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ABSTRACT 
Granular activated carbon was loaded with 0.5% manganese and 1.0% iron (m/m) for 

glyphosate removal from aqueous solutions. The adsorbent material was characterized by 

scanning electron microscopy, dispersive energy spectrometry, nitrogen adsorption techniques 

and zeta potential analyses. Batch studies were performed to investigate the adsorption 

equilibrium, kinetics mechanisms and to obtain thermodynamic information. Glyphosate 

adsorption increased with the contact time and achieved equilibrium within 24 h, with a 

maximum adsorption capacity of 9.19 mg g-1 at 45°C. Batch kinetic experimental data obeyed 

the pseudo-second-order model with R2>0.99. Adsorption isotherm experiments were carried 

out at 5, 15, 25, 35 and 45°C. The adsorption isotherms presented a better fitting using the 

Freundlich model (R2>0.98), indicating a multilayer adsorption of glyphosate. 

Thermodynamics studies showed that the adsorption of glyphosate onto granular activated 

carbon loaded with manganese and iron was spontaneous and feasible with negative values of 

ΔG°, endothermic with ΔH° of 20.924 kJ mol-1 and ΔS° of -73.250 J mol-1 K-1, suggesting a 

decrease in randomness at the solid–liquid interface between glyphosate and the adsorbent. The 

experimental results demonstrated that activated carbon loaded with manganese and iron may 

be an alternative for glyphosate removal in water, wastewater treatment and purification 

processes. 

Keywords: herbicide, impregnation, water treatment. 

Carvão ativado impregnado com manganês e ferro para adsorção de 

glifosato: Cinética, isotermas e estudos termodinâmicos 

RESUMO 
Carvão ativado granular foi impregnado com 1% de ferro e 0,5% de manganês (m/m) para 

remoção de glifosato em soluções aquosas. O adsorvente foi caracterizado por microscopia 

eletrônica de varredura, espectroscopia de energia dispersiva, técnicas de adsorção de 

nitrogênio e análises de potencial zeta. Estudos em batelada foram realizados para investigar os 

mecanismos de equilíbrio, cinética de adsorção e informações termodinâmicas. Com relação ao 

tempo de contato e capacidade máxima de adsorção, a adsorção de glifosato aumentou com o 
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tempo de contato e alcançou o equilíbrio em 24 h, com uma capacidade máxima de adsorção 

de 9,19 mg g-1 a 45°C. Os dados experimentais cinéticos em batelada foram ajustados ao 

modelo de pseudo-segunda ordem com R2>0,99. Experimentos de equilíbrio foram realizados 

a 5, 15, 25, 35 e 45°C. As isotermas de adsorção ajustaram-se melhor usando o modelo de 

Freundlich (R2>0,98), indicando uma adsorção multicamadas do glifosato. Estudos 

termodinâmicos mostraram que a adsorção de glifosato sobre carvão ativado granular 

impregnado com manganês e o ferro foi espontânea e viável (ΔG°<0), endotérmica (ΔH°= 

20.924 kJ mol-1) e com ΔS° de -73,250 J mol-1 K-1, indicando uma diminuição da entropia  do 

sistema na interface sólido-líquido durante o processo de adsorção do glifosato ao adsorvente.. 

Assim, o adsorvente desenvolvido neste trabalho mostrou-se uma alternativa para a remoção 

do glifosato em processos de tratamento e purificação de água. 

Palavras-chave: herbicida, impregnação, tratamento de água. 

1. INTRODUCTION 

Glyphosate (N-(phosphonomethyl) glycine), an organophosphorus, is a broad-spectrum, 

nonselective, post-emergence herbicide, and it is one of the most-used on many crops and as 

well in non-agricultural areas, such as recreational fields (Waiman et al., 2012). Glyphosate 

was introduced into the market in 1974, and it is now responsible for approximately 60% of 

global herbicide sales worldwide (Battaglin et al., 2005).  

Contamination of water by glyphosate has increased due to the large quantities used 

throughout the world (Hu et al., 2011). Its safety and impacts on the environment and on 

humans is of great concern, as many studies suggest the toxic effects of glyphosate (Hagner et 

al., 2013). Research shows possible endocrinal, mutagenic, carcinogenic, genotoxic and 

neurologic effects associated with the use of glyphosate (Myers et al., 2016). The United States 

Environmental Protection Agency sets maximum contaminant levels in drinking water at 0.7 

mg L-1; while the guidelines for Canadian drinking water allow a maximum of 0.28 mg L-1. It 

is therefore necessary to develop processes to remove glyphosate from water to within 

permissible limits. 

Glyphosate removal from aqueous solutions include various methods, including 

adsorption, nanofiltration, advanced oxidation, oxidation technologies, electrochemical 

degradation, photocatalytic degradation and microbial degradation (Cui et al., 2012). 

Adsorption is recognized as one of the most effective and widely used techniques for the 

removal of pesticides from water. Adsorption of pesticides on solid substrates such as soils, 

clays, or activated carbon (AC) is one of the top technology for the remediation of pollutants, 

as it is low-cost, easy to operate, efficient and flexible (Ghaedi et al., 2014). 

AC has received much attention as an efficient adsorbent for the removal of many 

agrochemicals and other synthetic contaminants in drinking water (Bhatnagar et al., 2013). It 

has been widely used as an adsorbent in the purification of aqueous media, gas/solid phase 

separation, catalysis, electrochemical processes, among others. Its surface characteristics, such 

as the extended range of porosity and high surface area, ease of separation, low operational cost 

and significant sorption affinity make AC a versatile and preferred material for various 

applications (Gupta et al., 2013; Shah et al., 2015). 

AC is more efficient at removing organic components compared with removing other 

inorganic pollutants and metals. Therefore, it is mainly used for the removal of micropollutants 

and organic matter. In recent years, emphasis has been placed on preparing AC with modified 

surfaces using different procedures to improve the potential of AC for specific contaminants 

(Bhatnagar et al., 2013). 

Previous literature on ACs for glyphosate removal is scarce. Among the studies found in 
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the literature, the following stand out: the adsorption of glyphosate herbicide using AC derived 

from newspaper industry residue (Mohsen Nourouzi et al., 2010), the studies of kinetic and 

equilibrium mechanisms for glyphosate adsorption by biochar obtained from the waste of a 

bioenergy industry (Mayakaduwa et al., 2015), the study of a steam-activated engineered 

biochar obtained from rice husks for glyphosate adsorption (Herath et al., 2016), and finally, a 

study using granular activated carbon (GAC) modified for glyphosate adsorption with graphene 

oxide and MnFe2O4 in a fixed-bed column (Marin et al., 2019). 

In this study, granular activated carbon from oil palm shell was loaded with manganese 

and iron (GAC/Mn/Fe) to further improve its efficiency, and its performance for glyphosate 

adsorption in aqueous solution was evaluated. In order to understand the mechanisms that 

govern the adsorption process, adsorption kinetics and isotherms were obtained and compared 

to models reported in literature. Thermodynamic parameters were also determined. The 

developed adsorbent was characterized by several instrumental techniques. All assays were 

performed to determine its potential on water and wastewater treatment. 

2. MATERIALS AND METHODS 

2.1. Adsorbent Preparation 

The impregnation method was based on a previous study (Bergamasco, 2010). In 

summary, 100 g of GAC 16x52 mesh (Bahiacarbon, Brazil), 40 mL of deionized water, 30 mL 

of ferric chloride solution hexahydrate and 30 mL of manganese dichloride tetrahydrate solution 

were added to a round-bottom flask and kept under stirring at 20 rpm and 20°C for 24 h in a 

rotary evaporator. The solutions of metallic ions were prepared with concentrations in order to 

achieve a final concentration of 1.0% Fe and 0.5% Mn on GAC (m/m). After this step, the 

excess water was evaporated under reduced pressure (-700 mmHg) at 60°C for 1 h and the 

sample was dried overnight at 100°C. After drying, the sample was transferred to a porcelain 

crucible and submitted to a thermal treatment at 300°C for 3 h. Finally, the sample was washed 

several times with deionized water to remove non-impregnated particles and metals, followed 

by drying again in an oven at 100°C. The final product was named GAG/Mn/Fe. 

2.2. Adsorbent Characterization 

GAC and GAC/Mn/Fe morphology and elemental composition were determined by a 

Shimadzu SS-550 scanning electron microscope (SEM) coupled with an energy-dispersive X-

ray spectrometer (EDX). To investigate the textural and surface properties of the adsorbents, 

nitrogen adsorption-desorption isotherms were obtained at 77 K using a Quantachrome 

Autosorb Automated Gas Sorption System (Florida, USA). The specific surface was 

determined by the Brunauer-Emmett-Teller (BET) method. Pore sizes and volumes were 

calculated by the Horvath-Kawazoe (HK) and Barrett-Joyner-Hallenda (BJH) methods for 

micropores and mesopores, respectively. Zeta-potential analyses were performed by 

electrophoretic laser Doppler anemometry, using a Delsa NanoTM C Beckman Coulter 

analyzer. 

2.3. Batch Adsorption Experiments 

Preliminary adsorption tests were conducted batchwise in an orbital shaker with 

temperature control (Jeio Tech Model SI-300R) to explore glyphosate adsorption behavior 

using GAC and GAC/Mn/Fe.  

Samples of adsorbent (800 mg) were added to aliquots (80 mL) of glyphosate solutions 

(20 mg/L). No additional pH adjustments were performed, since the toxic effects of each acid-

base form of glyphosate are unknown. The acidity of glyphosate solutions before the addition 

of investigated adsorbents was pH 3.8. Those suspensions were shaken at 150 rpm and 25°C 

during 24h and were immediately filtered to achieve solid-liquid separation using a 
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microsyringe of acetate cellulose (0.45 μm). Glyphosate concentrations were determined using 

a Metrohm 850 Professional IC ion chromatograph, with a Metrosep column A Supp 7 – 

250/4.0 and Supp 1 Guard/4.6, at 45°C, 0.7 mL min-1 of flux with an electrochemical detector.  

The percentage removal and the amount of glyphosate adsorbed (mg g-1) at equilibrium 

were analyzed by ion chromatography and calculated as follows Equations 1 and 2: 

Removal (%) =  
𝐶0−𝐶𝑒

𝐶0
× 100            (1) 

𝑞𝑒 =
(𝐶0− 𝐶𝑒)𝑉

𝑚
               (2) 

Where C0 and Ce are the initial glyphosate concentration and the glyphosate concentration 

at equilibrium (mg L-1), respectively, qe is the equilibrium adsorption capacity (mg g-1), V is 

the volume of glyphosate solution (L), and m is the mass of adsorbent (g). 

2.4. Adsorption Kinetics 

Glyphosate adsorption kinetics experiments using GAC/Mn/Fe were performed to 

determine the equilibrium time and the best kinetic model. Kinetic adsorption experiments were 

performed using the same previous conditions, shaken for 48 h at 25°C and at the completion 

of preset time intervals (15, 30 min, 1, 3, 4, 5, 12, 24, 36, 48 h). 

The experimental kinetic data was analyzed using the pseudo-first-order, pseudo-second-

order and the intraparticle model. The linear form of pseudo-first-order kinetic model can be 

expressed by the following Equation 3: 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) −  𝐾1𝑡             (3) 

Where qe and qt are the amount of glyphosate adsorbed in mg g-1 at equilibrium and at time 

t (min), respectively, and K1 is the rate constant of adsorption of first-order adsorption (min-1). 

The linearized form of pseudo-second-order model can be represented as follows Equation 4: 

1

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

𝑡

𝑞𝑒
               (4) 

Where K2 (g mg-1 min-1) is the kinetic rate constant of pseudo-second-order adsorption 

process. The intraparticle diffusion model is calculated by the Equation 5: 

𝑞𝑡 =  𝐾𝑝 𝑡0.5 + 𝐶              (5) 

Where C is a constant related to the diffusion resistance and Kp is the intraparticle diffusion 

constant (mg g-1 min-0.5). 

2.5. Adsorption Isotherms 

The adsorption isotherms experiments were performed also in the same conditions, but 

varying the temperature (5, 15, 15, 35 and 45°C) and the initial concentration of glyphosate (5, 

10, 20, 30, 40, 60 and 80 mg/L). The stirring was continued until reaching the equilibrium time 

(24 h) before samples of the solutions were withdrawn with the microsyringe, and glyphosate 

concentration was determined immediately. Chromeleon software was used for ion 

chromatography data processing. OriginPro (Ver. 8.0, OriginLab Co., USA) software was used 

to define the parameters of kinetic and isotherm models with statistical evaluation data by 

nonlinear regressions. 

The adsorption data obtained from the adsorption equilibrium isotherms were analyzed 

with respect to the Langmuir and Freundlich isotherm equations (Freundlich, 1907; Langmuir, 

1918). The Langmuir model, assuming a monolayer adsorption on a surface having a finite 
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number of identical sites for adsorption with uniform adsorption energies is represented as 

Equation 6: 

𝑞𝑒 =  
𝐾𝐿 𝑞𝑚𝐶𝑒

1+ 𝐾𝑎𝑑 𝐶𝑒
                          (6) 

Where qe is the amount of glyphosate adsorbed at the equilibrium (mg g-1), qm is the 

maximum adsorption capacity at monolayer coverage (mg g-1), and KL (mg g-1) is the Langmuir 

adsorption equilibrium constant. 

The Freundlich isotherm considers non-ideal sorption on heterogeneous surfaces and a 

multilayer sorption. It can be described by the following Equation 7: 

𝑞𝑒 =  𝐾𝐹𝐶𝑒
𝑙/𝑛

               (7) 

Where KF ((L mg-1)(L mg-1)1/n) and n are Freundlich constants. 

2.6. Thermodynamics Parameters 

The thermodynamic parameters of adsorption were determined to provide information of 

energetic changes and define the spontaneity of the process. 

Assuming that the activity coefficient does not change at low temperature, the Gibb’s free 

energy (ΔG°), enthalpy (ΔH°) and entropy (ΔS°) changes were calculated by the following 

Equations 8 and 9: 

∆𝐺° =  −𝑅𝑇𝑙𝑛𝐾𝐶              (8) 

ln𝐾𝐶 =
∆𝑆°

𝑅
− 

∆𝐻°

𝑅𝑇
               (9) 

Where T is the absolute temperature (K) and R is the universal gas constant                                    

(8.314 J mol-1 K-1). The thermodynamic equilibrium constant (KC) is defined by Equation 10: 

𝐾𝐶 =  
𝑞𝑒

𝐶𝑒
             (10) 

KC was calculated by the equilibrium constant method by plotting ln (qe/Ce) versus qe 

(SALVESTRINI et al., 2014). 

3. RESULTS AND DISCUSSION 

3.1. Adsorbent characterization 

The SEM patterns of the GAC and GAC/Mn/Fe in this study had the same characteristics 

of plain GAC, and no other crystalline phases were observed. The usual rough surface texture 

of GAC can be seen in Figure 1, showing a porous surface and a distribution of pores of an 

irregular size and shape in both samples. 

Comparing both SEM images, an increase in material deposition on the GAC surface after 

impregnation was observed; possibly indicating a metal compound deposition. Which was 

confirmed by EDX analysis. 

In the corresponding EDX spectrum, Table 1, the elemental composition of GAC can be 

observed with the presence of carbon, oxygen, and some elements such as aluminum, silica and 

chlorine, were also identified in studies reported by other authors (Giri et al., 2012; Haro et al., 

2012; Mohan et al., 2011; Qu et al., 2009). In the EDX spectra of GAC/Mn/Fe, the presence of 

Mn and Fe was also observed, in addition to signs referring to the elements commonly present 
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in GAC samples of vegetable origin (Arakawa et al., 2019b).  

EDX analysis revealed that GAG did not contain any Fe and Mn, while GAC/Mn/Fe 

presented 0.24% of Mn and 1.1% of Fe, indicating that the humid impregnation process may 

be a reliable technique for coating the surface of GAC with Fe and Mn. It is worth remembering 

that the EDX technique is a qualitative technique and not a reliable quantitative technique. 

 
Figure 1. SEM images of GAC (a) and GAC/Mn/Fe (b) surfaces at 2000x magnification. 

Table 1. SEM-EDX analysis results for GAC and GAC/Mn/Fe.  

Element C O Al Si Cl Mn Fe 

At (%) 
GAC 78.59 15.89 0.81 3.10 1.62 - - 

GAC/Mn/Fe 81.21 15.33 0.14 0.13 1.86 0.24 1.10 

The results of textural properties and zeta potential analysis of GAC and GAC/Mn/Fe are 

presented in Figure 2. 

 
Figure 2. N2 adsorption-desorption isotherms at 77K of GAC (a) and GAC/Mn/Fe (b) and 

pH dependent zeta-potential plots of GAG and GAG/Mn/Fe (c). 

According to Figure 2c, it was determined that the isoelectric point (IEP) of GAC is at                 

pH = 3.7. This indicates that when the pH of solution is less than the IEP, the surface of the 

adsorbent is positively charged, which is beneficial for adsorbing anions, and when the pH of 

the solution is higher than the IEP, cation adsorption is favored due to the negatively charged 

material’s surface (Marin et al., 2019). After the metal impregnation it was observed that the 

IEP shifted to a higher value; thus for GAC/Mn/Fe, the IEP was approximately at pH = 4.5. 

Possibly this occurred due to the addition of manganese and iron ions, which are positively 
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charged, during the humid impregnation. 

Glyphosate belongs to the phosphonated amino acids group and has the capacity of 

presenting both positive and negative charges, due to its amphoteric characteristics. Although 

glyphosate mainly exhibits a negative charge, it can be uncharged or have a positive charge at 

a pH below 2.29, and the number of negative charges increases with the pH (Yamaguchi et al., 

2016). Thus, the loading of Mn and Fe ions may have the potential of increased capacity for 

glyphosate adsorption when compared to plain GAC, possibly due to electrostatic attraction, 

since glyphosate charge is negative in the working conditions (Yamaguchi et al., 2016). 

According to the International Union of Pure and Applied Chemistry (IUPAC) 

classification, Figure 2 presents a physisorption isotherm type I(b) for both adsorbents. This 

kind of isotherm is given by microporous materials, with an enhanced adsorbent-adsorptive 

interactions with wider micropores (< 2.5 nm) leading to a steep uptake at a very low p/p0. The 

type H4 hysteresis loop of microporous materials was also observed in both adsorbents. It also 

may indicate the presence of slit-shaped pores with narrow sizes (Thommes et al., 2015). 

The calculated surface characteristics parameters using BET, BJH and HK methods are 

presented in Table 2.  

Table 2. Surface characteristics parameters calculated using BET, BJH 

and HK equations. 

Sample SBET (m2/g) Smicro(m
2/g) 

V(cm3/g) D (nm) 

HK BJH HK BJH 

GAC 610 547 0.3 0.04 1.6 4.6 

GAC/Mn/Fe 532 484 0.3 0.04 1.6 4.2 

The impregnation of activated carbon with metal compounds lead to the lowering of the 

BET surface from 610 m2/g of plain GAC to 532 m2/g for GAC/Mn/Fe. This phenomenon is 

probably caused by two factors: pore-blocking being a result of metals and carbon matrix 

interaction and the generation of a large number of the surface oxygen complexes. Other authors 

had reported such behavior previously in similar studies (Gaur et al., 2007; Goscianska et al., 

2012; Mondal et al., 2009). Micropore surface area was also decreased, confirming the metal-

loading on micropores. It is important to remark that this blockage did not affect the volume 

and diameter of micropores. 

It was observed that the volume of mesopores calculated by the BJH method did not 

change, but the average diameter decreased, indicating that metals were also loaded in 

mesopores, and not only in micropores. Comparing the proportion of micropore area and BET 

area (Smicro/SBET), before impregnation the proportion was nearly 89.67% and after 

impregnation it increased to 90.97%. These results may indicate that the deposition of metal 

compounds in mesopores may lead to the decrease in the mesopore volume, converting them 

into micropores. These results may suggest that the impregnation treatment lead to metal 

compounds, especially in mesopores (Arakawa et al., 2019a). 

3.2. Adsorption studies 

To study the adsorption of glyphosate onto GAC/Mn/Fe, preliminary batch adsorption 

experiments were conducted as explained in the previous section. The results are shown in 

Figure 3. 

It was observed that GAC presented a very low capacity for glyphosate removal (22%), 

while GAC/Mn/Fe presented a very high glyphosate removal (96%). This can be justified by 

the IEP, that was found to be 4.5 and 3.7 for GAC/Mn/Fe and GAC, respectively. GAC presents 

a negative charge at pH 3.8 and glyphosate charge is also negative at this pH condition, being 

unfavorable to glyphosate removal. In contrast, GAC/Mn/Fe is positive at pH 3.8, and it is 

favorable to adsorb anions via electrostatic attraction under these pH conditions. 
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Figure 3. Adsorption percentage of GAC 

and GAC/Mn/Fe (80 mL glyphosate 

solution (20 mg/L), 800 mg adsorbent, at 

25°C, 150 rpm, 24 h and pH=3.8). 

3.3. Adsorption Kinetics 

The kinetics studies of adsorption are essential in designing appropriate adsorption 

technologies because they describe the solute adsorption rate. Thus, the adsorption of 

glyphosate onto GAC/Mn/Fe was studied at different time intervals and the graphical 

representation is shown in Figure 4. 

 
Figure 4. Glyphosate adsorption kinetics 

by GAC/Mn/Fe (80 mL glyphosate 

solution (20 mg/L), 800 mg adsorbent, at 

25°C, 150 rpm, pH=3.8, and t= 0 - 48 h).  

The adsorption rate was fast at the beginning of the process, and then it slowed down until 

it reached the equilibrium at about 24 h. The long time required to reach the equilibrium can be 

attributed to the microporous structure of GAC, that would inevitably result in a slower solute 

uptake rate than macroporous and mesoporous materials (Cui et al., 2012). 

It is possible to observe a relatively rapid phase of glyphosate adsorption within the first 4 

h of contact time, which resulted in 1.36 mg g-1 (73.8%) of glyphosate adsorption, followed by 

a slow adsorption that reached the equilibrium after 24 h with glyphosate adsorption of 1.82 mg 

g-1 (98.9%). The two-phase adsorption is a phenomenon which occurs through a rapid phase 

and a slow phase. This can be explained by the active sites available on GAC/Mn/Fe that 

become progressively saturated with time, and therefore it results in a slow adsorption. The 

initial rapid adsorption at contact time is due to the wide availability of active sites positively 

charged on GAC/Mn/Fe for glyphosate interaction and the decrease in adsorption over time is 

probably due to electrostatic hindrance between the surface of GAC/Mn/Fe and the negatively 

charged glyphosate (Herath et al., 2016). 
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The adsorption kinetics data were fitted in linear kinetics models as Equations 3-5. The 

values estimated of the kinetic model parameters and the coefficient of determination (R2) are 

given in Table 3.  

Table 3. Adsorption kinetics models parameters. 

Experimental Pseudo-first-order Pseudo-second-order Intraparticle diffusion 

qe (mg g-1) K1 (min-1) 
qe, cal 

(mg g-1) 
R2 K2 

(g mg-1 min-1) 

qe, cal 

(mg g-1) 
R2 Kp 

(mg g-1 min-0.5) 
C R2 

1.844 0.002 1.100 0.944 0.009 1.877 0.999 
0.062 0.401 0.942 

0.008 1.451 0.759 

The pseudo-second order model is assumed to involve chemisorption with valence forces 

through sharing or exchange electrons between the adsorbent and the adsorbate as the rate-

controlling step (Mayakaduwa et al., 2015). The result of the glyphosate adsorption kinetic was 

better described by the pseudo-second order model than the other kinetic models applied in this 

study. Calculated R2 values from linear regression (Table 3) indicate that the best fit was 

obtained with the pseudo-second order model. The best-fitting of the experimental data to the 

pseudo-second order model is also proven by the adsorption capacity value (1.877 mg g-1) that 

is very close to the experimental value (1.844 mg g-1). This bearing suggests that the adsorption 

of glyphosate onto GAC/Mn/Fe would be more inclined towards chemisorption mechanism.  

Moreover, the coefficients associated with the intraparticle diffusion model were 

calculated. Two linear stages were observed in the results, and the coefficient for each stage are 

presented in Table 3. The initial stage shows the boundary layer diffusion and the second linear 

stage shows the intraparticle diffusion effect. The linear portions of the plots do not pass through 

the origin. This indicates that the adsorption mechanism of glyphosate onto GAC/Mn/Fe is 

complex and both surface adsorption as well as intraparticle diffusion contributes to the rate-

determining step (Thamilarasu et al., 2013). 

3.4. Adsorption isotherms 

The effect of temperature on glyphosate adsorption and the prediction of maximum 

adsorption capacities of the adsorbent are conducted by the analysis of the adsorption isotherms 

data. Figure 5 presents the adsorption isotherms of glyphosate onto GAC/Mn/Fe for five 

different temperatures.  

 
Figure 5. Glyphosate adsorption isotherms 

on GAC/Mn/Fe (80 mL glyphosate solution, 

glyphosate initial concentration = 5-80 

mg/L), 800 mg adsorbent, at 25°C, 150 rpm, 

pH=3.8, and t= 24 h). 
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The increase in temperature decreases glyphosate adsorption, clearly revealing the 

endothermic character of the adsorption process. The maximum adsorption capacity obtained 

was 9.19 mg g-1 at 45°C, the highest temperature investigated. The data was fitted for Langmuir 

and Freundlich isotherm models for all temperatures studied and isotherm parameters 

calculated are listed in Table 4. 

Table 4. Langmuir and Freundlich model parameters. 

T (C) Langmuir model Freundlich model 

 qm (mg g-1) KL (L mg-1) R2 KF (L mg-1) 1/n R2 

5 6.523 0.085 0.958 0.903 0.486 0.995 

15 8.441 0.217 0.920 2.080 0.411 0.996 

25 8.793 0.239 0.980 2.137 0.411 0.984 

35 9.003 0.278 0.984 2.372 0.404 0.982 

45 9.178 0.490 0.926 3.030 0.398 0.981 

It can be seen that the agreement between experimental data and both predicted isotherm 

models for glyphosate adsorption was obtained. The Freundlich model showed higher 

coefficients of determination (R2>0.98) than the Langmuir model, indicating that the Freundlich 

model is more appropriate to express the adsorption isotherm of GAC/Mn/Fe adsorbing 

glyphosate from aqueous solution. This result may be due to the heterogeneous distribution of 

active sites on GAC/Mn/Fe surface, suggesting that glyphosate adsorption on GAC/Mn/Fe is 

of a multilayer physical type with different adsorption energies (Herath et al., 2016). The 

obtained result can be confirmed with the morphology characterization, which showed an 

evidently heterogeneous surface, with different compounds on the surface (Figure 1). 

The adsorption intensity can be related to the Freundlich constant (1/n), when 0.1<1/n≤ 1, 

it is considered easy to adsorb and when 1/n>1 it is considered difficult to adsorb (Liu et al., 

2012). According to the Freundlich constant, the results indicated that glyphosate was easily 

adsorbed onto GAC/Mn/Fe.  

Comparing some maximum adsorption capacities from different adsorbent materials found in 

previous literature (activated carbon derived from waste newspaper (qm=48 mg/g) (Mohsen 

Nourouzi et al., 2010), biochar obtained as a waste byproduct from a bioenergy industry (qm=44 

mg/g) (Mayakaduwa et al., 2015), biochar derived from rice husk (qm=123 mg/g) (Herath et 

al., 2016)) the present study CAG/Mn/Fe obtained the lowest glyphosate removal (qm=9.19 

mg/g). This might have happened due to all-cited literature having used powder-activated 

carbon with particle size <1 mm instead of the GAC that was used in the present study (0.425 

to 1.18 mm), leading to a smaller specific surface, and thus, a reduced adsorption potential. A 

higher specific surface may be very advantageous, but the small size of the adsorbent particles 

may lead to hydraulic problems, such as plugging, high hydraulic retention times, pressure 

drops, disposal and handling concerns and losses (Dwivedi et al., 2008).  

However, the maximum adsorption capacity of CAG/Mn/Fe obtained in this study was 

superior to the result obtained in a previous study using activated carbon functionalized with 

MnFe2O4 and graphene oxide in a fixed-bed column for glyphosate adsorption (qm=3.7–5.5 

mg/g), which also used a granular activated carbon, despite the fact that it is known that fixed-

bed columns present different adsorption results from batch experiments (Marin et al., 2019). 

3.5. Thermodynamic parameters 

Thermodynamic parameters calculated are reported in Table 5.  
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Table 5. Thermodynamic parameters. 

Temperature (K) ΔG° (kJ mol-1) ΔH° (kJ mol-1) ΔS° (J mol-1 K-1) 

5 0.527 

20.924 -73.250 

15 -0.281 

25 -0.970 

35 -1.275 

45 -2.606 

The values of ΔS° are negative, which implies that glyphosate molecules lost randomness 

in the solid-liquid interface during the adsorption process (Maneerung et al., 2016). Moreover, 

ΔS° value is considerable, which may suggest that the orderliness during the adsorption process 

is really altered. Alterations in orderliness could be related to a dehydration process, which 

could have generated a pseudo-ion-exchange (Silva-Medeiros et al., 2016). 

ΔG° values are also negative, except for the temperature of 5°C, indicating that the 

glyphosate adsorption by GAC/Mn/Fe is a spontaneous process. By increasing temperature, 

ΔG° values become more negative, suggesting that glyphosate adsorption becomes more 

thermodynamically favored and feasible (Zhou et al., 2014). 

From Table 5, it was revealed that the adsorption of glyphosate onto GAC/Mn/Fe was an 

endothermic process due to the positive value of ΔH°, which is sustained by increased 

glyphosate adsorption with increasing temperature (Fan et al., 2012). Moreover, the calculated 

value for change in enthalpy is 20.924 kJ mol-1. When the ΔH° range is between 5-10 kJ mol-1, 

the adsorption mechanism is physiosorption, and when the ΔH° is between 30-40 kJ mol-1, the 

adsorption belongs to chemisorption. In this work, the ΔH° value suggests that the adsorption 

process is neither fully physical nor fully chemical and some complex mechanism dictated the 

adsorption process (Chen et al., 2012; Li et al., 2011). 

4. CONCLUSIONS 

Activated carbon impregnated with manganese and iron was successfully synthesized via 

the humid-impregnation technique. The characterization studies indicated a decrease in the 

calculated BET surface to 532 m2/g due to partial pore blockage; however, its microporous 

characteristics prevailed, which was confirmed by the isotherm type 1b and hysteresis loop type 

H4. The modification has also increased the IEP of GAC/Mn/Fe to pH = 4.5, leading to a more-

positive charge. The results of adsorption showed that the adsorption capacity of CAG/Mn/Fe 

was improved with a higher adsorption rate for glyphosate when compared to plain GAC. The 

maximum adsorption capacity of GAC/Mn/Fe for glyphosate was 9.19 mg g-1 at 45°C. Batch 

kinetic data fitted well (R2>0.99) with pseudo-second-order kinetics while isotherm data were 

well described (R2>0.98) by the Freundlich isotherm model. The glyphosate adsorption process 

onto GAC/Mn/Fe was shown to be spontaneous (ΔG°<0) and endothermic, with a ΔH° of 

20.924 kJ mol-1 and ΔS° -73.250 J mol-1 K-1. This study demonstrated that the synthesized 

GAC/Mn/Fe is a promising adsorbent for glyphosate removal from aqueous solution for water 

treatment. 
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