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Abstract: Groundwater with increased ammonia concentration is a constant concern regarding the preparation of drinking water. The affinity 
of ammonia to be adsorbed on the surface of different solid materials significantly influences the selection of its removal process and has been 
the motivation for this investigation. Crystal-Right™ (CR-100) was used for the removal of ammonia from aqueous solution in batch adsorption 
procedure. The kinetics of adsorption followed the pseudo-second-order model. The Elovich model suggested that chemisorption rate 
decreased with the temperature increase. The liquid film diffusion and intra-particle diffusion models revealed that heterogeneous adsorbent 
surface energy had a particularly pronounced impact on the overall mass transfer rate. The Arrhenius and Eyring’s equations suggested 
spontaneous and endothermic nature of complex adsorption/ion exchange removal process. The isosteric heat of adsorption revealed that 
with the increase in surface loading lateral interactions between the adsorbed molecules occurred. 
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INTRODUCTION 
ROUNDWATER with increased ammonia concen-
tration containing humic substances is a frequent 

occurrence in Vojvodina, Northern Serbia. Arsenic, borates, 
natural organic substances, ammonia, iron, sodium and 
manganese can be identified in water samples at different 
locations[1,2] with concentrations above the permitted 
values.[3] In terms of drinking water quality, endangered 
areas in Vojvodina, Northern Serbia are the southwestern 
parts of Backa, as well as areas of central and northern 
Banat due to the lack of adequate facilities for the 
preparation of drinking water in these regions. The 
identified organic substances, such as ammonia, in the 
groundwater of Vojvodina originate from water pollution 
due to anthropogenic factors, such as the influence of 
industry or agricultural activities, as well as from nature 
depending on the of groundwater source.[3] The 
preparation of drinking water from waters that contain 

ammonia is problematic regarding the procedure for the 
removal of this pollutant. Previous processes that have 
been applied are based on microbiological activities, 
chemical oxidation, membrane technologies, adsorption 
and many other procedures.[4–7]  
 The affinity of ammonia to adsorb on the surface of 
different solid materials significantly influences the 
selection of its removal process.[8–10] There are various 
adsorbent materials in nature that are successfully applied 
for this purpose,[11–14] such as zeolites,[15–21] clay minerals, 
activated carbon, exfoliated vermiculites, fly ash, peats, 
chitosan beads, wood sawdust, bentonite, attapulgite, 
oxide nanoparticles, and zero-valent iron that have ion 
exchange and adsorption properties.[22–28] 
 Crystal-Right™ (CR-100) is one of the most durable 
synthetic mesoporous aluminosilicate used for commercial 
purposes[29] and has the ability to increase the pH value, to 
reduce water hardness and remove iron and manganese 
ions[30] during the filtration process. Furthermore together 
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with these desired properties, adsorbent CR-100 can easily 
be regenerated after the rinsing (washing) process.  
 Water supply in the region of northern Banat in 
Vojvodina, Northern Serbia is mainly based on springs that 
exploit groundwater with water quality parameter values 
above maximum permitted amounts (MPA) according to 
Regulations on hygienic correctness of drinking water 
published in Official gazette („Službeni list SRJ“, br. 42/98 i 
44/99). For example, analysed groundwater from wells in 
municipality of Kikinda has ammonium ion amount of 2.07 
mg L–1 which exceeds 20 times higher than the ammonium 
ion MPA (0.1 mg L–1).[31] Considering the permanent need 
to supply high quality drinking water in this Serbian region, 
the aim of this study was to investigate the possibility of CR-
100 adsorbent application for the removal of ammonium 
ions from water solutions. In order to elucidate kinetics and 
thermodynamics of adsorption process, the influence of 
adsorbent-adsorbate contact time and temperature on the 
efficiency of the adsorption was studied. Additionally, for 
the understanding of the process dynamics that can be 
applied for the development of adsorbents on an industrial 
level, different mathematical models for the adsorption 
process were considered. 
 

EXPERIMENTAL 
The study of the adsorption was carried out on the 
laboratory scale using mesoporous aluminosilicate as the 
adsorbent and ammonia model solution as adsorbate. 
Ammonium chloride (concentration of 3 mg NH4+-N L–1 - 
ammonium ion (NH4+)-nitrogen (N) in the litre of ultra-pure 
water), prepared by dissolving solid NH4Cl (Sigma-Aldrich, 
p.a.) in ultra-pure water, was used as model solution. 

Adsorbent Characterization 
Crystal Right™ (type CR-100) was characterized by chemical 
and textural analysis. The chemical composition of 
adsorbents was determined by atomic adsorption 
spectrophotometry. The textural characterization, specific 
surface area and the pore size distribution were conducted 
by low-temperature nitrogen adsorption at –196 °C, on 
Micromeritics ASAP 2000. The specific surface area was 
calculated by the multipoint Brunauer-Emmer-Teller (BET) 
method, whereas the pore size distribution was 
determined using Brunauer-Joyner-Hallenda (BJH) method 
and the desorption branch of the isotherm. Prior to textural 
analysis, the samples were degassed at 150 °C for 12h in 
order to remove any impurities from the adsorbent surface.  
The adsorption process was estimated based on the 
adsorption isotherms. Experimental data of the adsorption 
process exhibited the best fit for the Freundlich adsorption 
isotherm:[32,33] 

 t Fq K C
n
1

log( ) log( ) log( )= + ⋅  (1) 

where qt (mg g–1) is the adsorption capacity at equilibrium 
conditions; C (mg L–1) – equilibrium concentration of adsor-
bates in solution, KF – parameter related to the binding 
capacity of the adsorbate and 1/n – constant indicating the 
adsorbent affinity for the adsorbate.  

Batch Adsorption Procedure 
The adsorbent sample was measured using analytical 
balance (Precisa, Switzerland, type XT 220 A) and dried for 
2h at 180 °C (Vims electronic, Serbia, type LSW-53 furnace). 
After drying sample was cooled and weighted in order to 
determine the moisture percentage (4.14 % ± 2 %). The 
sample was washed with ultra-pure water (UPW), filtered 
(LLG-qualitative, slow filter paper) to remove fine particles 
and dried. Closed 250 ml ground neck flasks with 100 ml of 
ammonium-chloride solution and adsorbent sample were 
placed on Thermo Scientific, USA, type Ploy 15 apparatus 
with magnetic stirrers, located in the thermostatic device. 
Tests at three different temperatures (279, 289 and 299 K) 
were performed. The adsorbent-adsorbate contact time 
was 120 minutes. The amount of adsorbed ammonia was 
measured at following time intervals: 10, 20, 30, 60, 90 and 
120 minutes. The solution from the flasks was decanted 
and filtered through a 0.22 μm syringe filter (Nylon Syringe 
filter - AMTAST). Ion chromatography was used to determine 
the concentrations of ammonia, sodium, potassium, 
calcium and magnesium in the solution after the adsorption 
(Dionex Corporation USA, type IC / ICS 3000). Kinetic tests 
were performed with adsorbent concentration of 0.08 g L–1. 
All experiments were conducted in triplicates and the mean 
value was used for all presented calculations.  

Adsorption Kinetic Models 
In order to investigate the adsorption kinetics, the 
adsorption capacity at equilibrium conditions was 
calculated using the following equation:  

 e
e

c c
q V

m
0 −= ⋅  (2) 

where qe (mg g–1) was adsorption capacity at equilibrium 
conditions, C0 was the initial concentration (mg NH4+-N L–1), 
Ce was the equilibrium concentration of ammonia in the 
solution (mg NH4+-N L–1), V was the volume of the 
ammonia-chloride (L) and m is the adsorbent mass (mg).  
 The adsorption rate was determined in correlation 
with the adsorbed ammonia amount at different 
adsorbent-adsorbate contact time using different 
models.[34–36] For the pseudo-first order (PFO) and pseudo-
second order (PSO) kinetics the following equations were 
used: 
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where qe (mg g–1) was adsorption capacity at equilibrium 
conditions; qt (mg g–1) adsorption capacity at the defined 
time t (min), k1 (mg g–1min–1) rate constant for the pseudo 
first-order model and k2 (g mg–1min–1) rate constant for the 
pseudo second-order model. Initial adsorption rate can also 
be estimated from the reciprocal value of the model 
ordinate section, h:  

 eh k q2
2=  (5) 

 For the determination of the adsorption limiting step 
the following kinetic models were applied: Elovich model (Eq. 
6), liquid film diffusion (Eq. 7) and intra-particle diffusion 
model (Eq. 8): 

 ln( ) ln( )tq α t= ⋅ ⋅ + ⋅β β β  (6) 

 ln(1 ) fdF k t− = − ⋅  (7) 

 1/2
t iq k t= ⋅  (8) 

where α (mg g–1 min–1) was initial adsorption rate, ϐ (g mg–1) 
desorption constant, F (ratio qt/qe) fractional attainment of 
equilibrium, kfd (min–1) rate constant of mass transfer 
through the liquid film and ki (mg g–1 min–1/2) intra-particle 
diffusion (IPD) rate constant. The suitability of these models 
is assessed by R2 values that are close to unity. Adsorption 
kinetic data can be modelled using linear or non-linear 
regression methods. The two regression methods also 
yielded significantly different values of model parameters. 
The drawback of model linearization can be detected when 
the model predictions are plotted with the experimental 
data in the non-linear form (i.e. as the adsorbed amount vs. 
time).[32] In this study for the adsorption kinetic modelling 
linear and non-linear regression methods were used for 
PFO, PSO and Elovich models.  

Thermodynamics of Ammonia Adsorption 
For the pseudo second-order model, the reaction rate 
constant, k2, at the selected temperatures (279 K, 289 K, 
and 299 K) was used to calculate the activation 
thermodynamic parameters of the observed adsorption 
process. The activation energy of ammonia adsorption on 
the adsorbent was calculated using the Arrhenius equation: 

 2ln ln aE
k A

R T
= −

⋅
  (9) 

where Ea (kJ mol–1) was the activation energy, A Arrhenius 
pre-exponential factor, R universal gas constant (R = 8.314 
J mol–1 K–1), T temperature (K) and k2 rate constant of the 
pseudo second-order (g mg–1 min–1). 

 Another expression used to describe the 
dependence of the pseudo second-order constant reaction 
rate and temperature was the Eyring's equation: 

 2 Δ * Δ *
ln ln Bk k S H

T T R RT
    = + +    

    
 (10) 

where ΔH*(kJ mol–1) was activation enthalpy, ΔS*  
(kJ mol–1 K–1) activation entropy, kB Boltzmann’s constant 
(kB = 1.38 × 10–23 J K–1) and h Planck’s constant (h = 6.63 × 
10–34 J s).  
 The spontaneity of the adsorption process was 
determined based on the change in the standard free Gibbs 
energy, ΔG, by the following expressions: 

 Δ Δ ΔG H T S= −  (11) 

 Δ ln CG RT K= −  (12) 

where ΔG (J mol–1) was change in the standard free Gibbs 
energy and KC thermodynamic equilibrium constant.  
 Thermodynamic equilibrium constant was deter-
mined from the Khan and Singh procedure[37] and the 
thermodynamic equilibrium constant was calculated from 
the ln(qe /Ce) – qe, dependence based on the adsorption 
isotherm equilibrium data. The value of the equilibrium 
constant was obtained by extrapolation to qe = 0. Taking 
into account the Milonjić correction,[37] the constant was 
multiplied by 1000 (1 dm3 = 1000 ml (or g, since the solution 
density is ≈ 1 g ml–1)) in order to obtain a dimensionless 
value.  
 Isosteric heat can be used to determine the 
adsorption type as well as to characterize the adsorbent 
surface, necessary for the design of both the adsorption 
process and the equipment for the adsorption process. 
Isosteric heat can be defined as the heat generated during 
the adsorption of adsorbate unit amount (1 mol) at its 
constant concentration on the adsorbent surface.[36] The 
isosteric heat of adsorption was calculated from the 
Claussius-Clapeyron equations: 

 ,
2

Δln st ae Hd C
dT RT

−
=  (13) 

 ,
ln

Δ
(1 / ) e

e
st a q

d C
H R

d T
=  (14) 

where Ce was equilibrium concentration in solution at a 
constant amount of adsorbed cation obtained from 
adsorption isotherm data and ΔHst,a isosteric heat.  
 

RESULTS AND DISCUSSION 
In accordance with the previously published study,[29] 
chemical analysis of the adsorbent Crystal Right ™ (type  
CR-100) confirmed predominant presence of Si, Al, and O, 
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as well as the presence of Na, K, Ca and Mg as adsorbent 
extra framework cations with Fe impurities, Table 1. 
Textural analysis revealed that the adsorption-desorption 
isotherm corresponded to type IVa characteristic for 
mesoporous materials such as industrial adsorbents, oxide 
gels and mesoporous molecular sieves, whereas the 
hysteresis loop corresponded to type H1 typical for 
materials with a narrow range of uniform mesopores such 
as MCM-41 or SBA-15 silicate materials. Monomodal pore 
size distribution was observed with a broad peak at the 
maximum at mesopore diameter in the region of ≈ 15 nm. 
Due to the presence of mesopores, the specific surface area 
was developed (≈ 147.16 m2 g–1). The adsorption isotherms 
exhibited the best fit with the Freundlich adsorption 
isotherm and the approximation of results indicated the 
physisorption process on a heterogeneous surface. 

Kinetics of Ammonia Adsorption 
Investigation of adsorption kinetics provides information 
on possible adsorption mechanisms essential for the 
formation of the mathematical model on the process 
consequently revealing possible process dynamics that 
could be applied to the adsorbent development at an 
industrial level. The non-linear regression and linear 
regression of the pseudo-first order (PFO) adsorption 
kinetic model for the adsorbent CR-100 are presented in 
Figure 1. The kinetic results showed that the most intense 

adsorption occurred in the first 30 minutes of the process 
where 85 % of removal was observed (Figure 1). The 
remaining amount of ammonia was gradually removed 
until the equilibrium was reached in the time interval 
between 100 and 120 minutes. This kinetic investigation of 
ammonia adsorption on the adsorbent confirmed this 
adsorption behaviour.[33] The equilibrium did not occur 
immediately, which can be directly related to adsorbents 
with developed porous structure. The mass transfer from 
the solution to adsorption sites on adsorbent particles was 
limited by the mass transfer resistance which determined 
the time required to reach the equilibrium.[34]  
 According to the non-linear PFO kinetic model 
(Figure 1a, Table 2), the adsorption complex is formed by 
the interaction of one adsorbate species with one active 
adsorption centre. For the linear PFO model the results 
(Figure 1b, Table 2) the correlation coefficient of the linear 
model, r, ranged from –0.936 to –0.979, while the 
coefficients of determination, R2, ranged from 0.876 to 
0.959. The calculated values of the equilibrium amount of 
adsorbed ammonia gave the estimated value that was 
twice lower than the experimental, leading to the 
conclusion that this model was not adequate to describe 
the kinetics of ammonia adsorption on the investigated 
mesoporous aluminosilicate adsorbent. On the contrary, in 
the case of non-linear PFO model the results are presented 
in the Table 2. The coefficients of determination, R2, ranged 
from 0.979 to 0.987. The calculated values of the 
equilibrium amount of adsorbed ammonia gave the 
estimated values that are in better agreement with the 
experimental results compared to the linear PFO model.  
 The estimated values of linear PSO model constants 
are presented in Table 2, Figure 2b.  

Table 1. Chemical analysis of component amount for the 
aluminosilicate adsorbent CR-100. 

Si(%) O(%) Al(%) Na(%) K(%) Ca(%) Mg(%) Mg(%) 

51.6 33.915 7.28 6.54 0.17 0.34 0.14 0.015 

 

 

 

Figure 1. Pseudo-first order (PFO) adsorption kinetic model for the adsorbent CR-100: (a) non-linear regression (b) Linear 
regression kinetic model. 
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 The correlation and determination coefficients have 
high values for all three observed temperatures. The 
equilibrium amounts of adsorbed ammonia estimated by 
the pseudo second-order model were higher than the 

experimental values at the observed temperatures (7.4 % 
higher qe at 279 K, 5.5 % at 289 K and 3.9 % at 299 K). In 
addition to the good equilibrium concentration estimates, 
an increasing trend of model parameters values and 

Table 2. Calculated parameters of non–linear and linear PFO and PSO kinetic models for ammonia adsorption by CR–100 
adsorbent. 

Non–linear regression pseudo first–order kinetic model 

T / K qe,exp / mg g–1 qe,model / mg g–1 k1 / min–1 R2 / –   

279 2.429 2.510 0.113 0.987   

289 2.555 2.395 0.095 0.978   

299 2.640 2.289 0.080 0.979   

Linear regression pseudo first–order kinetic model 

T / K qe,exp / mg g–1 qe,model / mg g–1 k1 / min–1 r / – R2 / –  

279 2.429 1.331 0.033 –0.936 0.876  

289 2.555 1.520 0.031 –0.961 0.924  

299 2.640 1.680 0.035 –0.979 0.959  

Non–linear regression pseudo second–order kinetic model 

T / K qe,exp / mg g–1 qe,model / mg g–1 k2 / g min–1 mg–1 R2 / – h / mg g–1min–1  

279 2.429 2.710 0.072 0.999 0.529  

289 2.555 2.626 0.056 0.996 0.386  

299 2.640 2.548 0.045 0.997 0.292  

Linear regression pseudo second–order kinetic model 

T / K qe,exp / mg g–1 qe,model / mg g–1 k2 / g min–1 mg–1 r / – R2 / – h / mg g–1min–1 

279 2.429 2.608 0.039 0.999 0.999 0.263 

289 2.555 2.695 0.046 0.999 0.999 0.332 

299 2.640 2.742 0.064 0.999 0.999 0.482 

 

 

 

Figure 2. Pseudo- second order (PSO) adsorption kinetic model for the adsorbent CR-100: (a) non-linear regression (b) Linear 
regression kinetic model. 
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reaction rate constants was observed with the increase of 
the temperature, indicating the endothermic character of 
the removal process on the investigated adsorbent CR-100. 
These results suggest that the complex adsorption/ion 
exchange processes occur.  
 The results of non-linear PSO regression kinetic 
model are presented in Figure 2a and Table 2.  
 The same trend was also observed for initial adsorption 
rate. Considering ammonia concentrations at the beginning 
of adsorption (~2.3 mg L–1), the high adsorption rates could 
be explained by high availability of the active sites, as well 
as by high ammonia concentration during the first 30 
minutes of the process, followed by a gradual approach to 
the equilibrium.[33]  
 From the parameters presented in Table 2 it can be 
observed that the determination coefficients for the non-
linear PSO have higher values for all three studied 
temperatures compared to the non-linear PFO kinetic 
model. The equilibrium amounts of adsorbed ammonia 
estimated by the non-linear pseudo second-order model 
were higher than the experimental values for 279 K and 289 K, 
while at the highest temperature (299 K) the value is 
slightly lower. On the other hand, results suggest that the 
complex adsorption/ion exchange processes occurred 
indicated by the decreasing trend of reaction rate constants 
with the increase of the temperature. 

 For additional determination of adsorption kinetics, 
the Elovich model was used. This model is based on 
adsorption capacity, with the assumption that the 
adsorbent solid surface is energetically heterogeneous and 
that adsorption kinetics at low surface coverage is not 
influenced by desorption and interactions between the 
adsorbed species. Furthermore, the model also includes 
the assumption that the adsorption rate decreases 
exponentially with the increase of the adsorbed amount.[35] 
 The results of the data fitting with the non-linearized 
and linearized Elovich model are presented in Table 3 and 
Figure 3. The linearized form of the Elovich model (Figure 
3b. Table 3) had high values of the correlation coefficient 
for all three temperatures. The initial adsorption rate, α, 
decreased with the increasing temperature, while the 
desorption coefficient, ϐ, increased. These results indicated 
a decrease in the chemisorption rate with the increase of 
the temperature, although such high values of the initial 
rate significantly deviated from the values obtained for the 
pseudo second-order model. The explanation for these 
results could be in the calculation method for the initial 
adsorption rate, α, that was obtained from the calculated 
data for the desorption coefficient. The non-linear Elovich 
model had slightly higher values of the determination 
coefficient for all three temperatures compared to the 
linear form (Figure 3a. Table 3). In contrast to the linear 

Table 3. Calculated parameters for the non-linear and linear Elovich kinetic model. 

Non-linear Elovich kinetic model  Linear Elovich kinetic model 

T / K α / mg g–1min–1 ϐ / mg g–1 R2 / -  α / mg g–1min–1 ϐ / mg g–1 r / – R2 / – 

279 11.811 3.143 0.997  117.281 0.318 0.985 0.971 

289 3.302 2.721 0.999  25.132 0.985 0.997 0.994 

299 1.432 2.465 0.999  9.239 0.971 0.997 0.995 

 

 

Figure 3. The non-linear (a) and linear (b) Elovich kinetic model for the adsorbent CR-100. 
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form, results of the non-linear Elovich model suggests that 
both α and ϐ decreased with the with the increasing 
temperature. At the same time calculated values of the 
initial rate are smaller compared to values obtained from 
the linear regression. These results confirmed chemi-
sorption nature of adsorption.  
 Further analysis of the adsorption process mechanism 
was conducted by applying the liquid film diffusion model 
(LFD) and presented in Figure 4 and Table 4. For the 
mechanism determination in both cases the initial (0,0) 
point was excluded from analysis and only linear regression 
was used. Furthermore, the non-linear IPD regression 
model exhibited positive intercept with the ordinate (i.e.  
C > 0) indicating that some adsorbate amount was already 
adsorbed at the initial point at t = 0 which is not physically 
possible and therefore only the linear regression was 
used.[32] LFD is based on the equation of mass transfer rate 
through a liquid film that is formed around the adsorbent 
particles. The liquid film diffusion model correlation linear 
coefficient values were in the range from –0.894 to –0.935 
(Table 4, Figure 4). Such values indicated a significant linear 
relationship between the observed variables.  

 However, the values of the determination coefficient 
were lower and ranged from 0.799 to 0.874. The model of 
ion diffusion kinetics through the film to the particle 
surface greatly affected the overall mass transfer rate, 
especially during the initial 30 minutes of the process. It is 
important to emphasize that this phase had a particularly 
pronounced impact when it comes to heterogeneous 
surfaces, as is the case with mesoporous adsorbents. For 
this reason, the model was fitted only for the period of  
the first 30 minutes of the ammonia adsorption process, 
Table 4. The obtained results for the period of the first 30 
minutes exhibited better approximation for the liquid film 
diffusion model. This behaviour could have been expected 
since the diffusion of ions from the solution to the film 
formed around the adsorbent particles had no impact 
when the suspension was stirred, thus preventing the 
occurrence of concentration gradient. 
 Although this model obtained a high degree of 
correlation with the experimental data, the slopes 
describing the kinetics did not pass through the origin, 
indicating that the ammonia diffusion through the film on 
the particle surface was not the only mechanism controlling 

 

Figure 4. The liquid film diffusion model for the complete adsorption process (left) and for the first 30 minutes of the adsorption 
process (right). 

 
Table 4. Calculated parameters for liquid film diffusion model for the complete process and for the first 30 minutes of the 
process. 

Complete process  First 30 minutes of the process 

T / K Intercept / – kfd / min–1 r / – R2 / –  Intercept / – kfd / min–1 r / – R2 / – 

279 0.360 0.003 –0.935 0.873  0.508 0.009 –0.986 0.972 

289 0.317 0.003 –0.935 0.874  0.450 0.009 –0.998 0.996 

299 0.253 0.002 –0.894 0.799  0.395 0.010 –0.995 0.990 
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the total adsorption rate for the adsorbent CR-100. 
Therefore, the applicability of the liquid film diffusion 
model in the present adsorption system is limited. The 
effect of the liquid film was observed in the first 30 minutes 
of adsorption when the process on the surface was rapid, 
since there was a large number of available, active centres 
on the adsorbent surface.[36] 
 If the diffusion of adsorbate particles through the 
adsorbent is the limiting step of the adsorption rate, the 
intra-particle diffusion model (IPD) or the Weber-Morris 
model should be considered (Table 5, Figure 5). The IPD 
correlation coefficient was in the range from 0.947 to 
0.975. Such values of the linear correlation coefficient 
indicated a significant linear relationship between the 
observed parameters. However, the values of the 
determination coefficient had lower values ranging from 
0.896 to 0.951. It can be concluded that this model can 
partially be applied to the investigated system. The linear 
dependence (qt – t1/2) did not pass through the coordinate 
origin, leading to the conclusion that in addition to intra-
particle diffusion, the external mass transfer was also the 
controlling step in the total adsorption rate. The positive 
values of intercept indicated that the boundary layer 

influenced the adsorption rate. The IPD rate constant 
values decreased with the temperature increase, which can 
be explained by higher resistance to diffusion due to the 
increased mobility of the dissolved species at higher 
temperatures and the density decrease of the aqueous 
solution. 

Thermodynamics of Ammonia 
Adsorption on the Adsorbent CR-100 

In order to obtain the information on the adsorption type 
and mechanism, as well as to gain insights into the limiting 
step, temperature dependence of the adsorption process 
was examined. Depending on the structure and type of 
active centres on the adsorbent surface, temperature can 
influence the adsorption capacity, while the thermo-
dynamic parameters can determine the nature of the 
adsorption process, as well as values of enthalpy, entropy 
and free Gibbs energy. 

Evaluation of Thermodynamic 
Parameters 

The obtained results from the adsorption kinetics indicated 
that the pseudo second-order model was the best fit for the 
experimental results. The value of activation energy can 
reveal whether the process is dominant physisorption (Ea in 
the range 5–40 kJ mol–1) or chemisorption (Ea in the range 
40–800 kJ mol–1)[36] The parameters calculated from the 
Arrhenius equation (Eq. 8) were as follows: activation 
energy was 17.496 kJ mol–1, Arrhenius pre-exponential 
factor was 1.449, linear correlation coefficient was –0.978 
and, the coefficient of determination was 0.957 (Figure 6). 
The obtained activation energy values point out that 
physisorption was predominant the adsorption type. Also, 
low values of the activation energy explained the high 
process rate.  
 The activation enthalpy and entropy from the 
Eyring's equation (Eq. 9) for the pseudo second-order 

Table 5. Calculated parameters for intra-particle diffusion 
model. 

T / K Intercept / – kf / min–1 r / – R2 / – 

279 1.159 0.124 0.975 0.951 

289 1.387 0.113 0.975 0.950 

299 1.661 0.096 0.947 0.896 

 

 

Figure 5. Intra-particle diffusion model for the adsorbent 
CR-100. 

 

 

Figure 6. The Arrhenius equation for the adsorbent CR-100. 
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model was determined from the linear fit presented in 
Figure 7. The linear correlation coefficient was –0.972, the 
coefficient of determination was 0.944, while the activation 
entropy and enthalpy were –217.543 J mol–1 K–1 and 15.096 
kJ mol–1, respectively. Negative values of activation entropy 
suggested the associative adsorption of ammonia on the 
mesoporous adsorbent surface, indicating the presence of 
the interaction between the adsorbed molecules. Positive 
values of the activation enthalpy indicated that it was a 
complex adsorption/ion exchange endothermic removal 
process, which was confirmed by the data obtained from 
the equilibrium concentrations at different temperatures.  
From the values of activation enthalpy and entropy, the free 
Gibbs activation energy was determined: 80.278 kJ mol–1, 
78.098 kJ mol–1 and 75.918 kJ mol–1, for temperatures of 
299 K, 288 K and 279 K, respectively. These high and 
positive values of free activation energy indicated that the 
energy was essential for the removal process, as reported 
in the literature.[36] 
 A comparison of Arrhenius and Eyring`s equations 
revealed that there is analogy between the activation 
energy and the activation enthalpy, as well as between the 
Arrhenius pre-exponential factor, ln A, and the activation 
entropy. Low values of the activation energy and enthalpy 
occurred at high process velocities, so a high adsorption 
rate can be expected, which is in accordance with the 
experimentally obtained results.  

Equilibrium Thermodynamic Parameters 
The change in the standard free Gibbs energy, ΔG, (Eqs. 10 
and 11) was used to determine the spontaneity of the 
adsorption process, knowing that negative values of the ΔG 
indicate a spontaneous process. The results of the 
calculated thermodynamic data are shown in Table 6.  
 The ammonia adsorption from the observed solution 
was a spontaneous process, since all free energy values 
were negative. Values of ΔG up to –20 kJ mol–1 suggest 

physical adsorption occurring as a result of electrostatic 
interaction between the binding sites and adsorbate, 
whereas values less than –40 kJ mol–1, indicate chemi-
sorption including adsorbate-adsorbent electron exchange 
with the formation of chemical bonds. The calculated ΔG 
values (Table 6) indicated the physisorption of ammonia on 
the adsorbent surface. The obtained positive enthalpy 
values indicated that the process was endothermic, which 
was reflected in the increased ammonia removal with 
increasing temperature. Small, positive entropy values also 
confirmed physical adsorption. Positive entropy values 
additionally corroborated the spontaneity of adsorption 
process. 

Isosteric Adsorption Heat  
The type of adsorption and the characterization of the 
adsorbent surface was determined using data obtained 
from the isosteric heat (Eqs. 12 and 13). The dependence of 
the isosteric heat on the constant amount of adsorbed 
ammonia, qe is presented in Figure 8. The change in the 
isosteric heat revealed a typical dependence for energy 
heterogeneous adsorbent surfaces validating the results 
obtained from the Freundlich adsorption isotherm. 
 Low values of the constant adsorbed ammonia 
amount and small coverage of the surface with the 
adsorbent indicate chemisorption with the values of 
isosteric heat around 24 kJ mol–1. Most likely, at the 
beginning of the adsorption process ammonia bonded to 
the most energy-rich active sites, that could probably be 
linked to ion exchange occurrence. Further increase of the 
surface coverage leads to a decrease in the isosteric heat, 
which unequivocally indicates the energy heterogeneity of 
the adsorbent surface. 
 The change in isosteric heat shown in Figure 8 can be 
divided into two separate regions. In the first region, the 
values decrease quite steeply until the constant equilibrium 
amount of adsorbed ammonia reached a value of about 8 
to 9 mg g–1. The further decrease in the value of the 
isosteric heat was much milder and the value had an 
approximately constant value between 14 and 15 kJ mol–1. 
This phenomenon can be explained by the action of two 
mutually opposite effects during the process of ammonia 
adsorption on the surface of adsorbent CR-100. Namely, 
adsorption initially occurred on active sites with the highest 

 

Figure 7. Eyring's equation for the adsorbent CR-100. 

Table 6. Thermodynamic parameters of ammonia adsorption. 

T/K KD / mg L–1 KC ΔG / kJ mol–1 ΔH / kJ mol–1 ΔS / kJ mol–1 

R2 = 0,999 

279 1.6197 1619.7 –17.144 

13.990 0.112 289 2.0096 2009.6 –18.277 

299 2.4242 2424.2 –19.376 
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energy, resulting in a declining trend of the isosteric heat 
value with the increase of surface coverage. However, as 
the amount of adsorbed ammonia on the adsorbent 
surface increased, there were lateral interactions and 
establishment of bonds between the adsorbed molecules 
on the adsorbent surface. Therefore, the larger the number 
of adsorbed molecules on the surface, the contribution of 
lateral heat adsorption interactions increased.[38] These 
two effects, which in opposite ways affected the values of 
the isothermal adsorption heat, mutually compensated 
their actions. This compensatory effect occurred at certain 
level of coverage of the adsorption surface and at certain 
amount of adsorbed ammonia molecules. This phenomenon 
occurred in the second part of the isosteric heat change, 
when the change in the isosteric heat value is lower and can 
be observed as a approximately constant value. 
 

CONCLUSION 
The study shows that the synthetic adsorbent Crystal-
Right™ (CR-100) can be used as an adsorbent for ammonia 
removal from aqueous solution. It was concluded that 
several factors influenced the adsorption properties of 
adsorbent CR-100 in aqueous solution. The Freundlich 
isotherm model showed the best fit to the equilibrium 
adsorption data for all temperatures. The adsorption data 
revealed good agreement with the pseudo-second-order 
kinetic model where the correlation and determination 
coefficients had high values for all three observed 
temperatures. The rate constant increased with increase in 
temperature indicating endothermic nature of ammonia 
removal process. From the Elovich model it was detected 
that chemisorption rate decreased with the temperature 

increase, whereas liquid film diffusion model disclosed that 
overall mass transfer rate (especially in the initial 30 
minutes) had evident impact on the surface energy of the 
mesoporous adsorbent. Furthermore, for the IPD model 
the linear dependence (qt – t1/2) did not pass through the 
coordinate origin, leading to the conclusion that in addition 
to intra-particle diffusion, the external mass transfer was 
also the controlling step in the total adsorption rate. The 
Arrhenius and Eyring equations were used to obtain the 
activation parameters (Ea, ΔH, ΔS and ΔG) for the 
adsorption system and suggested spontaneous and endo-
thermic nature of complex adsorption/ion exchange removal 
process. The isosteric heat values of adsorption were 
calculated using the Clausius–Clapeyron equation. The 
isosteric heat of adsorption revealed that with the increase 
in surface loading lateral interactions between the adsorbed 
molecules occurred. Additionally, further increase of the 
adsorbent surface coverage leads to a decrease in the 
isosteric heat, which unequivocally indicates the energy 
heterogeneity of the adsorbent surface.  
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Figure 8. Isosteric heat: (a) dependence of ln(Ce) as a function 1/T, (b) isosteric heat as a function of a constant amount of 
adsorbed ammonia. 
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Figure D1. Linear regression pseudo-first order kinetic model 


  







 


Table D1. Calculated parameters of pseudo first and pseudo second-order kinetic models  


Pseudo first-order kinetic model  


T/K qe,exp/mg g-1 qe,model/mg g-1 k1/min-1 r/- R2/-  


279 2.429 1.331 0.033 -0.936 0.876  


289 2.555 1.520 0.031 -0.961 0.924  


299 2.640 1.680 0.035 -0.979 0.959  


Pseudo second-order kinetic model 


T/K qe,exp/mg g-1 qe,model/mg g-1 k2/g min-1 mg-1 r/- R2/- h/mg g-1min-1 


279 2.429 2.608 0.039 0.999 0.999 0.263 


289 2.555 2.695 0.046 0.999 0.999 0.332 


299 2.640 2.742 0.064 0.999 0.999 0.482 


 


 


 


Figure D2. Linear pseudo-second order regression kinetic model 







 


 


 


Figure D3. Linear Elovich kinetic model 


Tabela D2. Calculated parameters for the linear Elovich kinetic model 


T/(K) α/mg g-1min-1 β/mg g-1 r/- R2/- 


279 117.281 0.318 0.985 0.971 


289 25.132 0.985 0.997 0.994 


299 9.239 0.971 0.997 0.995 


 


 


 





