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Abstract

Ammonium ion exchange from aqueous solution using clinoptilolite zeolite was investigated at laboratory scale. Batch experimental studies
were conducted to evaluate the effect of various parameters such as pH, zeolite dosage, contact time, initial ammonium concentration and
temperature. Freundlich and Langmuir isotherm models and pseudo-second-order model were fitted to experimental data. Linear and non-linear
regression methods were compared to determine the best fitting of isotherm and kinetic model to experimental data. The rate limiting mechanism
of ammonium uptake by zeolite was determined as chemical exchange. Non-linear regression has better performance for analyzing experimental
data and Freundlich model was better than Langmuir to represent equilibrium data.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Wastewater generated from industrial and domestic use
contains many toxic pollutants. Ammonia is one of these
toxic pollutants creating many problems. Ammonia nitrogen
decreases the dissolved oxygen required for aquatic organ-
isms, and also accelerates the corrosion of metals and construc-
tion materials [1]. The traditional processes used for ammo-
nia removal are biological nitrification—denitrification and air
stripping but recent efforts have been made to discover new
economically feasible and environmentally friendly treatment
alternatives. Among several removal technologies, ion exchange
with natural minerals has great importance due to the ease of
operation and comparable low cost of application [2—4]. In the
aqueous solution, ammonia can exist in either the non-ionized
form (NH3) and/or ionised form (NH4*) depending on the pH
and temperature. Of these two forms of ammonia, only the
ionised one can be removed by the ion-exchange process [5].

Zeolite minerals are mainly composed of aluminosili-
cates with a three dimensional framework structure bear-
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ing Al-octahedra and Si-tetrahedra. Zeolite is a silica-rich
material occurring in natural abundance especially in vol-
canic areas and the typical unit cell formula is given as
Nag[(AlO2)6(S102)30]-24H,0 [6]. Three dimensional crystal
structure of zeolite contains two-dimensional channels which
embody some ion exchangeable cations such as Na*, K*, Ca**
and Mg?* [7]. Exchange properties of these cations have been
utilized for uptake of ammonium by clinoptilolite zeolite and
it has been found very effective for removing ammonia from
aqueous solution [8-10].

In literature, the linear regression analysis has been the most
commonly used technique to determine the best-fit isotherm and
kinetic models for ammonia removal [10-12]. Least squares
method is used for finding the parameters of the models, but lin-
ear regression is criticized since it results in different linearized
forms. In recent years, several researchers have used non-linear
regression to analyze isotherm models for ion exchange process
[13-15].

In this study, we investigated the parameters effecting on the
ammonium exchange by Turkish clinoptilolite zeolite. Four lin-
earized types of Langmuir isotherm and pseudo-second-order
kinetic models were used for linear regression analysis. In linear
regression analysis, the least squares method was used to pre-
dict the parameters. Non-linear regression was performed using
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trial and error method with the help of solver add-in functions
of Microsoft Excel software [16].

2. Material and methods

The clinoptilolite zeolite (CZ) was obtained from the Incal
Company in Western Anatolia, Turkey. The CZ sample was
crushed and classified to a size range of 0.3—0.6 mm then washed
to remove undesirable materials, and finally dried in an oven at
100 £ 5 °C for 24 h. CZ has following properties: pore diameter
of 4 x 1076 wm, purity of 92%, bed porosity of 40%, density of
2.15 g/lem?® and apparent density of 1.30 g/cm?. Chemical com-
position of CZ is given in Table 1 [17].

In batch experiments, 1 g of the CZ was weighed into flasks
containing 50 ml of solution with different ammonium concen-
trations in the range of 20 to 100 mg/1. This mixture was agitated
in a temperature-controlled orbital shaker at a constant speed
of 200 rpm. Samples were withdrawn at various time inter-
vals between 5 and 50 min and equilibrium concentrations of
NH,4* were determined with colorimetric method [18]. pH was
adjusted by the addition HCI or NaOH and the effect of pH was
studied over pH range of 4-10. The effect of temperature on the
ammonium exchange process was investigated by determining
the isotherms at 303, 308 and 313 K.

Ammonium exchange capacity (g.) was calculated using the
following equation:

_(Cy—CV

i ey

€
where g. (mg/g) is the amount of ammonium exchanged ion at
equilibrium, Cp and C, the initial and equilibrium concentrations
of ammonium in solution (mg/1), respectively. V (1) the solution
volume and M (g) is the CZ weight.

Linear and non-linear regressions were compared to obtain
the optimum sorption kinetic and isotherm parameters. A trial
error procedure was employed for non-linear methods using the
solver add-in functions of Microsoft Excel software. In trial error
procedure, isotherm and kinetic parameters were determined by
maximizing the values of coefficient of determination.

The least squares method was used to analyze the linear forms
of kinetic and isotherm models.

Table 1

Chemical constituent of clinoptilolite zeolite

Composition Percent
Si0, 70.00
AL O3 14.00
Fe,03 0.75
K,O 2.30
MgO 1.15
Na,O 0.20
CaO 2.50
TiO, 0.05
P,0s5 0.02
SO3 0.01
Loss of ignition 9.02
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Fig. 1. Effect of zeolite dosage on the exchange of NH4* (T'=303 K; agitation
speed =200 rpm; Cp =20 mg/l).

Values of coefficient of determination (R?) were used in order
to find the fitting degrees of isotherm and kinetic models with
experimental data. Coefficient of determination is defined as
[14]:

>~ (geal — Gm f:xp)2

R? =
Z (Gcal — ‘Zmexp)z + (geal — CImexp)z

@)

where gexp (mg/g) is the amount of ammonium ion exchanged
by zeolite obtained from experiment, qc, the amount of ammo-
nium ion obtained by kinetic and isotherm models and gmexp
the average of gexp (Mg/g).

3. Results and discussion

3.1. The effects of parameters on the equilibrium of
ammonium ion exchange

The effect of CZ dosage on the uptake of NH4* was stud-
ied and shown in Fig. 1. From the figure it was observed that,
the removal rate of ammonium increased with increase in CZ
dosage. The removal rate of ammonium increased from 24.7%
to 84.7% for an increase of CZ dosage from 0.2 to 1 g per 50 ml.
This was probably due to greater surface area and availability of
more exchange site.

The effect of pH on NH4* exchange was studied over a pH
range of 4-10 and the results are shown in Fig. 2. The highest
exchange capacity was achieved at pH 6. In the range of 5 and
8, pH has a little effect on the ammonium exchange and it can
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Fig. 2. Effect of pH on the exchange of NH4* by CZ (T=303 K; agitation
speed =200 rpm; CZ dosage = 1 g/50 ml; Cp =20 mg/l).
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Fig. 3. Effect of concentration and contact time on ammonium exchange by CZ
(T'=303 K; agitation speed =200 rpm; pH 6; zeolite dosage = 1 g/50 ml).

be concluded that neutral pH is favorable for ammonium uptake
by CZ. For the pH value of above 8 and below 5, ammonium
exchange capacity was decreased rapidly. This result is consis-
tent with the results in literature [19,20]- At higher pH values,
ammonium ions are transformed to aqueous ammonia. Lower
values of ammonium removal below pH 5 is due to competition
of H* and NH4™* ions for the exchange sites in the CZ surfaces
[21].

In order to find out the optimum contact time, ammonium ion
exchange by CZ was studied at different initial NH4* concen-
trations between 20 and 100 mg/1. It is evident from Fig. 3 that
uptake of NH4* by CZ was more rapid within first 5 min of con-
tact time. The removal rate of ammonium gradually decreased
with increased in contact time and reached equilibrium at 30 min
for all concentrations studied. Initially the rate of ammonium
uptake was higher because all sites on CZ were vacant and solute
concentration was high, but decreasing in sorption sites reduced
the uptake rate. Maximum capacity was obtained 3.92 mg/g at
equilibrium for the concentration of 100 mg/1.

The effect of temperature on ammonium exchange was stud-
ied at 303, 308 and 313 K, and the results are shown in Fig. 4.
As shown in the figure, all values were almost the same and
temperature effect was not significant on the exchange capacity
of ammonium.

The free energy change (AG°) is used to distinguish the spon-
taneity of the adsorption process, and the higher negative value
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Fig. 4. Effect of temperature on the ammonium exchange by zeolite (agitation
speed =200 rpm; zeolite dosage =1 g/50 ml; pH 6).

Table 2
The values of free energy change at various temperatures (kJ/mol)
303K 308K 313K
20 mg/1 —4.31 —4.75 —4.63
40 mg/l —3.61 —3.90 —4.00
60 mg/1 —3.11 —3.22 —3.14
80 mg/l -2.95 —3.12 —2.88
100 mg/1 -2.90 -3.10 —2.88
suggests a more energetically favorable adsorption [22]:
AG° = —RTIn K¢ 3)
Ca
Kc=— “4)
Cs

where Cp and Cs (mg/l) are the equilibrium concentration of
NH4* on the CZ and solution, respectively, K. the equilibrium
constant, T'the solution temperature (K) and R is the gas constant.
The negative values of AG® in Table 2 suggest that ammonium
exchange by CZ is spontaneous at all conditions studied. Ammo-
nium exchange by CZ is less favorable at higher concentrations
since lower concentrations have more negative AG® values.

3.2. Rate limiting

Determination of the rate limiting steps involving in sorption
process is necessary for practical application and designing of
sorption reactors [23]. The rate of ion exchange is governed by
film diffusion, particle diffusion or chemical exchange [24]. In
literature, it is proposed that rate of ion exchange is controlled by
chemical exchange if the relationship between log(1 — g//qoo)
and time is linear [25-27]. In this study ¢ values at 50 min.
were accepted as g, values, As shown in Fig. 5, linearity of
log (1 — g/g~0) versus time indicates that rate limiting step of
ammonium uptake by CZ is chemical reaction and increasing
of temperature increases the effect of chemical reaction. Similar
result was found by Biserka and Subotic [28] for the Cd exchange
by zeolite.

3.3. Kinetic study

Researchers found that if rate of a reaction is controlled by
chemical exchange, pseudo-second-order model has best cor-
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Fig. 5. Rate limiting mechanism of ammonium exchange by clinoptilolite zeo-
lite.
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Table 3
Linear forms of pseudo-second-order kinetic model
Linear formula Plot Parameters
Type 1 é = é + q%t tlq; vs. t ge = 1/slope, k= slope?/intercept
Type 2 ql/ = (é) % + qie 1/g; vs. 1/t ge = l/intercept, k= intercept?/slope
Type 3 qr = qe — (q%) % qr VS. qilt ge = intercept, k= —1/(intercept x slope)
Type 4 qT’ = kqg — kqeq: qilt vs. q; ge = —intercept/slope, k= slope?/intercept

relation with experimental kinetic data [29-31]. The pseudo-
second-order kinetic model is expressed as below [29]:

dg; 2

1 k(g — 5
ar (ge —a1) &)
where k is the rate constant of second-order model (g/mg min)
and g, (mg/g) is the amount of ammonium uptake at equilibrium.
For boundary conditions (1= 0-¢ and g, = 0—¢¢ ), Eq. (5) becomes
as below

t
kg2 +1/qe

Eq. (6) can be linearized as four different types as shown in
Table 3 [14]. The least squares method was applied to obtain
the best-fit linear formula and predict parameters values. The
parameters estimated using linear regression resulted different
values for each linear formula. Different values in Table 4 are
due to transformations of non-linear isotherm equations to linear
forms implicitly alter their error structure and may also violate
the error variance and normality assumptions of standard least

qr (6)

Table 4
Pseudo-second-order kinetic model parameters estimated by linear regression
ge (mg/g) k (g/mg min) R
Type 1
20 mg/1 0.858 0.863 0.695
40 mg/l 1.722 0.359 0.852
60 mg/l 2.379 0.366 0.934
80mg/l 3.094 0.485 0.821
100 mg/1 3.944 0.526 0.643
Type 2
20mg/l 0.868 0.645 0.820
40 mg/l 1.675 0.618 0.848
60 mg/l 2.359 0.435 0.924
80 mg/l 3.064 0.699 0.772
100 mg/1 3.892 1.553 0.474
Type 3
20mg/l 0.869 0.646 0.820
40 mg/l 1.678 0.609 0.853
60 mg/l 2.361 0.429 0.926
80 mg/l 3.065 0.694 0.775
100 mg/1 3.892 1.544 0.477
Type 4
20 mg/l 0.892 0.493 0.860
40 mg/l 1.696 0.503 0.881
60 mg/l 2.373 0.392 0.934
80mg/l 3.091 0.527 0.823
100 mg/1 3.937 0.727 0.662

squares [13]. The best fitting was obtained by using the type
4 formula since it had highest R? values for all concentration
studied.

For non-linear regression, trial and error procedure was used
to maximize the coefficient of determination with the help of
Microsoft Excel software. The obtained values were compared
with the results of linear regression. As shown in Table 5, the
results are close to each other but non-linear regression has better
correlation with experimental data.

3.4. Equilibrium isotherms

The study of equilibrium is essential in supplying the funda-
mental information required for the design and operation of sorp-
tion process. In literature, Langmuir and Freundlich isotherm
models have been most commonly used to analysis the equilib-
rium data.

The Langmuir isotherm model [32] assumes that the sorption
takes place at specific homogeneous sites within the adsorbent.
Langmuir equation can be expressed as

gmK1.Ce

— mr=e 7
14+ Kp.Ce @

UE
Where, g, (mg/g) and K1, (1/mg) are the constants of the Lang-
muir equation. Langmuir isotherm model can be linearized into
at least four different types as shown in Table 6 [15].

The obtained values using linear and non-linear regression
are listed in Table 7. All linear equations resulted different
parameter and R> values. While the lowest correlation was

Table 5

Comparison of linear regression analysis data obtained from Type 4 with non-
linear regression data of Pseudo-second-order model and non-linear regression
analysis of pseudo-second model

qe (mg/g) k (g/minmg) R?
Non-linear
20 mg/1 0.896 0.463 0.862
40 mg/1 1.700 0.479 0.882
60 mg/l 2.376 0.381 0.935
80 mg/l 3.094 0.511 0.824
100 mg/1 3.938 0.705 0.662
Linear
20 mg/l 0.892 0.493 0.860
40 mg/1 1.696 0.503 0.881
60 mg/l 2.373 0.392 0.934
80 mg/1 3.091 0.527 0.823
100 mg/1 3.937 0.727 0.662
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Table 6
Linear forms of Langmuir isotherm model

Linear formula Plot Parameters
Type 1 % = qim e+ ﬁ Celge vs. Ce gm = 1/slope, K1, = slope/intercept
Type 2 ql,e = ( KL]ljm ) é qim 1/ge vs. 1/C, gm = l/intercept, K1, =intercept/slope
Type3 de = qm — (ﬁ) Z—Z ge VS. ge /Ce gm =intercept, K, = —1/slope
Type 4 Z—Z = KL.gm — K1.ge qe/Ce VS. ge gm = —intercept/slope, K1, = —slope
Table 7

Langmuir and Freundlich constants and coefficient of determinations estimated
by linear and non-linear regression analysis

Langmuir Freundlich
Gm KL R ny Ky R
Linear 1.395  0.375 0.993
Type 1 5.766 0.055 0.928
Type 2 7.734 0.046 0.496
Type3 6.455 0.047 0.959
Type 4 7.363 0.039 0.976

Non-linear 11.252 0.021 0.988 1.314 0.333 0.996

obtained using Type 2, Type 4 has best fitting with experimental
data.

The Freundlich isotherm [33] is the earliest known relation-
ship describing the sorption equation. This isotherm has an
assumption that sorption takes place at a heterogeneous surface
with a non-uniform distribution and is given as follows. The
formula of Freundlich model is given as

ge = KiC{!/™ ®)

where ¢, is the equilibrium ammonium ion exchange of CZ, C,
the concentration of solution at equilibrium, and Ky and ny are
the empirical constants which are indicators of sorption capacity
and adsorption intensity, respectively.

The linearized form of the Freundlich model is given in Eq.

9):
1

Inge =In K¢ + () In Ce ©)]
ng

Kt and ns are the Freundlich constants and obtained from the
intercept and slope of linear plot of In g versus In Ce.
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Fig. 6. Comparison of isotherm models for ammonium exchange.

Equilibrium data were analyzed using linear and non-linear
forms of Freundlich isotherm model and the R? values were esti-
mated as 0.993 and 0.996 for linear and non-linear regression,
respectively. These figures show that non-linear regression has
better fit than linear regression.

Non-linear regression of Langmuir and Freundlich isotherm
models are compared and shown in Fig. 6. As shown in the
figure, Freundlich model is better than Langmuir to represent
the equilibrium experimental data.

4. Conclusions

In this study, parameters affecting on equilibrium of ammo-
nium exchange by zeolite and applicability of linear and non-
linear regression for estimating kinetic and isotherm models
were investigated. Exchange capacity of ammonium ion by
clinoptilolite increased with initial ammonium concentration
and contact time. pH 6 was found as the optimum value for
ammonium exchange. The effect of temperature was not signif-
icant and lower concentrations are more favorable according to
values of free energy change. The chemical exchange was found
as the rate limiting of ammonium exchange by zeolite.

Linear and non-linear regression methods were compared to
evaluate the experimental data with Pseudo-second-order kinetic
model. Four linearized types of the model were used for linear
regression and compared using coefficients of determinations.
Non-linear regression exhibited higher coefficient of determi-
nation values for isotherm and kinetic analysis than the linear
regression.

The Freundlich and Langmuir isotherm models were eval-
uated using linear and non-linear regression analysis. Values
of coefficient of determination showed that Freundlich has bet-
ter performance than Langmuir for representing the equilibrium
data. Linear regression for the same kinetic and isotherm model
resulted different values. This was due to linearization method
which changes the error distribution. Non-linear regression pro-
vided higher correlation with experimental data for both kinetic
and isotherm analysis and this is well agreement with the results
in literature.

References

[1] M. Turan, M.S. Celik, Regenerability of Turkish clinoptilolite for use in
ammonia removal from drinking water, J. Water Supply: Res. Technol.
Aqua 52 (2003) 159-166.

[2] M. Rozic, S.C. Stefanovic, S. Kurajica, V. Vancina, E. Hodzic, Ammonical
nitrogen removal from water by treatment with clays and zeolites, Water
Res. 34 (14) (2000) 3675-3681.



D. Karadag et al. / Journal of Hazardous Materials 144 (2007) 432—437 437

[3] S. Balci, Y. Dincel, Ammonium ion adsorption with sepiolite: use of tran-
sient uptake method, Chem. Eng. Process. 41 (2002) 79-85.

[4] A.H. Englert, J. Rubio, Characterization and environmental application of
a Chilean natural zeolite, Int. J. Miner. Process 75 (2005) 21-29.

[5] A.Demir, A. Giinay, E. Debik, Ammonium removal from aqueous solution
by ion-exchange using packed bed natural zeolite, Water SA 28 (3) (2002)
329-335.

[6] D.W. Breck, Zeolite Molecular Sieves, Wiley, New York, 1974.

[71 G.M. Haggerty, R.S. Bowman, Sorption of chromate and other inor-
ganic anions by organo-zeolite, Environ. Sci. Technol. 28 (1994) 452—
458.

[8] A. Farkas, M. Rozic, Z.B. Mikocevic, Ammonium exchange in leakage
waters of waste dumps using natural zeolite from the Krapina region, Croa-
tia, J. Hazard. Mater. B 117 (2005) 25-33.

[9] R.L. Ramos, G.A. Armenta, L.V.G. Gutierrez, R.M.G. Coronado, J.M.
Barron, Ammonia exchange on clinoptilolite from mineral deposits located
in Mexico, J. Chem. Technol. Biotechnol. 79 (2004) 651-657.

[10] Q. Du, S. Liu, Z. Cao, Y. Wang, Ammonia removal from aqueous solu-
tion using natural Chinese clinoptilolite, Sep. Purif. Technol. 44 (2005)
229-234.

[11] N. Miladinovic, L.R. Weatherley, J.L. Opez-Ruiz, Ammonia removal from
saline wastewater by ion exchange, Water Air Soil Pollut. 4 (2004) 169—
177.

[12] K. Saltali, A. Sari, M. Aydin, Removal of ammonium ion from aqueous
solution by natural Turkish (Yildizeli) zeolite for environmental quality, J.
Hazard. Materials 141 (2007) 258-263.

[13] D.A. Ratkowsky, Handbook of Nonlinear Regression Models, Marcel
Dekker Inc., New York, 1990.

[14] Y.S. Ho, Second-order kinetic model for the sorption of cadmium onto tree
fern: a comparison of linear and non-linear methods, Water Res. 40 (1)
(2006) 119-125.

[15] Y.S. Ho, Isotherms for the sorption of lead onto peat: comparison of linear
and non-linear methods, Pol. J. Environ. Stud. 15 (1) (2006) 81-86.

[16] Y.S.Ho,J.F. Porter, G. Mckay, Equilibrium isotherm studies for the sorption
of divalent metal ions onto peat: copper, nickel and lead single component
systems, Water Air Soil Pollut. 141 (2002) 1-33.

[17] B. Ersoy, The adsorption mechanisms of various cationic surface active
agents onto clinoptilolite and capture of non-ionic organic contaminants
by modified clinoptilolite, Doctoral Dissertation, Istanbul Technical Uni-
versity, Istanbul, 2000.

[18] L.S. Clescan, A.E. Greenberg, R.R. Trussel, Standard Methods for the
Examination of Water and Wastewater Analysis, 17th ed., 1989.

[19] J.H. Koon, W.J. Kaufman, Ammonia removal from municipal wastewaters
by ion exchange, J. Water Pollut. Cont. Fed. 47 (1975) 448-465.

[20] M. Rozi, S. Cerjan-Stefanovic, L. Curkovic, Evaluation of Croacian clinop-
tilolite and montmorillonite-rich tuffs for ammonia removal, Croat. Chem.
Acta 75 (2002) 225-269.

[21] V.J.Inglezakis, K.J. Hadjiandreou, M.D. Loizidou, H.P. Grigoropolou, Pre-
treatment of natural clinoptilolite in a laboratory scale ion exchange packed
bed, Water Res. 35 (9) (2001) 2161-2166.

[22] M.H. Kalavathy, T. Karthikeyan, S. Rajgopal, L.R. Miranda, Kinetic and
isotherm studies of Cu(II) adsorption onto H3POg4-activated rubber wood
sawdust, J. Colloid Interface Sci. 292 (2005) 354-362.

[23] V.K. Gupta, M. Dinesh, S. Saurabh, T.P. Kuk, Removal of chromium(VI)
from electroplating industry wastewater using bagasse fly ash—a sugar
industry waste material, The Environmentalist 19 (1999) 129-136.

[24] M. Hisham, G. Aly, S. El-Din, A.T. Ahmed, Equilibria and kinetics of
cobalt, nickel, and copper ion exchange on titanium(IV) antimonite, Solv.
Extract. Ion Exchange 19 (2) (2001) 345-356.

[25] R. Turse, W. Rieman, Kinetics of ion exchange in a chelating resin, J. Phys.
Chem. 65 (1961) 1821-1824.

[26] A. Varon, W. Rieman, Kinetics of ion exchange in a chelating resin, J. Phys.
Chem. 68 (1965) 2176-2178.

[27] B. Biserka, B. Subotic, Removal of heavy metal ions from solutions using
zeolites. I1I. Influence of sodium ion concentration in the liquid phase on
the kinetics of exchange processes between cadmium ions from solution
and sodium ions from zeolite A, Sep. Sci. Technol. 39 (4) (2004) 925-940.

[28] B. Biserka, B. Subotic, Kinetic analysis of the exchange processes between
sodium ions from zeolite A and cadmium, copper and nickel ions from
solutions, Sep. Purif. Technol. 37 (2004) 17-31.

[29] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes,
Process Biochem. 34 (1994) 451-465.

[30] M. Martinez, N. Miralles, S. Hidalgo, N. Fiol, I. Villaescusa, J. Poch,
Removal of lead(II) and cadmium(II) from aqueous solutions using grape
stalk waste, J. Hazard. Mater. B 133 (2006) 203-211.

[31] Y.S. Ho, Review of second-order models for adsorption systems, J. Hazard.
Mater. 136 (3) (2006) 681-689.

[32] I. Langmuir, Adsorption of gases on plane surfaces of glass, mica and
platinum, J. Am. Chem. Soc. 40 (1918) 1361-1403.

[33] H. Freundlich, Adsorption in solution, Phys. Chem. 57 (1906) 384—410.



	A comparative study of linear and non-linear regression analysis for ammonium exchange by clinoptilolite zeolite
	Introduction
	Material and methods
	Results and discussion
	The effects of parameters on the equilibrium of ammonium ion exchange
	Rate limiting
	Kinetic study
	Equilibrium isotherms

	Conclusions
	References


