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The adsorption of Zn?* onto NaA and NaX zeolites was investigated. The samples were synthesized accord-
ing to a hydrothermal crystallization using aluminium isopropoxide (Al[OCH(CH3);]3) as a new alumina
source. The effects of pH, initial concentration, solid/liquid ratio and temperature were studied in batch
experiments. The Freundlich and the Langmuir models were applied and the adsorption equilibrium
followed Langmuir adsorption isotherm. The uptake distribution coefficient (Ky) indicated that the Zn2*
removal was the highest at minimum concentration. Thermodynamic parameters were calculated. The

i?;‘g/ro;gf):n negative values of standard enthalpy of adsorption revealed the exothermic nature of the adsorption pro-
Zine (1) ions cess whereas the negative activation entropies reflected that no significant change occurs in the internal
Microporous zeolite structure of the zeolites solid matrix during the sorption of Zn?*. The negative values of Gibbs free energy
Kinetic were indicative of the spontaneity of the adsorption process. Analysis of the kinetic and rate data revealed
Thermodynamic that the pseudo second-order sorption mechanism is predominant and the intra particle diffusion was
Diffusion the determining step for the sorption of zinc ions. The obtained optimal parameters have been applied

to wastewater from the industrial zone (Algeria) in order to remove the contained zinc effluents.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Zeolites are a large group of some 70-100 different natural min-
erals and numerous elaborated forms [1-2]. They have a three
dimensional framework consisting of silica and alumina tetrahe-
dral units linked by shared oxygen atoms (T-0). The isomorphous
replacement of Si** by AI3* results in a net negative charge which is
compensated by alkali and alkaline earth metal cations within the
framework [3].

NaA and NaX zeolites can be prepared from a wide range of batch
compositions according to Breck [3]. Also they can be made from a
variety of alumina and silica source materials, e.g., pure aluminium
powder or aluminium wire, fumed silica, sodium silicate, silica gels,
etc. [1]. The general composition of zeolites can be represented by
M, /;[(Si0)x(AlO; )y JnH,0 where M is the exchangeable ion metal
with a valency z. Zeolites are a suitable choice as they have a large
cation exchange capacity and an affinity for heavy metals [4-9].
They are widely used as sorbents [10-14], catalysts [15-18] and
cation exchangers [19-23]. The NaX zeolite cations are located in
the sodalite super cage and double hexagonal rings of the zeolite
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framework. Super cages are able to accommodate many cations,
even those with high hydrated radii, due to their aperture (8 A)
and diameter (13 A). Sodalite and double hexagonal rings having
an aperture of 2.2 A, are less favourable to ion exchanging, because
of steric factors [24]. On the other hand, the zeolite NaA cations are
located in the alpha cage of the zeolite framework with an aperture
of 4-5 A, therefore favourable to ion exchanging.

Some researchers assume that diffusion of exchangeable ions
through the channel/void system of zeolites is the rate determin-
ing step of the exchange process [1,3], others [21-24] believe that
zeolite is an open structure whose cations are readily exchangeable
with the ions present in solution. Thus, chemical exchange is slow
compared to any diffusion process, i.e. the chemical exchange is
the step determining mechanism [25-26]. Different mathematical
models describing the diffusion process into a particle at a constant
volume and pressure system were used in literature such as given
by Holfferich [27] and Beyond et al. [28]. Assuming that the chemi-
cal exchange rate kinetic order is two, Blanchard et al. [29] reported
that the exchange process is characterized by a linear relationship
between 1/(q- — g¢) and t; where g, and q; being the adsorption
capacity at oo and at time t, respectively. On the other hand, the
works of Turse and Rieman [30], Sinha et al. [31], and BiSkup and
Subotic [26] concluded that the plots In(1 — q¢/gx) Vs. t should be
linear if the chemical reaction is step determining.
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Taking into consideration these approaches, we focus our atten-
tion to the use of models based on Fick’s laws in the analysis of
experimentally obtained data, and to determine the step describing
the mechanism of the reaction according to Eq. (1) using prepared
NaA and NaX zeolites with a new source of aluminium (aluminium
isopropoxide (AIJOCH(CH3),]3)) [32].

Z0%** (o1ution) + 2Na(zeolite) <> ZN(zeolite) + 2Na™ (solution) (1)

Values of pseudo first-order and pseudo second-order rate con-
stants were determined and interpreted. The effects of various
parameters such as initial metal concentration, pH, solid-liquid
ratio (R) and temperature on the exchange percentage were inves-
tigated. The obtained optimal parameters have been applied to
wastewater from the industrial zone (East Algiers, Algeria) in
order to remove the contained zinc effluents. The equilibrium
isotherms of zinc ions sorption are also evaluated using Langmuir
and Freundlich models. Thermodynamic parameters, i.e. enthalpy
of adsorption AH,4s°, entropy change AS,q4s° and Gibbs free energy
AG,qs° for the sorption of zinc ions on NaA and NaX zeolites were
examined.

2. Materials and methods
2.1. Zeolite preparation

In the present study, we used aluminium isopropoxide
(AI[OCH(CH3);3]3) as a new alumina source. NaA and NaX zeolites
are prepared from gels with respectively molar compositions 1.1
Na,0, 1 Al,03, 1.26 SiO3, 92 H;0, and 4.8 Na;0, 1 Al,03, 3.8 SiO,,
224 H,O0. A typical preparation for NaX was performed as follows.
Distilled water (21.6g) and a solution of sodium hydroxide (2.1g)
were added to 1.23 g of fumed silica. After stirring for 2 h, 2.2 g of
aluminium isopropoxide was gradually added under continuous
stirring. Finally, the whole mixture was stirred for further 2 h and
kept over 24 h for incubation. The preparation of NaA zeolite was
performed in the same conditions. The gels were hydrothermally
reacted in Teflon-lined stainless steel autoclaves at 100 °C for 24 h.
Thereafter, the products were recovered by filtration, washed with
distilled water and dried at 100 °C overnight. The as-prepared forms
of zeolites were calcined by heating at 600 °C during 6 h in air.

2.2. Zeolite characterization

NaA and NaX zeolites were characterized by X-ray powder
diffraction (Philips PW 1800, using Cu Ka radiation), at a scan range
20 from 5 to 50°. Surface morphology was observed by using scan-
ning electronic microscopy (Philips XL 30) equipped with energy
dispersive spectrometry for chemical analysis. The samples were
coated with a thin film of carbon. Infrared spectroscopy measure-
ments of framework vibrations were conducted using Philips PU
9800 equipment. The samples were diluted in KBr and compressed
to give zeolite self-supported pellets. Thermogravimetry and dif-
ferential thermal analysis (M2 BDL-Setaram) were carried out with
a heating rate of 5°C/min in the range from 25 to 900°C. Sur-
face area measurements were conducted using Micrometrics ASAP
2010 apparatus. Before each adsorption experiment, the calcined
samples were outgassed at 350 °C overnight.

2.3. Reagents

Solutions of zinc (II) were prepared by dissolving weighed
amounts of ZnCl, (Merck) in distilled water at the needed ini-
tial concentration. For zeolite preparation, the reagents used were
NaOH (98%, Merck), aluminium isopropoxide (AI[OCH(CH3),]3)
(98%, Aldrich) and fumed silica (100%, Merck) and distilled water.

2.4. Batch adsorption studies

The ion exchange of zinc (II) on NaA and NaX zeolites was car-
ried out using the batch method. Batch adsorption experiments
were conducted using different amounts of adsorbent with 100 mL
of solution containing zinc metal ions. The content was agitated
with a constant stirring rate at 200 rpm. The exchanged sodium
Na* ions were monitored by ion selective potentiometric method
[19] using sodium and Ag/AgCl reference electrodes and Radiome-
ter potentiometer model. The zinc ions were determined using Eq.
(1).
The adsorption percentage (Eq. (2)) was calculated by using the
following equation:

(G — Ceq)100
==
where C; and Ceq are the initial and the final concentrations of the
studied metal ion in its aqueous solution.

The uptake distribution coefficient Ky (Eq. (3)) is defined as the
concentration of the species adsorbed per gram of the adsorbent
divided by its concentration per mL in the liquid phase.

(G — Ceq)V
Cegm

Adsorption (%) (2)

Kq = (mL/g) (3)
where V is the volume of the solution in mL and m is the mass of
adsorbent in grams.

3. Results and discussion
3.1. Characterization of elaborated zeolites

Fig. 1 shows XRD patterns of the prepared NaA and NaX sam-
ples. They correspond to sodalite NaA and faujasite NaX structure
with strong peaks in the 20 ranges of 5-35°, which indicates that
the microporous structure of zeolites were well obtained. The two
zeolites are observed as major phases and are in good agreement
with those reported in the literature [32-34]. The measured XRD
patterns are compared with existing ones given in the collection of
simulated XRD powder patterns for zeolites [33]. All peak positions
of the prepared zeolites are also indexed. The Miller indices (h k1)
are assigned to each NaA and NaX diffraction planes as shown in
Fig. 1.

Scanning electronic micrographs (Fig. 2) show that the crystal-
lites of NaA and NaX form fine cubic particles with an average size
of 4 and 3 pm respectively. Fig. 2(a) shows that NaA zeolite crystal-
lized from amorphous gels forms cubic particles with clearly visible
facets. It seems that the low sodium concentration of NaOH gels had
a positive influence on the crystal morphology.

The chemical analysis gives molar Si/Al ratios of 1.2 for NaA and
3.2 for NaX which are higher than the ratios used initially as raw
materials. Fig. 3 shows FT-IR spectra of elaborated NaA and NaX
zeolites. The bands at 1200-450 cm~! are known to be assigned to
Si—0-Al, Si-0-Si, Si-0 and Al-O species [3]. The band at 660 cm™!
is ascribed to assignable to Si-O-Me where Me is the exchangeable
Na* ion metal species [35]. When closely examined, the absorption
band at 660 cm~! in NaA is large and more visible due to incorpo-
rated Na atoms in the zeolite framework (Fig. 3(a)). These bands
due to vibrations of external linkages are often very sensitive to
the structure. In the far infrared region (200-50 cm~1), vibrations
of cations as Na* against the framework occur [35].

TG characterization of prepared NaA and NaX in air flow show
total weight losses at 900°C of 37 and 33 wt.% respectively. DTA
profiles of NaA and NaX show endothermic transformations at
150°C which are ascribed to desorption of water located in the
zeolite channels. The second transformation appears at 273 °C and
is due to the decomposition of organic template used as aluminium
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Fig. 1. XRD patterns of as-elaborated (a) NaA and (b) NaX zeolites.

reagent during the preparation of zeolites. The surface areas of pre-
pared samples were measured by BET method [3]. The results show
that high values were obtained for both NaA (280 m2/g) and NaX
(375 m?/g).

3.2. Effect of experimental conditions on adsorption processes

3.2.1. Effect of initial concentration

The adsorption of ZnZ* ions onto NaA and NaX as a function of
the initial zinc (II) concentrations was studied at 25 °C by varying
the metal concentration from 10 to 300 mg/L. All other parame-
ters were kept constant. The results in Fig. 4(a) showed that the
uptake adsorption of zinc (II) decreases with an increase in the solu-
tion concentration indicating that fewer favourable sites become
involved when solution concentration rises.

The recovery of zinc ions occurs by two well-known processes,
the ion exchange and adsorption. The zinc (II) ions move through
the pores and channels of NaA and NaX and are exchanged with
sodium (I) ions. If the diffusion of exchangeable ions was faster in
pores of zeolites and slower in smaller channels, the recovery of
zinc ions proceeds via ion exchange reaction [36].

The variation of distribution factor Ky as function of initial zinc
concentration is illustrated in Fig. 4(b). The Ky values decrease
for both NaA and NaX with an increase of initial concentration of
zinc indicating that less favourable media become involved when
solution concentration increases. The maximal levels of uptake
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Fig. 2. Scanning electronic micrographs of elaborated (a) NaA and (b) NaX zeolites.
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Fig. 4. Variation of adsorption uptake (a) of zinc (II) ions and K4 (b) on NaA and NaX
zeolites with the initial concentration. S/L=2.5, pH 6, T=25°Cand t=2h.

adsorption reached were 95 and 85% with zinc initial concentration
of 10 mg/L for both zeolites NaA and NaX, respectively. However,
the properties of the wastewater from the industrial zone (East
Algiers, Algeria) given in Table 1 show that the zinc concentration
is around 80-100 mg/L. Taking into consideration these properties,
the following experimental conditions on adsorption processes
were carried out at a concentration of 100 mg/L.

3.2.2. Time of equilibrium

The effect of contact time on zinc (II) adsorption was studied.
The results are shown in Fig. 5, where the efficiency increases
rapidly and more than 60% of the adsorbed metal occurred within
30 minusing NaA and NaX zeolites. It seems that 80 and 100 min are
needed to reach the equilibrium. We noticed in the present study
that 120 min were taken as adequate time for equilibrium.

3.2.3. Effect of pH

In order to study the dependence of the removal efficiency on
pH, experiments were conducted in the pH range 1-7 and the

Table 1
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Fig. 5. Effect of contact time on the adsorption uptake of zinc (II) from aqueous
solutions onto zeolites NaA and NaX. S/L=2.5, [Zn?"] =100 mg/L, pH 6 and T=25°C.
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Fig. 6. Effect of pH on the adsorption uptake of zinc (II) from aqueous solutions onto
zeolites NaA and NaX. S/L=2.5, [Zn?*]=100mg/L, t=2h and T=25°C.

results are illustrated in Fig. 6. The uptake adsorption of the zinc
(11) ions by the synthesized zeolites NaA and NaX increases with an
increase in pH value. In the subsequent investigations, experiments
were performed at solution pH value of 6 to avoid any possible
hydroxide precipitation [37-39].

3.2.4. Effect of temperature

The uptake adsorption of zinc (II) ions onto both NaA and
NaX zeolites at different temperatures 298, 303, 313 and 323K
are presented in Fig. 7. The results showed that the uptake
adsorption decrease with the increase in temperature. This
indicates an exothermic nature of the process and the adsorp-
tion of zinc (II) ions onto NaA and NaX is favoured at low
temperature.

Some physico-chemical properties of the wastewater from effluent issued from the industrial zone (East Algiers, Algeria).

pH T(°C) Color (mg/L, scale Pt-Co) OD (mg/L) BOD (mg/L)

COD (mg/L)

Organic matters (%) Turbidity (NTU) Zinc (II) concentration (mg/L)

5.9 25 1332 1.21 3010

24670

<1 1723 80-100

where OD, oxygen dissolved; BOD, biochemical oxygen demand; COD, chemical oxygen demand; NTU.
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Fig. 7. Effect of temperature on the adsorption uptake of zinc (II) from aqueous
solutions onto zeolites NaA and NaX. S/L=2.5, [Zn?*]=100 mg/L, t=2h, and pH 6.

3.3. Equilibrium isotherms

The study of equilibrium isotherms is fundamental in supplying
the essential information required for the design of the sorption
process. In this investigation, Langmuir and Freundlich isotherm
models were used to analyse the equilibrium data by means of NaA
and NaX sorbents. Langmuir Eq. (4) and Freundlich Eq. (5) isotherm
models can be expressed by the following equations [40-41]:

 QobCe
de = 1+bCe (4)
ge = KC/™ (5)

where g is the equilibrium uptake (mg/g), Ce is the equilibrium zinc
ions concentration (mg/L), Q, (mg/g) (saturated monolayer sorp-
tion capacity) and b (L/g) (sorption equilibrium constant) are the
Langmuir constants, K; (L/g) and n are Freundlich constants. The
linearized forms of Langmuir and Freundlich equations are given
by Egs. (6) and (7).

Ce 1 Ce

e _ + == 6

Je Qb Qo (6
1

logge = logKs + a logCe (7)

The Langmuir and Freundlich adsorption isotherms of zinc (II)
on zeolites NaA and NaX are shown in Fig. 8. The model parameters
and the statistical fits of the sorption data to these equations are
given in Table 2. The results show that Langmuir model describes
better the sorption data with a correlation factor R? values > 0.996.
According to the saturated monolayer sorption capacity Q, (mg/g)
and b (L/g), the prepared zeolite NaA adsorbs better than zeolite
NaX.

On the other hand, the equilibrium data were analysed using
Freundlich isotherm model and R? values were estimated as 0.856
and 0.956 for NaA and NaX respectively. The value of 1/n<1 gener-
ally indicates that adsorption capacity is only slightly suppressed

Table 2
Langmuir and Freundlich constant values of adsorbents (T=298K, S/L=2.5,
[Zn%*]=100mg/L, t=2h, and pH 6).

Langmuir constants Freundlich constants

Q (mg/g) b(lig) R? R

NaA  118.906 0.021 0.996 0.154
NaX  106.382 0.033 0.998 0.132

Ke(L/g) 1n R?

85.541 0.338 0.856
77.239 0.395 0.956
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Fig. 8. Langmuir (a) and Freundlich (b) isotherms for adsorption of zinc (II) on
zeolites NaA and NaX. T=298 K, S/L=2.5, [Zn?*]=100 mg/L, t=2h, and pH 6.

at lower equilibrium concentrations. This isotherm does not pre-
dict any saturation of the zeolites by the zinc (II) ions; thus infinite
surface coverage is expected to occur indicating multilayer adsorp-
tion on the surface [40]. It can be concluded from Table 2 that the
Langmuir isotherm was more suitable than the Freundlich one as in
most cases the correlation coefficient was higher as seen in Table 2.
Thus, indicating the applicability of monolayer coverage of the zinc
(I1) on the surface of adsorbents. This can be explained by the fact
that zeolites have a high surface area for metal adsorption. There-
fore, only monolayer adsorption occurred on their surfaces, in spite
of any surface modification. According to the literature [41], the
essential characteristics of Langmuir isotherm can be explained in
terms of a dimensionless constant separation factor, Ry, defined by:

_ 1
T 1+4bGC,

The values of R indicated the type of Langmuir isotherm to
be irreversible (R.=0), favourable (0<Ry<1), linear (R =1) or
unfavourable (R > 1). The calculated values of R, shown in Table 2
indicated that adsorption of zinc (II) onto NaA and NaX zeolites was
favourable in both cases.

(8)

Re

3.4. Adsorption dynamics

The study of adsorption dynamics describes the solute uptake
rate and evidently this rate controls the residence time of adsor-
bate uptake at the solid-solution interface. The kinetics of zinc (II)
adsorption on the NaA and NaX were analysed using pseudo first-
order and pseudo second-order kinetic models [42-43]. The pseudo
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Fig. 9. Lagergren plots for the sorption of zinc (II) ions from aqueous solutions onto
zeolites NaA and NaX at T=298 K, S/L=2.5, [Zn?*]=100 mg/L, and pH 6.

first-order expressed by Lagergren equation is as follows:

B Kaas (G — a0 ©)
where ge and g; are the adsorption capacity at equilibrium and at
time t, respectively (mg/g), k1.4 is the rate constant of pseudo first-
order adsorption (min—1). After integration and applying boundary
conditions t=0to t=t and q; =0 to q; = q;, the integrated form of Eq.
(9) becomes:

K1adst
2.303 (10)

log(ge — qt) =logqe —

The values oflog(ge — q:) were linearly correlated with t. The plot
oflog(ge — q¢) vs. t should give a linear relationship from which kq 4
and ge can be determined from the slope and intercept of the plot,
respectively (Fig. 9).

The pseudo second-order adsorption kinetic rate equation is
expressed by Eq. (11):

d
% = Kpads(ge — Qt)z (11)

where k;,4s is the rate constant of pseudo second-order adsorption
(g/mg min).

For the boundary conditions t=0 to t=t and q;=0 to q; = q;, the
integrated form of Eq. (11) becomes:

1 1
= — + kpagst 12
de — qt Qe 2ads (12)

Table 3

t/q, (min.g/mg)

0’0 % T = T A T o T g T T

0 20 40 60 80 100 120
t (min)

Fig. 10. Pseudo second-order kinetic plots for the sorption of zinc (II) ions from
aqueous solutions onto zeolites NaA and NaX at T=298 K, S/L=2.5,[Zn?*] =100 mg/L,
and pH 6.

which s the integrated rate law for a pseudo second-order reaction.
Eq. (12) can be rearranged to obtain Eq. (13).

t 1 t
o (——= )+ (= 13
qc <k23dsqg > (Qe ) (13)

If the initial adsorption rate, h (mg/g min) is:
h= kZadsqg (14)
then Egs. (13) and (14) become:

t 1 t
7= () (&) )

The plot of (t/q;) and t of Eq. (13) should give a linear relationship
from which ge and kj,qs can be determined from the slope and
intercept of the plot, respectively (Fig. 10). The results presented
in Figs. 9 and 10 are obtained at 298 K and that those obtained in
the other studied temperatures are not shown. The results of fitting
experimental data with the pseudo first-order and pseudo second-
order models for adsorption of zinc (II) onto NaA and NaX zeolites
are presented in Table 3.

As can be seen, the correlation coefficients (R?) are 0.99 for the
pseudo second-order model and 0.94-0.97 for the pseudo first-
order model, indicating a better fit with the pseudo second-order
model. The better fit of this model to the experimental data is also
seen in the much closer agreement between the experimental val-
ues for ge and those from the second-order model, when compared
to the ge values generated from the first-order model. From Table 3,
it can be shown that the values of initial sorption rate (h) and rate
constant increased with the increase in temperature. These results

Adsorption kinetic models rate constants for exchanged NaA and NaX at different temperatures (T=298K, S/L=2.5, [Zn?*] =100 mg/L, t=2h, and pH 6).

T (K) Pseudo first-order

Pseudo second-order

ge(cal) (mgg™") Kiads x 102 (min~") R? ge(cal) (mgg") Kads x 10 (gmg~" min~") h(mgg=' min~) R? qe(exp) (mgg")

NaA

298 108.56 7.36 0.94 117.37 0.60 8.265 0.99 118.54
303 106.32 6.58 0.95 117.69 0.62 8.587 0.99 119.76
313 110.76 8.06 0.96 118.45 0.71 10.111 0.99 121.56
323 111.90 8.53 0.97 118.57 0.72 10.122 0.99 12221
NaX

298 73.18 11.50 0.95 96.15 0.86 7.950 0.99 94.17
303 75.39 12.81 0.97 96.43 0.87 8.089 0.99 95.48
313 76.45 13.43 0.96 97.52 0.91 8.654 0.98 96.59
323 77.76 14.09 0.94 98.87 0.99 9.677 0.99 99.12
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explain that the pseudo second-order sorption model is predomi-
nant and that the overall rate constant of each ion exchange process
appears to be controlled by the chemical sorption process [26,32].

3.4.1. Rate limiting

Itis known that the mechanism of ion exchange can be explained
by film diffusion, particle diffusion or chemical exchange [32]. Also,
at an intensive stirring of the sorptive system, the intraparticle dif-
fusion of the solute sorbed from solution to the sorbent sites could
be a rate controlling mechanism. In this study, a quantitative data
and models based on the Fick’s laws were applied. The initial diffu-
sion coefficients D;, which assume a particle diffusion mechanism
to be rate-limiting, were calculated from the following equations:

4 _,_65N~1 (_DinPrtot
0o w2z P ra

n=1

(16)

where q:/q is the fractional attainment of equilibrium at time
t of amounts of exchange; rg is the radius of crystallite particles
assumed to be spherical and n is an integer. For short time, Eq. (16)
can be rearranged to obtain Eq. (17).

q 6 (D,~t)”2 (17)

oo To

The initial diffusion coefficients D; are obtained from plots of
Gt/qoo Vs. (time)!/2 (Fig. 11). In this study, ge value at 120 min of
exchanged zeolites NaA and NaX respectively, are rearranged as
(- Values. The gradient (pq) of the initial linear portion of these
curves is used typically up to (g:/q« =0.4-0.6) and is expressed as
follows:

T

6 /D;\ /2
p1= a (;) (18)
Hence, the coefficients D; becomes:
_ B
Pi="3g" (19)

The D; values calculated at different solid-liquid ratios, temper-
atures and concentrations for Zn%* ions are presented in Table 4.
It can be shown that D; increases with increasing temperature and
solid-liquid ratio, and decreases with increasing concentration of
Zn?* jons.

For longer operating times between zinc (II) ions from aqueous
solutions and sodium (I) from zeolites NaA and NaX, Eq. (16) can

12
*
*
0,8
*
*
g =
= P ® NaA
0,41 * NaX
- | |
0,0 Y T T T Y T T T A 1
0 1 2 3 4 5
t (min)™?

Fig. 11. q¢/qe vs. t'/2 plots of the early stage of the sorption of zinc (II) ions from
aqueous solutions between sodium (I) from zeolites NaA and NaX with corre-
lation coefficients R? equal to 0.968 and 0.969 respectively. T=298K, S/L=2.5,
[Zn?*]=100 mg/L and pH 6.

be rearranged:

ln(l—i):ln(g)— Dx et
Joo 772 Tg
where Dy is the final diffusion coefficient. The determination of the

gradient (p,) from plots In[(1 — g¢/qe)] vs. t (min) (Fig. 12) gives the
values of Ds.

(20)

D
p2=— 7 (21)
o
py-13
Df: - 7_’:20 (22)

It seems that the plots In[(1 — q¢/qe)] vs. t are straight lines for
both studied zeolites. This phenomenon can explain the difference
between film and particle diffusion controlling sorption process as
reported in the literature [7-8]. The values of Dy calculated at dif-
ferent solid-liquid ratios, temperatures and concentrations for Zn2*
ions are presented in Table 5. Dy values increased with the increase
of temperature and solid-liquid ratio, and decreased with increas-
ing the concentration of Zn%* ions. These results indicate that the

Table 4

Coefficient diffusion D; values of exchanged adsorbents at different solid-liquid ratios, temperatures and concentrations of zinc (II).
Solid-liquid ratio NaA NaX

D; x 106 (m?/s) R? D; x 106 (m?/s) R?

25 12.24 0.974 8.723 0.986
2 11.13 0.987 7.813 0.982
1.5 10.37 0.999 6.563 0.991
1 9.503 0.978 5.903 0.985
0.5 8.954 0.989 5.369 0.981
at [Zn?*]=100mg/L, pH 6, T=298 K and t=2h
Temperature (K)
298 9.550 0.986 6.525 0.999
303 10.49 0.987 7.449 0.989
313 11.59 0.987 7.999 0.981
323 12.09 0.971 8.209 0.979
at [Zn2*]=100mg/L, pH 6,S/L=2.5and t=2h
Concentration (mg/L)
100 12.47 0.999 8.549 0.997
150 11.11 0.963 7.763 0.976
200 9.374 0.976 6.637 0.987
250 7.033 0.998 5.991 0.998
300 6.944 0.991 5.054 0.999

atS/L=2.5,T=298K,pH6and t=2h
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Table 5

Coefficient diffusion D¢ values of exchanged adsorbents at different solid-liquid ratios, temperatures and concentrations of zinc (II).
Solid-liquid ratio NaA NaX

Dy x 106 (m?/s) R? Dy x 10'6 (m?/s) R?

25 42.69 0.864 21.45 0.926
2 41.54 0.887 20.85 0.912
1.5 40.76 0.790 19.69 0.891
1 39.34 0.878 19.05 0.765
0.5 38.43 0.839 18.69 0.891
at [Zn2*]=100 mg/L, pH 6, T=298 K and
t=2h
Temperature (K)
298 39.45 0.986 17.25 0.910
303 40.23 0.987 18.92 0.986
313 41.22 0.987 20.35 0.895
323 42.09 0.971 22.06 0.769
at [Zn?*]=100 mg/L, pH 6, S/L=2.5 and
t=2h
Concentration (mg/L)
100 42.08 0.991 21.57 0.945
150 41.43 0.943 21.08 0.923
200 39.60 0.974 19.45 0.980
250 37.47 0.987 17.47 0.976
300 36.98 0.932 16.19 0.876

atS/L=2.5,T=298K,pH6and t=2h

Table 6

Thermodynamic parameters for adsorption of zinc (1) ions on NaA and NaX zeolites as function temperature (S/L=2.5, [Zn?*]=100 mg/L, t=2h, and pH 6).

Zeolite AH® (KJ/mol) AS° (J/molK) AG° (KJ/mol)
2982 303? 3132 3232
NaA -30.667 —43.256 -17.777 -17.761 -17.128 -16.696
493b 735P 993b 1340°
NaX —23.690 —22.560 —16.967 —16.854 —-16.628 —16.403
446> 602P 735P 993b
3 T(K).

> Kq (mL/g).

sorption process is mainly governed by particle diffusion at all the
studied temperatures, concentrations and solid-liquid ratios. Coker
and Rees [7] conducted detailed investigations into the kinetics
of ion exchange in zeolites, and described the variation of inter-
diffusion coefficients for ion exchange reactions. They have found
that the diffusion of metal (II) ions into NaA zeolite is governed by
two distinct diffusion coefficients, relatively fast and slower kinet-
ics. They attributed this phenomenon to entering metal (II) ions

44
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0 10 20 ) 30 40
t (min)

Fig. 12. In[(1 — q¢/ge)] vs. t plots of the longer exchange times stage of the sorption
of zinc (II) ions from aqueous solutions between sodium (I) from zeolites NaA and
NaX with correlation coefficients R? equal to 0.946 and 0.953 respectively. T=298 K,
S/L=2.5,[Zn%*]=100mg/L and pH 6.

occupying 8-ring oxygen sites which partially obstruct the pore
mouths and thus increasing energy for further exchange. They cal-
culated the initial diffusion coefficient of different metal ions such
as Ca?*, Sr2* and Mg2* adsorbed onto zeolites.

Comparing diffusion coefficients D; and Dy in Tables 4 and 5
shows that initial rate of exchange is almost always smaller than
final rate of exchange. These results are in agreement and compa-
rable to those reported elsewhere [7-8,44]. The activation energy
E, for the sorption of zinc (II) onto zeolites NaA and NaX was deter-
mined using the Arrhenius equation:

Di = DO eXp(iEa/RT) (23)

where Dy is a pre-exponential constant.

The values of activation energy were estimated as 32.43 and
17.54kJ/mol for NaA and NaX respectively. These results indicate
that a chemical sorption process consisting of strong interaction
between zeolites and Zn2* and illustrate that each sorption process
has a low potential energy.

The activation entropy AS* for the sorption of zinc (II) onto zeo-
lites NaA and NaX was determined using the following equation:

2
Do = (2.72; KT) exp (A;&) (24)

where k is the Boltzmann constant, h is the Planks constant, d is
the average distance between two successive positions, R is the gas
constant and T is the absolute temperature. The values of AS* were
evaluated as —70.32 and —117.24]/mol K for NaA and NaX respec-
tively. These results reflect that no significant change occurs in the
internal structure of the zeolites solid matrix during the sorption
of zinc (II).
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Table 7
Zinc (II) removal (%) by each zeolite for both solutions.
Zeolite Solution Zn(Il)  Ref.
NaA Synthetic solution 80.5 This work
Industrial effluent (East Algiers)  79.6 This work
NaX Synthetic solution 70.4 This work
Industrial effluent (East Algiers) 68.3 This work
Natural zeolite
Anatolia clinoptilolite ~ Synthetic solution 40.3 [45]
Mordenite Synthetic solution 41.8 [46]
Storm water 10.1 [46]

3.5. Thermodynamic parameters

Thermodynamic parameters as enthalpy of adsorption AH°,
entropy change AS°, and free energy AG° for the sorption of zinc
ions on NaA and NaX zeolites were calculated using the following
equations:

AS° AH®
InKy = (T) - (ﬁ) (25)
AG® = AH° — TAS® (26)

The values of AH° and AS° are obtained from the slope and the
intercept of each plot (In Ky against 1/T for two prepared zeolites),
which were estimated by a curve-fitting program. The values of
thermodynamic parameters for the sorption of zinc ions on NaA
and NaX zeolites are given in Table 6. The results show that AG,4s°
becomes less negative with increasing temperature indicating that
sorption is less favourable at high temperatures. In addition, the
negative values of AH,q4° indicate that the sorption of zinc (II)
ions on NaA and NaX prepared zeolites is exothermic process. The
exchange of zinc (II) ions as a result of adsorption is ascribed to a
decrease in the degree of freedom of adsorbate ion which results
in the entropy change.

3.6. Treatment of zinc (1) wastewater

Zinc (II) wastewater samples have been taken from effluent
issued from the industrial zone (East Algiers). After decantation and
filtration, in order to remove the dissolved pollutants (e.g. organic
matter) and clarify the solution, some physico-chemical properties
were obtained and presented in Table 1. Then, adsorption zinc (II)
tests have been carried out onto synthetic NaA and NaX zeolites
using optimal conditions previously determined. It has been found
that the zinc (II) removal yield was 79.6% for NaA and 68.3% for NaX.
The synthetic zeolites were found to be very effective in removing
zinc (II) from both solutions.

Comparing the removal efficiencies (%) for zeolites, Table 7
shows that the synthetic zeolite performs considerably better than
the natural one. The explanation is that the NaA and NaX adsorbents
were pure zeolites and natural ones contain other mineral impu-
rities such as Ca, Mg, Fe and K [45] which could interfere in the
exchange of zinc with sodium ions. Moreover, NaA and NaX have
small particles with an average size of 4 and 3 pm respectively and
higher internal surface areas of 280 and 375 m?2/g. These charac-
teristics allow the zinc ions to access and diffuse in the framework
structures [1-3].

In addition, the organic matter content of the industrial effluent
islower (<1%) compared to storm water solution [46] and this could
partly explain the higher uptake. The co-adsorption of the organic
matter causes a decrease of the active sites of natural zeolite and
complexes with other metals present in the structure [45].

4. Conclusion

In the present work, we report on the preparation and charac-
terization of two sorbent zeolites NaA and NaX and their use in
the adsorption of zinc (II) ions from aqueous solutions. In these
syntheses, aluminium isopropoxide used as new source gave posi-
tive results. The diffusion coefficient K4 decreases both for NaA and
NaX with increasing the concentration of zinc (II) ions indicating
that less favourable media become involved when solution con-
centration increases. The values of the thermodynamic parameters
show that AG,q4s° become less negative with increasing tempera-
ture indicating that sorptionis less favourable at high temperatures.
The negative values of AH,4s° and AS* indicate that the sorption
of zinc (II) ions on prepared zeolites is exothermic process and the
sorbate zinc ions are stable on the solid surface. The exchange of
zinc (II) ions as a result of adsorption is ascribed to a decrease
in the degree of freedom of adsorbate ion which results in the
entropy change. Analysis of the kinetic and rate data revealed that
the pseudo second-order sorption mechanism is predominant and
the intraparticle diffusion was the determining step for the sorp-
tion of zincions. The optimized parameters have been applied to the
wastewater from the industrial zone in order to remove the con-
tained zinc effluents. It has been found that the zinc (II) removal
yield was 79.6% for NaA and 68.3% for NaX. The synthetic zeolites
were found to be very effective in removing zinc (II) from both
solutions.
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