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a b s t r a c t

In order to investigate potential effect of synthetic zeolite and groundwater ammonium species 
molar ratios(MCQ) on the sorption and thermodynamic parameters, batch experiments of ground-
water ammonium ion (AMI) adsorption were conducted using synthetic zeolite CR-100 (CR). Com-
mercial CR adsorbent, and CR after the equilibrium at the lowest MCQ were characterized by Fourier 
transform infrared (FTIR) spectroscopy. Adsorption studies at three temperatures were carried out 
to evaluate CR potential for AMI removal. Results showed that AMI removal efficiency (η) decreased 
(279 K > 289 K > 299 K) at higher MCQ values, and to opposite increased (279 K < 289 K < 299 K) at 
lower MCQ, where the highest η was 85.11% at 279 K. Isotherm curve shapes showed that investi-
gated ammonium ion adsorption on CR is a multi-layer process. The AMI adsorption results fitted 
the Freundlich isotherm model very well, with CR adsorption capacity from 4.85 mg/L (279 K) to 
11.38 mg/L (299 K), and the sorption process can be described by a pseudo-second order kinetic 
model. Obtained standard free energy values were negative at all experimental temperatures and 
indicated that ammonium sorption process on CR was spontaneous with physical characteristics. 
Adsorption process was found to be slightly exothermic and spontaneous when MCQ was low, and 
exothermic and non-spontaneous in the conditions of high MCQ. 
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1. Introduction

A considerable number of citizens in the Province of 
Vojvodina, Northern part of Serbia, are supplied with a 
drinking water that is consisted of elevated, geologically 
originated, ammonium ion (AMI) with concentration four 
times higher than maximum tolerable concentration (MTC), 
regarding to legislation proposal [1]. Distribution of drink-
ing water with ammonium ion concentration below MTC to 
the public is actual, long time problem, and needs attention 
of the scientists. 

There are many sorption methods for ammonium ion 
removal from natural water [2,3] and wastewater [4]. Mem-

brane separation techniques are also widely used for elim-
ination of ammonium ions from aquatic solutions [5,6]. 
Adsorption of ammonium ions onto natural [7,8] and syn-
thetic zeolites [9,10] were presented in many studies.

Zeolites are hydrated silicates of aluminium, alkaline 
and alkaline earth metals. Primary building block of zeo-
lites framework is tetrahedron. An aluminium or silicon 
atom and four oxygen atoms in vertexes occupy center of 
tetrahedron. Many tetrahedrons build the zeolite frame-
work. Consequence of the substitution of Si4+ with Al3+ 
ions is appearance of negatively charged framework with 
the positive counter ions of monovalent or divalent cat-
ions, including water molecules [11]. The existing voids are 
positioned between the tetrahedrons, in large cavities with 
aqueous bridges between the framework and exchangeable 
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ions. The zeolite voids represent porous structure suitable 
for adsorption of different chemical species. 

Adsorption studies of different adsorbates vs. adsor-
bents systems are usually based on determination of 
adsorbent equilibrium adsorption capacities in function of 
adsorbate equilibrium adsorption concentrations [12,13]. 
Establishment of these physical units’ dependencies and 
their incorporation into different types of adsorption iso-
therm model equations, enables significant isotherm con-
stants calculation [14,15]. These constants are related to 
sorption energy and heat, adsorption-desorption ratio, 
adsorbent maximum sorption capacity, nature of sorption, 
and other essential data regarding adsorbent-adsorbate 
interactions. The best following of experimental sorption 
data with different adsorption isotherm models by linear 
and nonlinear regression determination, indicates the best 
fitted type of mathematical sorption model [16]. 

Sorption thermodynamics and kinetics of different 
species on wide spectrum of adsorbents were favored sub-
ject of scientist with an especial attention to investigation 
of temperature and adsorbent mass effects on adsorption 
capacity [17,18]. Increase in temperature, as a crucial sorp-
tion parameter, can result in decline [19,20] or may enhance 
sorption capacity [21]. 

Adsorption capacity decreases [22] or increases[23] with 
the rise of adsorbent dosage, depending on the nature of 
sorption system and applied physical conditions.

Besides, aquatic ammonium ions adsorption on differ-
ent natural [24] and synthetic [25] materials was widely 
investigated. Thermodynamic parameters such as a change 
in free energy, enthalpy and entropy were investigated for 
a long time [26]. Evaluation of spontaneous or unsponta-
neous adsorption mechanism nature particularly depends 
on different adsorbent constitution and species solution 
physicochemical properties [27,28].  

Kim found a higher adsorption at a lower adsorbate/
adsorbent ratio [29]. Influence of adsorbent concentration 
at different temperatures on thermodynamic parameters 
value in the identical sorption system, which should be sig-
nificant to spontaneity process nature changes, was poorly 
investigated or not clearly explained [30]. 

The scope of these investigations was to conclude poten-
tial effect of molar ratio of synthetic zeolite and groundwa-
ter ammonium species on the thermodynamic and kinetic 
parameters, and sorption process spontaneity, as well. 

2. Materials and methods

The origin of ammonium ion used for investigation of 
zeolite sorption and thermodynamic characteristics was 
natural groundwater located in City of Kikinda, North-
ern Vojvodina (Serbia) (Latitude 45.827284; Longitude 
20.461517). The main constituents of this water besides 
ammonium ion were high contents of dissolved natural 
organic matter and arsenic, sodium and bicarbonate ions, 
along with consequentially high pH of 8.3. Additionally, 
groundwater was intensively yellow colored with distinct 
low hardness [31]. 

Groundwater ammonium ion adsorption batch exper-
iments were investigated using synthetic zeolite Crystal 
Right, type CR-100 (CR) [32], which chemical and physi-

cal properties were taken from manufacturer’s data sheet. 
Molecular weight of CR’s white-light gray crystals is 1,523 
g/mol and 1,109 g/mol for hydrated and anhydrous form, 
respectively. Specific gravity of the synthetic zeolite at 295 
K is 0.686 kg/m3. CR particle size range was from 0.3 to 2.4 
mm. CR is a sodium aluminium-silicate with Si : Al ratio of 
3.2 [33]. Investigated zeolite elemental analysis was exam-
ined in the previous research by energy dispersive spectros-
copy (EDS) [34]. Results show that zeolite is consisted of 
42.83% of Si, 30.06% of O, 13.20% of Al, 4% of Na and 9.92% 
of Ca. Specific surface area of CR was 147 m2/g with aver-
age pore diameter of 14.71 nm [34].

CR samples were crushed and sieved to a size range of 
0.1 to 0.2 mm. CR was washed to remove water soluble res-
idues and other undesirable material, and dried in an oven 
at 180±5°C for 8 h. Batch experiments were conducted using 
different masses of adsorbent dispersed in 100 mL of inves-
tigated groundwater. Initial groundwater ammonium ion 
nitrogen (NH4

+-N)concentration (C0) was 2.14 mg/L (0.1529 
mmol/L). CR adsorbent concentrations (Cadt) in g/L, used 
in experiments were 0.1, 0.4, 0.8, 1.2, 1.5, 1.8, 2.0, 2.8 and 
3.5 g/L. For kinetic studies, experiments were conducted 
with 100 mL of groundwater and 0.8 g/L of CR at different 
contact time (t) of 10 to 120 min. The bottles were placed on 
Gallenkamp orbital shaker at 279, 289 and 299 K and speed 
of 200 rpm in all the experiments.

The residual concentrations of ammonium ion were 
determined by samples analysis after centrifugation in the 
laboratory with standard colorimetric method using the 
Nessler solution. All experiments were repeated three times.

Ammonium ion uptake was calculated using the fol-
lowing equation:

q
C C

Ce t
adt

( ) =
−0  (1)

where qe (mg/g) and qt (mg/g) represent amount of equi-
librium ammonium nitrogen adsorbed on CR, in the batch 
and kinetic experiments, respectively. C (mg/L) represents 
equilibrium ammonium nitrogen concentration.

The removal efficiency of groundwater AMI onto CR, η 
in %, was calculated using expression:

η =
−

⋅
C C

C
0

0

100  (2)

Dimensionless measure unit of molar concentrations 
quotient (MCQ) is defined as the ratio of CR and the initial 
AMI concentration, both in mmol/L, and was calculated as 
shown in Eq. (3).

MCQ
C
C

adt=
0

 (3)

MCQ is very significant for easier apperception of the 
adsorbent and the adsorbate relative contemporarily pres-
ence in solution, as well as, for elucidation of adsorption 
thermodynamic findings for the different Cadt. 

Infrared absorption spectra were measured at room 
temperature on a FTIR spectrometer Thermo Nicolet Nexus 
670, using DTGSdetector. 10 mg of sample was lyophilized, 
gently mixed with 300 mg of KBr powder and compressed 
into discs at a force of 17 kN for 5 min using a tablet presser. 
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3. Theoretical background

3.1. Equilibrium isotherm models

With the use of equilibrium ammonium concentra-
tions and ammonium adsorbed per mass unit of adsorbent 
equilibrium experimental values, it is possible to calculate 
the constants of several adsorption isotherm models. Lin-
ear correlation coefficients (R2) obtained by least squares 
method of each isotherm equation linearized plot indicate 
fitting level to experimentally obtained data. The goal of 
those operations was determination of adsorption nature, 
maximum zeolite uptake of ammonium ion, and indication 
of the basic thermodynamic process parameters.

The Langmuir`s monolayer adsorption model (LIM) 
enables calculation of monolayer adsorption capacity qm in 
mg/g, and constant KL related to binding energy, and is rep-
resented in Eq. (4) [35].

q
K q C

K Ce
L m

L

=
⋅ ⋅

+ ⋅1  (4)

Linearization of Eq. (4), presented in Eq. (5) in the form 
of 1/qe vs. 1/C enables calculation of qm and KL from the 
slope and intercept, respectively.

1 1 1 1
q K q C qe L m m

=
⋅

⋅ +( )  (5)

The Freundlich empirical sorption isotherm model 
(FIM), suitable for non-ideal systems, involved intramolec-
ular interactions onto heterogenic adsorbent surface. This 
adsorption model is presented in Eq. (6) [36].

q K Ce F
nF= ⋅ 1/  (6)

Heterogeneity factor nF indicates whether the adsorp-
tion process is linear, chemical or physical for nF = 1, nF < 
1 and nF > 1, respectively. In the same time, the values of 
1/nF < 1 indicate a normal Langmuir isotherm and oppo-
site to that, 1/nF > 1 values hint a cooperative adsorption 
[37]. Constant KF (L/g) is related to adsorption capacity, and 
according to Eq. (7) [38], enables calculation of the Freun-
dlich maximum adsorption capacity (QF) in mg/g. 

Q K CF F
nF= ⋅ 0

1/  (7)

Linearized form of Eq. (6), shown in Eq. (8), expressed 
as a plot log (qe) vs. log (C), enables calculation of the Freun-
dlich constants 1/nF and KF, as a slope and antilogarithm of 
the intercept, respectively.

log( ) log( ) log( )q K
n

Ce F
F

= + ⋅
1  (8)

Assumptions of the Temkin isotherm model (TIM) 
are adsorbent-adsorbate interactions on the surfaces, 
and consequently,the heat of adsorption linear decrease 
with the sorption coverage, rather than logarithmic. This 
sorption model alludes chemical sorption with uniformed 
binding energy [39]. The Temkin isotherm equation is 
given in Eq. (9).

q
R T
b

K Ce
T

T=
⋅

⋅ ⋅ln( )  (9)

From the plot qe vs. ln(C) based on the linearized form 
of Eq. (9), Temkin`s isotherm constant KT in L/g and heat of 
the adsorption bT (J/mol) can be calculated from the inter-
cept and slope, respectively. TIM linear form is presented in 
Eq. (10) where parameter R (8.314 J/mol∙K) is the ideal gas 
constant and T (K) is absolute temperature.

ln( ) ln( ) ln( )q
R T
b

K
R T
b

Ce
T

T
T

=
⋅

⋅ +
⋅

⋅  (10)

The Dubinin-Radushkevitch isotherm model (DRI) 
assumes that characteristic of the sorption curve is related 
to the adsorbent porosity. The basis of the DRI is the the-
ory of micro pores volume filling and adsorption potential 
theory of Polanyi [40]. DRI mathematical expression is pre-
sented in Eq. (11), which can be transformed in linearized 
form. Linear plot ln (qe) vs. ε2 enables calculation of DRI 
maximum sorption capacity QD (mg/g) and constant KD 
related to the mean free energy of sorption in mol2/kJ2 from 
the intercept and slope, respectively. Linearized Eq. (11) is 
presented in Eq. (12).

q Q EXP Ke D D= ⋅ − ⋅( )ε2  (11)

ln( ) ln( )q Q Ke D D= − ⋅ ε2  (12)

Parameter ε can be calculated from Eq. (13).

ε = ⋅ ⋅ +





R T
C

ln 1
1  (13)

In addition, KD is the base for calculation of the mean 
free energy E (J/mol) of adsorption per molecule of adsor-
bate during the transfer from infinity of solution to the sur-
face of the adsorbent, and is presented in Eq. (14).

E
KD

=
⋅
1

2
 (14)

The Jovanovic isotherm model (JIM) contained the sim-
ilar assumptions like the LIM, considering possibilities of 
some physical interactions between adsorbing and desorb-
ing molecules [37,41]. This model leads to the relationship 
showed in Eq. (15).

q Q ee J
K CJ= ⋅ − ⋅( )1  (15)

JIM constant KJ (L/g) and maximum adsorbate uptake 
QJ (mg/g) can be calculated from the slope and intercept 
of the linearized Eq.(15) linear dependence ln(qe) vs. C 
expressed in Eq. (16).

ln( ) ln( )q Q K Ce J J= − ⋅  (16)

3.1.1. Error analysis

Making different isotherm models linear plots coef-
ficient of determination (R2) values comparison, as usual 
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method for determination of experimental isotherm data 
fitting level does not represents the errors in the isotherm 
curves. R2 values based on the isotherm equations linear-
ized forms are not certain enough to give good fit of the-
oretical values of equilibrium adsorption capacity (qe,cal) 
in mg/g to experimental data. Besides linear regression, 
non-linear regressions are very useful for isotherm mod-
els and experimental data commutual fite valuation. The 
chi-square (χ2) test [16,42], Eq. (17), and residual root mean 
square error (RMSE) [43], Eq. (18), were used to compare 
experimental and theoretical values of equilibrium adsorp-
tion capacity. In both Eq. (17) and Eq. (18) symbol p is the 
number of observations in the experimental isotherm. 

χ2
2

1

=
−

=
∑

( )( ) , ( )

, ( )

q q

q
e i e cal i

e cal ii

p

 (17)

RMSE
n

q qe i e cal i
i

p

=
−

⋅ −
=
∑1

2
2

1

( )( ) , ( )  (18)

For both, χ2 and RMSE calculated values, as smaller 
number is obtained, the better is fitting of the assigned iso-
therm model to the experimental data.

3.2. Adsorption thermodynamics

Adsorption processes thermodynamic analysis have 
been conducted at different temperatures, first of all by cal-
culation of standard free Gibbs energy based on the equa-
tion [44–46]:

∆G R T Kad
0 = − ⋅ ⋅ ln( )  (19)

where ΔG0
 is change of the Gibbs free energy (kJ/mol), R 

(8.314 J/mol∙K) is the molar gas constant, T is absolute tem-
perature in K, and Kad is apparent adsorption equilibrium 
constant [47] expressed by Eq. (20):

K C Cad = 0 /  (20)

Enthalpy and entropy were calculated using Gibbs free 
energy thermodynamic relation. At the base of essential 
thermodynamic lows, relation between Gibbs free energy, 
enthalpy and entropy was calculated as shown in expres-
sion: 

∆ ∆ ∆G H T S0 0 0= − ⋅  (21)

where ΔH0 is enthalpy changes (kJ/mol) and ΔS0 entropy 
changes (kJ/mol). 

Modification of Eq. (6) including incorporation of Eq. 
(4) [20] created expression:

ln K
S
R

H
RTad = −

∆ ∆0 0
 (22)

Linear dependence of van`t Hoff plots ln Kad vs. 1/T 
gives a possibility for calculation of enthalpy and entropy 
change values from the slope and the intercept, respectively. 
Adsorption process spontaneity [48] can be examined from 
the Gibbs free energy value. Negative value of ΔG0 indicates 

spontaneous adsorption process, when adsorption system 
uses its own energy for physicochemical interactions.

3.3. Adsorption kinetics modeling

The kinetics of groundwater ammonium ion is an 
important characteristic for understanding the sorption 
efficiency and usage of CR for groundwater treatment 
feasibility. Hence, the kinetics of ammonium removal was 
measured as a function of ammonium ion and temperature. 
The sorption data were simulated by both, pseudo-first 
[49,50], and pseudo-second kinetic models [51,52], which 
are expressed by Eq. (23), and Eq. (24), respectively:

ln( ) lnq q q k te t e− = − ⋅1  (23)

where k1 is Lagergren’s adsorption rate constant of the 
first-order (g/mg∙min), and qt (mg/g) is amount of 
adsorbed AMI on CR in defined time. The values of qe and 
k1 were calculated from the intercept and slope of the plot 
ln (qe – qt) vs. t. 

t
q k q

t
qt e e

=
⋅

+
1

2
2  (24)

The k2 is the rate constant of the second-order adsorp-
tion in g/mg∙min. The values of k2 and qe were determined 
from the intercept and slope of the plot of t/qt vs. t. Recip-
rocal of the intercept from Eq. (24) can be regarded as the 
initial sorption rate (h) in mg/g∙min [53], as qt/t → 0, and is 
presented in Eq. (25).

h k qe= ⋅2
2  (25)

4. Results and discussion

4.1. Ammonium ion removal efficiency

Groundwater ammonium ion removal efficiency by syn-
thetic zeolite CR was determined during the experiments 
and presented in Fig. 1. AMI removal efficiency increases, 
in general,with CR concentration. At lower Cadt till 1.2 g/L, 
η was sharply increased in order 279 K < 289 K < 299 K, 
but at higher CR concentrations opposite order was found, 
279 K > 289 K > 299 K, which was probably a consequence 
of adsorptive forces decay between the ammonium species 
and the CR surface active sites with the temperature [54]. 
Effects of higher Cadt accompanied by temperature increase 
are not in accordance with the earlier findings that room 
temperature is confining factor for η progress or decay [55]. 

4.2. Adsorption isotherm modeling

Effects of different temperature on groundwater ammo-
nium adsorption process under batch experimental conditions 
were studied. Obtained values of equilibrium ammonium ion 
concentrations and qe (Eq. (1)) were imported to LIM, FIM, 
TIM, DRI, and JIM linearized equations, to test the accuracy 
of the isotherm models in order to represent the experimental 
data through calculation of the coefficient of determination. 
FIM, TIM, DRI, and JIM linear regression plots at 279 K, 289 K, 



M. Kukučka et al. / Desalination and Water Treatment 106 (2018) 165–176 169

and 299 K are shown in Fig. 2. Isotherm constants calculated 
from linear plots (Fig. 2) are given in Table 1.

Langmuir isotherms experimental linear plots at all 
three investigated temperatures possessed negative inter-
cepts which disabled calculation of LIM constants KL and 
qm [Eq. (5)]. These results suggested that adsorption system 
zeolite CR-groundwater ammonium ion does not follow 

assumptions of the Langmuir approach. Impossibility of 
the calculation of the constants related to the surface bind-
ing energy and monolayer coverage, indicates the inade-
quacy of the LIM to describe the adsorption process.

Equilibrium data analyzed using the Freundlich model 
(Fig. 2a), show increase of both FIM constants KF and 1/nF 
with increase of temperature, indicating adsorption capac-
ity rise. The values of 1/nF, as a function of adsorption 
strength, were higher than unity which hint a cooperative 
adsorption process, whereas nF values found below one are 
suggesting chemical adsorption process. At the lowest tem-
perature of 279 K value of 1/nF was near unity indicating 
almost linear adsorption isotherm, suggesting that compe-
tition for ammonium ions between liquid and solid phase 
was the same or increasing at the same rate. Constant 1/
nF is related to the distribution of the site energy, and the 
lower the values are, more heterogeneous site distribution 
is indicative [56]. Extent of the Freundlich maximum sorp-
tion capacity increased with an increase in temperature, 
suggesting endothermic process. The increase in sorption 
capacity at higher temperatures may be attributed to more 
intensive multilayer bonding to the adsorbent active sites. 

According to the linearized TIM expression (Fig. 2b)
estimated constant bT values were positive, between 0.58 
and 1.07 kJ/mol (Table 1), and indicate exothermic nature of 
the process [57]. Temkin binding constant and heat of sorp-

Fig. 1. Effect of zeolite CR concentration on groundwater ammo-
nium ions removal efficiency at different temperatures.

Fig. 2. Linear plots of Freundlich (a), Temkin (b), Dubinin-Radushkevitch (c), and Jovanovic (d) isotherms of groundwater NH4
+-N 

on synthetic zeolite CR at different temperatures.
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tion decreased with the temperature increase, confirmed 
that sorption was not favorable at high temperatures and 
the process was exothermic.

DRI constants KD and maximum adsorption capacity 
showed increasing trend with the temperature increase 
(Fig. 2c). At the same instant, the mean free sorption ener-
gies calculated from Eq. (14) expressed decreasing ten-
dency. Obtained E values were higher than 1 kJ/mole, and 
gave information that investigated process was physisorp-
tion [57].

Although the Jovanovic isotherm model is in essential 
postulate similar to the Langmuir model, obtained data 
fitted to experimental data (Fig. 2d), and it was possible 
to calculate JIM constants from Eq. (16). Obviously JIM 
expression referred to limited monolayer part of adsorbed 
ammonium ions, taking into account their surface binding 
vibrations. Adsorbate maximum adsorption capacities onto 
CR surface were approximated to localized sorption with-
out lateral interactions, and decreased with the temperature 
increase, indicating physical sorption process.

Linear regression coefficients of determination values 
for all four applied isotherm models depended on tempera-
ture and were distributed in next order: R2(289 K) > R2(299 
K) > R2(279 K). Linear fitting of the sorption experimental 
data to different adsorption isotherm models were variable 
depending on the temperature as follows: at 279 K and 289 
K were R2 (JIM) > R2 (FIM) > R2 (DRI > R2 (TIM), and at 299 
K were R2 (FIM) > R2 (JIM) > R2 (DRI > R2 (TIM). Maximum 
adsorption capacities measure ratio descended in the next 
order FIM > DRI > JIM, at all investigated temperatures. 

Besides described, nonlinear fitting of FIM, TIM, DRI, 
and JIM to experimental data were applied. 

Experimental adsorption isotherms and theoretical pre-
diction of equilibrium adsorption capacities for FIM, TIM, 
DRI, and JIM at 279 K, 289 K, and 299 K are shown in Fig. 3.

All three experimental isotherm curve shapes, pre-
sented in Fig. 3, are showing that investigated ammonium 
ion adsorption on CR is multi-layer process [58]. In the 
zone of AMI equilibrium concentrations smaller than 0.65 
mg/L (corresponding to the higher MCQ values), adsorp-
tion capacities decreased with an increase of temperature as 
similarly found earlier [30]. Opposite to that, higher tem-
peratures contributed to enormous progress in qe values 
contributing to the multi-layer zone existence. Preliminary 
was reported for some other adsorbents [59,60] that multi-
layer adsorption process area needs additional energy at 
higher temperatures. Temperature influence on adsorbate 
solubility was discernible, having as a consequence dif-
ferent behavior of the investigated synthetic zeolite in the 

Table 1
Comparison of the isotherm parameters and linear regression 
coefficients of determination 

Isotherm 
model

Parameters Temperature (K)

279 289 299

Freundlich 
(Eq. (8))

KF (L/g) 1.938 2.897 2.799
1/nF 1.043 1.604 2.023
nF 0.958 0.623 0.494
QF (mg/g) 4.815 8.995 11.376
R2 0.8032 0.9356 0.8404

Temkin  
(Eq. (10))

KT (L/g) 3.189 2.897 2.266
bT (J/mol) 1,067.89 734.13 554.42
R2 0.6078 0.7802 0.7277

Dubinin-
Radushkevitch 
(Eq. (12))

KD (mol2/kJ2) 2E-07 2E-07 4E-07
QD (mg/g) 3.634 5.015 7.988
E (J/mol) 1,581 1,581 1,118
R2 0.7596 0.8344 0.8160

Jovanovic  
(Eq. (16))

KJ (L/g) 1.187 2.230 2.495
QJ (mg/g) 0.499 0.285 0.204
R2 0.8222 0.9486 0.8387

Fig. 3. Freundlich, Temkin, Dubinin-Radushkevitch, and Jova-
novic groundwater ammonium ions adsorption isotherms on 
synthetic zeolite CR-100 at a. 279 K, b. 289 K, and c. 299 K.
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same ammonium solution. Adsorbate solubility increased 
with temperature at the higher Cadt values thus declining 
adsorbed ammonium amount. Lower CR concentrations 
contributed to predominant adsorbate solubility decrease 
for the identical temperatures. Additionally, adsorbed and 
diluted ammonium interface interactions, at adsorbent 
surface, were probably result of competitiveness of a lot 
of adsorbate species for limited zeolite active sites. Similar 
phenomena have been found recently [61], but for the dif-
ferent sorption systems.

Nonlinear fitting of presented isotherm models plots to 
experimental isotherm plot (Fig. 2), at different tempera-
tures were employed in this study through error analysis 
evaluation. Results of χ2 [Eq. (17)] and RMSE [Eq. (18)] cal-
culations for investigated isotherm models are presented in 
Table 2.

In opposite to findings obtained from linear correlation 
coefficients that Jovanovic isotherm model fitted the best to 
the experimental data at temperatures of 279 K and 289 K, 
results of error analysis showed contradicting observations. 
Particularly, RMSE and χ2 indicated that the best nonlinear 
fit belongs to the Freundlich isotherm model assumptions 
at all three investigated temperatures. Opposite to that, the 
JIM showed the worst correlation of experimental and cal-
culated qe values. Error values of the Temkin and the Dubi-
nin-Radushkevitch models were close and could describe 
the subject of adsorption process with less accuracy than 
FIM. Especially, obtained thermodynamic data of TIM and 
DRI indicated significant conclusion about nature of the 
process, as showed earlier [62].

4.3. Adsorption thermodynamics

Gibbs free energy changes were calculated using Eqs. 
(19) and (20), and their dependence on CR equilibrium 
ammonium capacity are shown in Fig. 4.

Similar coherence between Cadt, i.e. CR equilibrium 
capacity and temperature changing can also be found as 
a Gibbs free energy variations (Fig. 4). Particularly, adsor-
bate solubility increase was followed with ΔG0 descending, 
opposite to conditions of reduced ammonium ion solu-
bility, at the same temperature regime, when the ΔG0 was 
raised.

Relative values of Gibbs free energy were increased 
across the adsorption process more than five times (Fig. 4). 
It can be seen that more favorable adsorption occurred in 
the area of high zeolite adsorption capacity when ΔG0 was 
the highest and decreased with temperature. Therefore, ΔG0 
values were as lower as ammonium uptake was smaller, 
and increased with temperature. Obtained standard free 
energy values were negative at all experimental tempera-
tures and indicated that ammonium sorption process on CR 
was spontaneous with physical characteristics [63]. 

Effects of the different zeolite concentrations, as well 
as solid/liquid molar concentration quotient on changes 
of apparent equilibrium constant and ammonium removal 
efficiency areshown in Table 3. 

ΔH0 and ΔS0changes of investigated adsorption process 
in the dependence of MCQ (Fig. 5a) were determined from 
the slope and intercept of the plots ln (Kad) vs. 1/T (Eq. (22)) 
shown in Table 3. Both ΔH0 and ΔS0were considered in order 
to determine Gibbs free energy of the process. Influence of 
different Cadt values on ΔG0 changes at three investigated 
temperatures are presented in Fig. 5b. 

Different Cadt, i.e., MCQ values induced diverse thermo-
dynamic performance estimation of investigated adsorption 
process (Fig. 5). CR zeolite concentration increase showed 
tendency of enthalpy slow increase and, in the same time, 
some more efficient trend of entropy decrease (Fig. 5a). To 
that, both ΔH0 and ΔS0

 have changed number signs, from 
minus to plus and vice versa, respectively, assigning avail-
ability of nuance of thermodynamic properties in the same 
adsorption system. Similar ammonia adsorption entropy 
change trends were obtained previously [64], but without 
changing of the sign. The ΔS0 positive and negative values 
suggest, respectively, increased and decreased randomness 
at the zeolite/ammonium ion solution interface during the 
sorption process [30,65]. Positive values of standard entropy 
changes corresponded to an increase in the degree of free-
dom of the adsorbed ammonium ions. In contrast, enthalpy 
change values were negative in the area of low Cadt values and 
showed exothermic phase of ammonium adsorption process 
[66]. When the CR concentration increased, ΔH0 became pos-
itive, estimating slightly endothermic process nature.

Significant changes in the slopes of Van`t Hoff plots 
(Table 3) as well as trends of relative Gibbs energy vs. tem-
perature (Fig. 5b) obtrude a premise that investigated pro-

Table 2
Four isotherm models at different temperatures error analysis 
results comparison

Isotherm model Parameters Temperature (K)

279 289 299

Freundlich RMSE 1.0421 0.4772 0.9490
 χ2 2.4285 0.5509 1.6197
Temkin RMSE 1.1239 0.8993 1.1242
 χ2 3.0594 3.9064 3.8346
Dubinin-
Radushkevitch 

RMSE 1.2437 1.0574 1.1883
χ2 3.8210 2.6750 2.8309

Jovanovic RMSE 2.3739 2.5289 2.7590
χ2 98.8806 171.9198 277.8951 Fig. 4. Gibbs free energy changes dependence on ammonium 

uptake quantity at different temperatures.



M. Kukučka et al. / Desalination and Water Treatment   106 (2018) 165–176172

cess spontaneity is exactly proportional to Cadt. Gibbs free 
energy changes are indicative for comparison of relative 
energies of different adsorption phases regard to ammo-
nium uptake capacities.

Periodical changes of ΔH0 and ΔS0 (Fig. 5a) with the 
MCQ increase also confirm existence of three step AMI 
sorption process on CR found recently [67]: Initial i.e. 
lowest MCQ values represent the CR exhausting area. 
Thus, cross section of positive ΔS0 and negative ΔH0 near 
MCQ of 4.8 probably means launching of the third spon-
taneous adsorption step that occurrs in second sorption 
layer, where qe was the highest (Fig. 3). Aggregation of 
residual binding sites possibly started in this area [68]. 
The overlapping point of the negative ΔS0 and positive 
ΔH0 at ~ MCQ of 7.8 represents the beginning of the sec-
ond non-spontaneous step. The first non-spontaneous 
sorption step was denoted by distinct divergence of the 
negative ΔS0 and positive ΔH0 changes, both in the course 
toward infinity. 

4.4. Adsorption kinetics modeling

Results of AMI adsorption on CR zeolite showed that 
intensive sorption occurred in the first 30 min of the pro-

cess, when ~85% of the AMI was removed with regard to 
maximum ammonium ion uptake (Fig. 6). Dissolved AMI 
residue was adsorbed gradually, in the period of 100–120 
min, until sorption equilibrium was reached. Obtained 
results confirm previously published adsorption kinetics 
data [69].

These adsorption rate changes in the beginning and the 
end of the process can be explained by the fact that all sorp-
tion active sites were free whereas groundwater AMI con-
centration was high. Number of active sites declined during 
the sorption process, and sorption rate decreased. Besides 
that, as a consequence of AMI concentration decrease, con-
centration gradient abated, and influenced on lesser sorp-
tion rate. 

Pseudo-first and pseudo-second order kinetic con-
stants calculated from the intercept and slope of linear 
plots of Eq. (23), and Eq. (24), respectively, are presented 
in Table 4.

Pseudo-second kinetic model showed better fitting 
to experimental data during analysis of linear coefficient 
correlation values. Also, differences between qe calculated 
and experimental values were lower when pseudo-second 
model was applied. The temperature increase had signif-
icant influence on initial rate and k2 sorption rate values, 

Table 3
Dependence of CR concentration on vaǹ t Hoff plot at different temperatures 

Cadt (mmol/L) MCQ ln Kad 1/T (K–1) × 10–3 Slope Intercept R2

0.066 0.430 0.288 3.58 –548.35 2.25 0.9986
0.361 3.46
0.420 3.34

0.263 1.718 0.480 3.58 –388.62
0.519 3.46 1.87 0.9875
0.573 3.34

0.525 3.436 0.645 3.58
1.040 3.46 –1,981.10 7.79 0.8810
1.117 3.34

0.788 5.155 1.412 3.58
1.188 3.46 990.21 –2.17 0.8006
1.177 3.34

0.985 6.443 1.461 3.58
1.322 3.46 940.15 –1.92 0.9865
1.236 3.34

1.182 7.732 1.480 3.58
1.417 3.46 334.64 0.27 0.9047
1.401 3.34

1.510 9.879 1.609 3.58
1.579 3.46 744.89 –1.04 0.8576
1.429 3.34

1.838 12.027 1.833 3.58
1.790 3.46 1,329.70 –2.89 0.8325
1.511 3.34

2.298 15.034 1.905 3.58
1.770 3.46 2,383.00 –6.58 0.9023
1.330 3.34
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and indicated more advantageous adsorption conditions at 
higher temperatures.

4.5. FTIR spectroscopy

FTIR spectrum of original CR zeolite (Fig. 7a) were per-
formed for a qualitative comprehension of the CR compo-
sition, and it shows characteristic absorption peaks at 3,454 
cm–1, 1,640 cm–1, and 1,030 cm–1, that corresponds to –OH 
group (indicating the existence of the hydroxyl groups), 
lattice water, and ≡Si-O-Si≡ bonds, respectively. The peak 
around 445 cm–1 is attributed to Al-O type bonds. FTIR 
spectra comparison of native CR (Fig. 7b curve 1) and CR 

after equilibrium with AMI at MCQ of 0.430 (Fig. 7b curve 
2) indicating presence of adsorbed ammonium ions on the 
CR surface. An absorption band revealing the vibrational 
properties of ammonium group is visible around 1,460 
cm–1, as showed earlier [70]. These FTIR measurements 
found weak signal as consequence of small AMI amount 
adsorbed, additionally reduced due to dilution with KBr, 

Fig. 5. Effect of zeolite concentration on: a) ΔH0 and ΔS0 changes; 
b) Gibbs free energy changes.

Table 4
Survey of sorption kinetics results modeling for ammonium ion 
adsorption on zeolite CR

T (K) 279 289 299

Pseudo-first model

qe (Model) mg/g 1.170 1.292 1.124

qe (Exp) mg/g 1.912 2.011 2.102

k1 g/mg∙min 0.031 0.035 0.028

R2  0.990 0.885 0.928

  Pseudo-second model

qe (Model) mg/g 2.047 2.107 2.157

qe (Exp) mg/g 1.912 2.011 2.102

k2 g/mg∙min 0.391 0.506 0.712

h mg/g∙min 0.191 0.240 0.330

R2  0.999 0.998 0.999

Fig. 6. Effect of contact time to adsorbed groundwater ammoni-
um ion amount on zeolite CR-100.

Fig. 7. Zeolite CR FTIR spectra of:  a) Native CR bands; b) Zoomed 
CR spectra range (1) commercial zeolite, and (2) Appearance of 
adsorbed NH4

+ bands.
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and are used in order to confirm the formation of AMI on 
the surface of CR. 

5. Conclusions

The sorption mechanism of natural groundwater 
ammonium ion through adsorption isotherms has proved 
as a three stage multilayer process. Higher temperatures 
induced more intensive multilayer bonding and sorption 
capacity increasing. AMI removal efficiency showed higher 
rate at lower MCQ and higher temperature. AMI sorption 
process onto zeolite CR showed absence of monolayer cov-
erage only. Taking into account JIM constant values, exis-
tence of monolayer was indicative with low adsorption 
capacities decreased from lower to higher temperature, 
denoting exothermic adsorption. FIM and DRI adsorption 
capacities raised with temperature increase, indicating 
endothermic sorption process. This may be attributed to 
increased surface coverage at higher temperature, expan-
sion and activation of reactive and bonding sites. 

The highest coefficients of determination values of 
applied isotherm models were found for 289 K. Error anal-
ysis of theoretical and experimental nonlinear correlation 
indicated that the Freundlich model possessed the best fit. 
The shapes of experimental isotherms ensign that qe values 
corresponding to MCQ > 15, declined with the temperature 
raising, and opposite for the smaller MCQ values. These 
results indicated significant influence of temperature to 
AMI solubility different behavior in the identical sorption 
system.

Adsorption thermodynamic analysis has shown essen-
tial translation of most cardinal energetic values in the 
sense of sign changing during the investigated zeolite sur-
face reactions. It is found that Crystal Right zeolite concen-
tration, i.e. MCQ, played a crucial role in the changes of 
enthalpy, entropy and Gibbs free energy.

As adsorbent mass in the contact with solution less, 
adsorption is less spontaneous. These results were con-
firmed at the smallest CR concentrations. In this case low 
quantity of CR active sites were exposed to a huge quan-
tity of ammonium species. Consequentially, enthalpy was 
negative and entropy positive, whereas Gibbs free energy 
achieved negative values near zero. Hence, low MCQ in 
the conditions of considerable high adsorbate content was 
extremely substantial to indicate ammonium species ran-
domness and the degrees of freedom increase. 

Molar ratio of zeolite to ammonium species quantity 
that was precedent to complete investigated sorption pro-
cess should be defined dualistically. Sorption process was 
found to be slightly exothermic and spontaneous when 
MCQ was low, and exothermic and non-spontaneous in the 
conditions of high MCQ. 

Obtained thermodynamic findings confirmed facts that 
increase of temperature at the high and low MCQ values 
decreased and increased adsorption capacities, respectively. 
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