
Batch Equilibrium, Kinetics and Thermodynamics Study of Sulfamethoxazole antibiotics 
onto Azolla filiculoides as a Novel Biosorbent 

Abstract: Azolla filiculoides (AF) were used as adsorbent for the sorption of Sulfamethoxazole 
(SMZ) from aqueous solution. Also adsorption Isotherms, kinetics and thermodynamics were 
studied. Experiments were conducted by varying parameters such as contact time, agitation 
speed, initial SMZ concentration and temperature. Adsorption isotherms models including 
Langmuir, Freundlich and Temkin were tested. It was inferred that the Langmuir models (with 
very high R2 values) were most suited  to describe the sorption of SMZ in aqueous solutions. The 
experimental data were fitted into the following kinetic models: pseudo-first-order, pseudo-
second-order, and the intraparticle diffusion model. It was observed that the pseudo-second-order 
kinetic model described the adsorption process better than other kinetic models. Thermodynamic 
parameters including the Standard free energy changes (∆G◦), standard enthalpy change (∆H◦), 
and standard entropy change (∆S◦) were calculated. This parameters indicated that the adsorption 
of SMZ onto AF biomass was feasible, spontaneous and endothermic. This study revealed that 
AF biomass is a good adsorbent for the elimination of Sulfamethoxazole antibiotics from 
aqueous solution. 
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Introduction: Since the use of the drugs has significantly increased for the human and animals 
in recent decades and they can simply release into environment, these chemical and their 
metabolites has found more attention as an important risk for environment (1, 2). 
sulfamethoxazole (SMZ) is an important bacteriostatic agent that is commonly used in human 
and veterinary medicine (3, 4). The release of SMZ into the ecosystem or wastewater effluents 
has caused pollution and many human diseases (5, 6). 

The conventional wastewater treatment plants (WWTPs) were not designed to remove the 
antibiotic and they are not effective for this purpose (7, 8); thus, these chemicals are 
incompletely removed and released into aquatic environment (9). This has generated great 
concern because it may lead to the development of antibiotic-resistant bacteria and potential 
endocrine disrupting compounds (10, 11). 

Various treatment technologies have been proposed for antibiotics removal including chemical 
oxidation, precipitation, biological treatment, ion exchange, coagulation–flocculation and so on 
(12, 13). However, these treatment processes present a number of drawbacks in terms of low 
efficiency and producing large amounts of sludge which can diminish the effective use of these 
methods to treat (14-16). 

Among these methods, the adsorption method has the advantages of easy operation, low cost, 
high efficiency; it is considered as one of the most promising technologies (17, 18). The 
efficiency of the adsorption processes is extremely affected by the type of adsorbent and 
adsorbate properties such as surface area, porosity, and pore diameter (19, 20). Several materials 
have been used as adsorbents for the removal of antibiotics from aqueous solution including 
carbon adsorbents(21-24), clay and mineral(25), polymeric resins(26), and other adsorbents such 
as metals and their oxides(27, 28), molecular imprinted polymers(29), mesoporous material(30), 
chitosan(31), gels(32) and agricultural wastes such as Lemna minor and Canola and etc(18, 33). 
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distilled water. All glassware and plastics were soaked in 10% (v/v) nitric acid solution for 1 
day before use and then cleaned repeatedly with deionized water. The solution pH was adjusted 
using either diluted 0.1 M HCL or 0.1 M NaOH solution. In the adsorption experiment, content 
of the biosorbent was added to a standard-joint pyrex glass bottle (250 ml) containing 100 ml 
wastewater sample with concentration 10-100 mg/L and at the desired pH=7. The tube was then 
shaken at 250 rpm on an electrically thermostatic reciprocating shaker for 90 min. The 
equilibrium times at four different temperatures (293, 303, 313, and 323 K) were estimated by 
testing the samples collected at different time intervals until the SMZ content in the sample was 
constant. After equilibrium, the suspension was filtered through 0.45 �m nitrocellulose 
membrane. SMZ analysis was performed using an Agilent 1200 series HPLC equipped with a 
C18 column, a UV detector (at wavelength 267 nm), and a methanol/water (50/50 v/v) mobile 
phase at a flow rate of 0.6 ml/min. The content of SMZ biosorbed on dried AF was estimated by 
the difference between the initial and final SMZ concentrations remained in the supernatant. All 
experiments were conducted in triplicate and the averages of the results are presented in this 
study. The equilibrium removal capacity was calculated by (43): 

qe = (C0 − Ce) 
�

�
 

Where qe (mg/g) is the equilibrium adsorption capacity, Ce is the antibiotic concentration at 
equilibrium (mg/L), V is the volume of solution (L) and w is the mass of adsorbent (g). 
 
Results and Discussion:  
It was found that the specific surface area of AF is 36 m2/g. The morphology of single AF was 
investigated using SEM and the image is shown in Fig. 1a. This Fig shows the surface texture and 
porosity of the AF particle. Also, it reveals that the particles have a very narrow size distribution, 
spherical shaped with very small holes and rough surfaces. In contrast, Fig. 1(b) discloses that the 
clear pore textural structure is not observed on the surface of AF after adsorption process which 
could be due to either agglomeration on the surface or the incursion of SMZ into the pores of AF. 
 
X-ray diffraction (XRD) patterns of AF biomass before (a) and after (b) use, show the same diffused 
peak with maximum at 2� 21.1◦ and 21.4◦, respectively (Fig. 2). However, AF after use shows a 
higher intensity attributed to SMZ biosorbtion on the surface of AF biomass. 
 

 
Fig.1: SEM image of AF biomass a: before used b: after used 
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Fig. 2: XRD patterns of AF biomass a: before used b: after used 

Effect of pH: The effect of pH for the adsorption of SMZ onto AF is shown in Fig. 3. It can be  
seen that the adsorption of SMZ was pH-dependent. The results show that the amount of 
adsorbed SMZ onto AF decreases as the pH increases from 6 to 11. This situation can be related  
to the surface charge of the adsorbent. AF has negatively charged adsorption sites, but it is 
positively charged at low pH values(40). Therefore the electrostatic interactions between 
negatively charged groups in the SMZ molecule and the positively charged adsorbent increase. 
Also SMX predominantly occurs in its neutral form, appearing in relatively acidic solutions 
where its pKa value (5.64) corresponds to the average pH level of surface water(3  , 7). Since the 
pH in surface water falls between 6 and 10, the negatively-charged form of SMX also appears 
often. The aniline group on the molecule has a negative charge on the nitrogen atom, which acts 
as an ionic binding site. Also AF has negatively charged adsorption sites at high pH, Therefore 
the electrostatic interactions between negatively charged groups in the SMZ molecule and the 
negatiely charged adsorbent decreaced. Also this behaviour can be explained by the zero point 
charge of the adsorbent and obtained in previous studies (pHZPC= 6.5)(36, 40). At a pH above 
this zero point charge, the surface of the adsorbent becomes negatively charged, and declines the 
adsorption of negatively charged SMZ through the decreace electrostatic force of attraction. 

Effect of agitation speed  

The study of the effect of agitation speed on the adsorption of SMZ from aqueous solution was 
conducted by varying agitation speed from 50 to 400 rpm. Fig. 4 establishes that the adsorption 
efficiency increases with agitation speed. The maximum SMZ sorption (85.3%) is obtained at 
300 rpm and there was no significant change in adsorption efficacy at further speeds. This effect 
can be attributed to the decrease in boundary layer thickness around the adsorbent particles being 
a result of increasing the degree of mixing(44, 45).  
Effect of contact time and of initial SMZ concentration 
It has reported that the mass transfer rate from the liquid to the solid phase (during adsorption 
processes) is influenced by contact time. The experimental results obtained for the adsorption of 
SMZ during various contact times are illustrated in (Fig. 5). It can be observed that the SMZ 
adsorbed increases with time and then attains a constant value and there is no further adsorption 



after this time(46, 47).  It can be inferred from these results that SMZ adsorption is performed in 
two stages: an initial rapid phase, which attains the saturation point within 60 min, attributed to 
the presence of free adsorption sites at the surface of the adsorbents. Once the SMZ are adsorbed 
from solution onto these sites, they block the adsorption pores (which are of smaller sizes) from 
subsequent adsorption. As a consequence, the adsorption speed decreases and that mark the onset 
of the slow second phase (step) from 60 to 90 min. Therefore, surface adsorption sites are 
exhausted with time. The remaining vacant sites are difficult to be occupied by the cation due to 
repulsive forces between adsorbate present in solid and bulk phases (48). 
 
The effect of SMZ concentration was studied at room temperature by increasing the initial 
concentration of the SMZ (10-200 mg/L). It could be seen that the amount of SMZ adsorbed per 
unit mass (qe) of adsorbent increased with the increase in initial concentration and contact time 
until equilibrium  was  reached  at  about  90 min (Fig. 6). This may be due to an increase in the 
number of SMZ available to be adsorbed, as well as the availability of active sites for the 
adsorption (49, 50). The effect of further increase in initial concentration could be studied to 
determine the equilibrium concentration at which the adsorbent will uptake the SMZ. 
 
Effect of Temperature and Thermodynamic Parameters 
The experiments were performed at different temperatures (283, 293, 303, 313 and 323�) while 
the other conditions has been kept constant. The percentage of adsorption increased from 19.1 to 
23.2 with the increase of temperature from 283 to 323 °C at concentration of 100 mg/L and 
pH=7. Fig 7 indicates the results of this study. It can be found that the higher temperature 
facilitates the adsorption of SMZ on AF (i.e. endothermic process). This may be a result of 
increasing the mobility of the SMZ ion with increasing temperature. Furthermore, increasing of 
temperature may produce a swelling effect within the internal structure of the biosorbent which it 
helps the SMZ ions to further penetrate (51, 52). 
Thermodynamic parameters including Gibbs free energy change (∆G◦), enthalpy change (∆H◦), 
and entropy change (∆S◦) is used to recognize whether the adsorption process is spontaneous or 
not. ∆G◦ were calculated from the following equation (53, 54): 
 
∆G◦ = -RT Ln Kd  
 
Where R is the universal gas constant (8.314 J mol−1 K−1), T is the temperature (K) and Kd is the 
distribution coefficient. The Kd value was calculated using following equation (55, 56): 
 

Kd = 
 	


�

 

Where qe and Ce are the equilibrium concentration of SMZ on adsorbent (mg/L) and in the 
solution (mg/L), respectively. Relation between ∆G◦, ∆H◦ and ∆S◦ can be expressed by the 
following equation (57): 
 
∆G◦ = ∆H◦- T ∆S◦ 
 
This equation can be written as (58): 
 

ln Kd = 
∆�


�
 - 

∆�
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Thermodynamic parameters (∆H◦ and ∆S◦), were calculated from the slope and intercept of the 
plot of ln Kd versus 1/T, respectively. 
 
The ∆G◦, ∆H◦, and ∆S◦ for the adsorption of SMZ on the AF at different temperatures are given 
in Table 1. The negative values of ∆G◦ confirm the feasibility of the process and spontaneous 
nature of the adsorption of SMZ on the AF. On the other hand, the increasing of ∆G◦ with 
increasing temperature indicates that better adsorption is actually obtained at higher 
temperatures. The positive value of ∆H◦ confirmed the endothermic nature of adsorption, which 
was also supported by the increase in value of SMZ uptake of the adsorbent with the rise in 
temperature. Also, the values of ∆H◦ give an idea about the type of sorption whether the sorption 
is physical or chemical. The enthalpy for physical adsorption is usually no more than 8 kcal 
mol−1 and its amount for chemical adsorption is more than 8 kcal mol−1; therefore, it seems that 
adsorption of SMZ on the AF is almost a chemical process. The positive value of ∆S◦ suggested 
randomness increase at the solid/solution interface during the adsorption SMZ on the AF. 
 

 
Fig. 3. Effect of pH (Dose = 2.5 g/L, SMZ concentration = 50 mg/L, Contact time 90 min and Temp= 30 ℃) 

 

 
Fig. 4. Effect of agitation speed (Dose = 2.5 g/L, SMZ concentration = 100 mg/L, pH = 7, Contact time  90 min and 

Temp= 30 ℃) 
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Fig. 5. Effect of Contact time and concentration on SMZ Removal (Dose = 2.5 g/L, agitation speed = 300 rpm, pH = 

7 and Temp= 30 ℃) 
 

 
Fig. 6. The effect of contact time and SMZ concentration on adsorption capacity (Dose = 2.5 g/L, agitation speed = 

300 rpm, pH = 7 and Temp= 30 ℃) 

 
Fig. 7. Effect of temperatures on adsorption capacity (Dose = 2.5 g/L, SMZ concentration = 100 mg/L, pH = 7, 

Contact time 90 min and agitation speed = 300 rpm) 
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Adsorption Isotherms  
Adsorption isotherms describe how the adsorbates interact with adsorbents. For this purpose, 
three isotherm models were applied to this adsorption study. The Langmuir isotherm theory 
assumes monolayer coverage of adsorbate over a homogeneous adsorbent surface where all 
sorption sites are identical. The assumption of this theory is the uniform energies of adsorption 
onto the adsorbent surface. The linear form of Langmuir isotherm equation is given as follows 
(59, 60):  
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 = 
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Where qe (mg/g) is the amount of SMZ adsorbed per unit mass of adsorbent at equilibrium, Ce 
(mg/L) is the final concentration at equilibrium, qmax (mg/g) is the maximum adsorption at monolayer 
coverage and KL (L/mg) is the constant related to the extent of adsorption. The parameter calculated 
from the Langmuir model isotherm is given in Table 2. The high correlation coefficient obtained 
from Langmuir model confirms that the this isotherm might be suitable for the interpretation of the 
adsorption data. The essential features of Langmuir can be expressed by a dimensionless constant 
which is called separation factor or equilibrium parameter (RL) and is calculated using the following 
equation (61): 
 

RL= 
�

���
��
 

 
Where C0 (mg/L) is the initial concentration of the SMZ. The values of RL indicate the shapes of 
isotherms which it can be either unfavorable (RL>1), linear (RL=1), favorable (0<RL<1). In the 
present investigation the equilibrium parameter (Table 2) was found to be in the range 0<RL<1 
(between 0.081-0.185) indicating that the adsorption process was favorable and the Langmuir 
isotherm was applicable (R2>0.996 at all temperatures). 
 
The Freundlich isotherm assumes that the adsorption process takes place on heterogeneous surfaces 
and the adsorption capacity is related to the concentration of the adsorbent. The Freundlich model is 
based on the following expression (62, 63):  
   

Ln qe = ln KF + 
�

�
 ln Ce 

The constant KF is an approximate indicator of adsorption capacity while 1/n is a function which 
is related to the strength of adsorption in the adsorption process. If the value of n is equal with 1, 
the partition between the two phases are independent of the concentration. When the value of 1/n 
is below 1, the adsorption is occurred normally. On the other hand, the cooperative adsorption 

Table 1: Thermodynamic parameters of the SMZ  adsorption on the AF at different temperatures 
T (K) (Kd) ∆G◦ (kJ mol−1) ∆S◦ (J mol-1 K-1) ∆H◦ (kJ mol-1) 
283 1.18 -0.411  

 
45.12 

 
 

9.825 
293 1.49 -1.021 
303 1.76 -1.494 
313 2.07 -1.984 
323 2.46 -2.345 



can be observed. In addition, the value of n between one and ten indicates a favorable sorption 
process. As it can be seen in table 2, the values of n is higher than 1.8 at all temperatures which it 
indicates the favorable sorption of SMZ and the R2 value is above of 0.85. 
 
Temkin Isotherm: This isotherm contains a factor that explicitly taking into the account of 
adsorbent–adsorbate interactions. This model assumes that heat of adsorption (function of 
temperature) of all molecules in the layer would reduce linearly with coverage and it is not 
dependent to the concentration. The model is shown by the following equation (64): 
 

qe = 
��

�
 ln A + 

��

�
 ln Ce  

Where A is Temkin isotherm equilibrium binding constant (L/g); B is Temkin isotherm constant; 
R is universal gas constant (8.314J/mol/K); T is temperature (K). The comparing of the 
correlation coefficients (R2) at all temperatures obtained from the three isotherms (Table 2) 
reveals that Langmuir model can be applied successfully to explain the equilibrium data of 
adsorption of SMZ on AF biomass. Increase in temperature causes an increase in the mobility of 
SMZ and the kinetic energies of  SMZ increased, leading in turn to an increase in the adsorption 
of SMZ onto AF. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adsorption Kinetics 
Adsorption kinetics show large dependence on the physical and chemical characteristics of the 
adsorbent material and presence of adsorbate in bulk. In the present work, pseudo first-order, 
pseudo second-order and intraparticle diffusion kinetic models were used in order to examine the 
controlling mechanism of sorption processes such as mass transfer and chemical reaction. 
 
Pseudo-first order kinetic model 
 
The linear form of first-order kinetic equation is (65, 66): 
 

Log (qe – qt) = log qe – 
��

 ."#"
t 

Table 2: Isotherm parameters for SMZ adsorption onto AF biomass 
Tem (°�) 283 293 303 313 323 

Langmuir 
qmax(mg/g) 
KL (L/mg) 
RL 
R2 

 
30.81 
0.044 
0.185 
0.997 

 
32.18 
0.068 
0.128 
0.996 

 
33.95 
0.091 
0.099 
0.997 

 
35.44 
0.104 
0.088 
0.999 

 
37.86 
0.112 
0.081 
0.998 

Freundlich 
KF (mg/g) 
n 
R2 

 
4.451 
1.85 
0.855 

 
5.844 
2.27 
0.876 

 
5.976 
2.68 
0.884 

 
6.435 
2.94 
0.895 

 
7.382 
3.29 
0.871 

Temkin 
A (L/g) 
B 
R2 

 
0.125 
28.45 
0.795 

 
0.176 
29.11 
0.774 

 
0.241 
30.72 
0.832 

 
0.285 
31.66 
0.814 

 
0.314 
32.39 
0.859 



Where qe and qt are the amounts of SMZ adsorbed at equilibrium and at time t (min) 
respectively; k1 is the first-order rate constant (min-1). A straight line of ln(qe-qt) versus t 
suggests the applicability of this kinetic model, and qe and k1 can be determined from the 
intercept and slope of the plot, respectively. The results of the Pseudo-first order kinetic 
parameters are given in Fig 8a and Table 3. The result showed that the adsorption of SMZ onto 
AF did not follow the first order kinetics. At the given temperature, the first-order rate constant 
(k1) increased with the increasing of initial SMZ concentration. At higher initial SMZ 
concentration, the number of available binding sites at the AF surface per adsorbate molecule 
increased. The adsorption data fitted poorly with pseudo-first order kinetic model for AF 
biomass and the calculated qe values did not agree with the experimental qe values at all 
concentrations.  
 
Pseudo-second order kinetic model 
 
Pseudo second-order model rate equation is represented as (67): 
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Where k2 (g mg-1 min-1) is the rate constant of the second-order equation. A straight line of t/qt 
versus t suggests the applicability of this kinetic model, and qe and k2 can be determined from the 
intercept and slope of the plot, respectively (Fig 8b). Table 3 shows the obatined data from 
pseudo-second-order model. It is observed from Table 3 that there was a good agreement 
between experimental qe and calculated qe values with high correlation coefficient values for 
adsorbent. Hence the pseudo second-order model better represented the adsorption kinetics 
between the AF biomass and SMZ. The adsorption process is depended on the concentration of 
adsorbent and adsorbate. The rate of adsorption depended on  the concentration of AF and SMZ 
molecules in the bulk. 
 
Intraparticle diffusion 
The adsorption kinetic data were further processed to explore the possibility of intra-particle 
diffusion using the Weber–Morris equation. The model is expressed by the following equation 
(68): 
 
qt = kdif t 

0.5 + C 
 
Where Kdif is the intra-particle diffusion rate constant (mg/g min½) and C is the boundary layer 
thickness. 
The Weber-Morris intraparticle diffusion model was commonly used to determine the sorption 
data, which was used to study the diffusion mechanism during the adsorption process. A linear 
plot of qt versus t1/2 at different initial concentrations is shown in Fig. 8c and the parameters are 
given in Table 3. As can be seen from Fig. 8c, the diffusion kinetic plots exhibited the three-
stage linearity. It has a good linear correlation between qt and t1/2 in this stage, indicating that the 
adsorption process was not only controlled by intra-particle diffusion, but two or more steps 
were controlling the adsorption process. The first portion of curve has sufficient available 
adsorption sites on the adsorbents surface with high adsorption rate; this portion was ascribed to 
the diffusion of SMZ molecule in micropores biomass. Afterwards, the second linear portion 



belongs to intraparticle diffusion. The SMZ molecules come across much larger hindrance 
because of transfer in deeper inner pores. Then the third section represented final equilibrium 
stage where the intra-particle diffusion begins to slow down the arrival of absorption saturation, 
and the diffusion of SMZ molecules into micropores biomass. Furthermore, the plot of line did 
not pass through the origin. This results suggested that the boundary layer control was involved 
in this adsorption stage. The value of C increased with the increasing of the initial concentration, 
indicating that the film diffusion plays more important role at high initial concentration(40, 41). 
These results also implied that this mechanism does not individually limit the overall adsorption 
process, which may be a complicated combination of involving both surface adsorption and 
intra-particle diffusion. 
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Fig. 8.  Adsorption kinetics of SMZ on AF  a: pseudo-first-order b: pseudo-second-order C: intra-particle diffusion 

 

 
Conclusion: In the present study, batch adsorption experiments have been carried out for the 
adsorption of SMZ from aqueous solutions using AF biomass. The effects of various parameters 
such as contact times, temperature, pH, initial SMZ concentrations and agitation speed were 
investigated. The isotherm studies revealed that the equilibrium data obtained from for the 
adsorption of SMZ on AF biomass was better described by Langmuir isotherm model compared 
with Freundlich and Temkin model. In addition, the thermodynamic studies indicated that SMZ 
adsorption process onto the AF is endothermic and spontaneous. Furthermore, Kinetics of 
adsorption process was investigated using pseudo first order kinetic, pseudo second order and 
intraparticle diffusion kinetic models. The results showed that the adsorption process followed 
pseudo second order kinetic model. Finally, this study revealed that AF biomass can be 
effectively used for the adsorption of Sulfamethoxazole antibiotics from aqueous solution. 
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