1

n
logCe  + log KF                                                        (8) 

 

 Where Ce is the glyphosate concentration at equilibrium (mg/L). qm is the maximum monolayer 

adsorption capacity of adsorbent (mg/g) and KL is a Langmuir constant (L/mg). KF is a Freundlich isotherm 

constant that indicating the relative adsorption capacity of adsorbent (mg/g) and n is adsorption intensity. 

The accuracy of the adsorption isotherm can be verified by Chi-square values (χ2) which is calculated from 

the Eq. (9) where qe,e  and qe,m  are amount of glyphosate adsorbed on adsorbent (mg/g) at equilibrium 

derived from the experiment and the calculation, respectively. 

 

 χ2 =  
∑(𝑞𝑒,𝑒 − 𝑞𝑒,𝑚 )

2

𝑞𝑒,𝑚 
                      (9) 
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Figure 5 Adsorption isotherms of glyphosate by the adsorbents. 

 

 

 Figure 5 shows the adsorption isotherms of glyphosate at equilibrium time (180 min). The Langmuir 

isotherm and Fruendlich isotherm models were used to fit the adsorption isotherm data as shown in Figure 

6.  The obtained isotherm parameters were summarized into Table 3. The fitting degree of isotherm models 

for the experimental data was analyzed by the correlation coefficient R2 value close to 1 together with a 
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Table 3 Langmuir and freundlich isotherm parameters for the adsorption of glyphosate by the adsorbents. 

 

Adsorbents 

Langmuir isotherm Freundlich isotherm 

Qm (mg/g) KL (L/mg) χ2 R2 KF 1/n χ2 R2 

NaY 47.8469 0.0007 0.8351 0.9766 0.0280 1.0169 0.2189 0.9850 

1.75 %Fe/NaY 16.6113 0.0029 2.7849 0.9793 0.0956 0.7775 0.0928 0.9873 

5.11 %Fe/NaY 22.1729 0.0058 3.2528 0.9849 0.2177 0.7698 0.0815 0.9879 

7.66 %Fe/NaY 20.4499 0.0132 2.7549 0.9683 0.7494 0.5728 0.7042 0.9810 

 

 

Conclusions 

 The zeolite NaY was successfully synthesized from bagasse ash and being loaded with 1.75 - 7.66 

%wt of Fe by impregnation method. They were used as adsorbent for glyphosate adsorption. The decrease 

of SBET and pore volume of the materials was observed after Fe loading indicating that the Fe was located 

inside the zeolite pore and on the zeolite surface. The effect of the adsorbents with varying Fe contents on 

the glyphosate adsorption was studied in a batch process at pH 4. At this point, the glyphosate molecule 

was deprotonated giving a negatively charged molecule which could be adsorbed on the positively charged 

surface of the prepared adsorbents. The presence of Fe decreased the material’s pHpzc and zeta potential 

values resulting in a less positively charged adsorbent. Although the zeolite NaY had the highest values of 

surface area, porosity, and positive charge magnification, its adsorption capacity was the lowest as 

compared to the Fe loaded zeolite NaY. Therefore, the complexation between the Fe and glyphosate anion 

played an important role for the adsorption rather than the electrostatic attraction. For all adsorbents, the 

pseudo-second order model was the best fitted with the experimental data (R2 > 0.98). The rate determining 

step was controlled by a chemisorption. The adsorption rate constants (K2) were 2.38×10−2, 2.02×10−2, 

1.96×10−2 and 1.17×10−2 g.g−1.min−1 for NaY, 7.66, 5.11, 1.75 %Fe/NaY, respectively. The faster 

adsorption was observed over the adsorbent with a higher Fe content. The intra-particle diffusion model 

was also well fitted with the experimental data (R2 > 0.95). The linear plots did not pass through the origin 

indicating that both external diffusion and intra-particle diffusion involved the rate determining step. At the 

adsorption equilibrium, all adsorbents were best described by the Fruendlich adsorption isotherm model 

(R2 > 0.98). The adsorption capacity (KF) were 0.7494, 0.2177, 0.0956 and 0.0280 mg/g for 7.66, 5.11, 1.75 

%Fe/NaY and NaY, respectively. Therefore, the glyphosate was multilayer adsorbed onto the prepared 

adsorbents, which containing energetic surface heterogeneity. A larger energetic surface heterogeneity and 

stronger adsorbate-adsorbent interaction were obtained from the adsorbent with a higher Fe content. 
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