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This study examined the factors affecting the performance of zeolitic rocks as reactive media in a perme-
able reactive barrier (PRB) used to remediate groundwater contaminated with Zn. Serial batch kinetic and
sorption tests were conducted on zeolitic rock samples under a variety of conditions (i.e., reaction time,
pH, initial Zn concentration, and particle size) using Zn(NO3)2·6H2O solutions. Serial column tests were
also conducted on zeolitic rock samples at various flow rates. The removal of Zn increased approximately
from 20–60 to 70–100% with increasing pH from 2 to 4 and decreasing initial Zn concentration from
eolitic rocks
ermeable reactive barrier
eactive media
ontaminated groundwater
inc

434 to 5 mg/L. Zn removal was not affected by the particle size, regardless of the zeolitic rock samples
used in this study. The Zn removal increased approximately from 20–70 to 60–100% with increasing the
cation exchange capacity (CEC) from 124.9 to 178.5 meq/100 g and increasing zeolite (i.e., clinoptilonite
and mordenite) and montmorillonite contents from 53.7 to 73.2%. The results from the column and batch
tests were comparable. Increasing the flow rate caused the earlier breakthrough of Zn (sorbing cation) and
a rapid decrease in the concentration of Na, Ca, and Mg (desorbing cations). The hydraulic conductivities

fecte
of the samples were unaf

. Introduction

Natural zeolites have been used as reactive media in a perme-
ble reactive barrier (PRB) to remediate groundwater contaminated
ith heavy metals on account of their high cation exchange capac-

ty (CEC) and low-cost [1–5]. The PRB is a passive in situ reactive
arrier placed in the subsurface to intercept contaminants or
onvert toxic chemicals into non-toxic chemicals [6–8]. A suit-
ble reactive medium in the PRB requires strong reactivity, high
ydraulic conductivity as well as long-term physical and chemical
tability [7–9].

Zeolites are hydrated alumino-silicates with infinite three-
imensional lattices of silica tetrahedrons (SiO4) [10]. Zeolites have
net negative charge on their surface due to the isomorphic sub-

titution of Al3+ ions for Si4+ ions in the three dimensional lattices
f the silica tetrahedron. The negative charges on the surface are
alanced by exchangeable cations (e.g., Ca2+ and Na+), which are
asily exchanged by other cations (e.g., Pb2+ and Zn2+) [11].
Several studies have evaluated natural zeolites as reactive media
o remove heavy metals from wastewater or contaminated ground-
ater [12–27]. These studies have shown that natural zeolites can

emove heavy metals from water through a cation exchange pro-

∗ Corresponding author. Tel.: +82 2 3290 3179; fax: +82 2 3290 3189.
E-mail address: hyjo@korea.ac.kr (H.Y. Jo).

304-3894/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2009.09.153
d by the particle size and mineral components.
© 2009 Published by Elsevier B.V.

cess and the removal efficiency can be affected by a variety of factors
(e.g., particle size of natural zeolites, initial concentration, and influ-
ent pH). Most of these studies focused on how these factors affect
the reactivity of zeolites. However, these factors (e.g., particle sizes
and mineral components) may affect the hydraulic conductivity
of the barrier, which is one of important parameters affecting the
PRB performance. For example, the mineral components of natural
zeolites can vary according to their origin, particularly the mont-
morillonite contents, which can affect the hydraulic conductivity
of the zeolite barriers.

Therefore, in order to evaluate the performance of a PRB using
natural zeolites as reactive media, there is a strong need to examine
both the hydraulic conductivity and reactivity of natural zeolites
with various mineral components at different particle sizes. This
study examined the influence of the influent pH, particle size, min-
eral components and exchangeable cations of natural zeolitic rocks,
and flow rate on the performance of the zeolitic rock barrier (i.e.,
reactivity and hydraulic conductivity) to remove zinc from ground-
water. Three zeolitic rocks samples obtained from different zeolite
mines located in Gyeonsang province of Korea were used. Batch
and column tests were conducted on zeolitic rock samples with

various mineral components and exchangeable cations to evalu-
ate the removal efficiency of Zn in aqueous solutions under various
conditions (e.g., reaction time, influent pH, initial Zn concentration,
and flow rate). Hydraulic conductivity tests were also conducted on
zeolitic rock samples with various particle sizes to determine the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hyjo@korea.ac.kr
dx.doi.org/10.1016/j.jhazmat.2009.09.153
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Fig. 1. Specific surface areas of the samples as a function of the particle size.

ffect of the particle size and mineral components on the hydraulic
onductivity.

. Materials and methods

.1. Zeolitic rocks

Three zeolitic rock samples (A, B, and C) were obtained from
hree different zeolite mines located in the Kyungju and Pohang
reas of Korea. Each zeolitic rock sample was crushed and sorted
nto three groups with different particle sizes. Groups 1, 2, and 3
or each zeolitic rock sample had particle sizes ranging from 0.15
o 0.42, 0.42 to 0.84, and 0.84 to 2.00 mm, respectively. Table 1
ummarizes the physical and chemical properties of the samples.
he specific gravity of the samples was measured according to
he ASTM C 618 [28] and ranged from 2.19 and 2.29. The paste
Hs of the samples were measured on pastes prepared using de-

onized (DI) water [29]. Sample A had a relatively higher paste pH
han the other samples. X-ray diffraction showed that the sam-
les contained primarily clinoptilolite, mordenite, plagioclase, and
uartz. The clinoptilolite content in samples A, B, and C were 39.4,
6.6, and 29.5%, respectively. Sample C only contained montmoril-

onite (12.1%). The CECs of the samples were determined using the
mmonium acetate method [30]. The exchangeable cations were
etermined to be the difference between the soluble salts extracted
ith DI water using the fixed-ratio extract method [30] and the

otal exchangeable cations extracted using the ammonium acetate
ethod [31]. The CEC of the sample increased with increasing zeo-

ite (clinoptilolite and mordenite) and montmorillonite contents in
he sample. Sample B had the highest CEC (178.5 meq/100 g) and
eolite content (73.2%) of the samples. The exchangeable cation of
ll samples tested was dominated by Ca2+ ranging from 90.2 to
38.6 meq/100 g followed in order by Na+ and Mg2+.

The specific surface areas of the samples were measured using
he BET method (model: ASAP 2020) in the Kyeonggi Technopark
f Korea. Fig. 1 shows the specific surface areas of the samples as

function of the particle size. The specific surface area of the sam-
les ranged from 24.5 to 41.6 m2/g. These results were consistent
ith those reported by Castaldi et al. [25]. Sample B had the largest

pecific surface area, followed in order by samples A and C, regard-
ess of the particle size. In addition, with exception of the sample Ta
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, there were no significant changes in the specific surface area for
he range of particle size tested, regardless of the type of sample
sed.

.2. Chemical solutions

Zn(NO3)2·6H2O (Sigma–Aldrich) was used to examine the Zn
emoval behavior of zeolitic rocks. A Zn solution (1000 mg/L) was
repared by dissolving Zn(NO3)2·6H2O in DI water as a stock solu-
ion. Zn solutions at various concentrations were prepared by
iluting 1000 mg/L of the Zn solution using DI water to determine
he effect of the Zn concentration on the Zn removal behaviors.

concentrated nitric acid solution was used to adjust the pH of
he Zn solutions to determine the effect of pH on the Zn removal
haracteristics.

.3. Batch kinetic tests

A series of batch kinetic tests were conducted on samples A,
, and C with three different particle sizes for each sample (total
ine samples) to determine the reaction time required to estab-

ish equilibrium and the sorption kinetics for Zn using an initial
oncentrations of 100 mg/L at various pH conditions. The pHs of

he solutions were adjusted to 2.0, 4.0, and 5.7 by adding a nitric
cid solution to determine the effect of pH. A 2 g sample of zeolitic
ock was placed in a 50 mL-polypropylene copolymer centrifuge
ube containing 40 mL of a 100 mg/L Zn solution. The tube was then
umbled at 20 ± 3 ◦C for various reaction times ranging from 10 to

Fig. 2. Zn (a), Na (b), and Ca (c) concentrations and pH (d) as a function o
Materials 175 (2010) 224–234

480 min using a rotation shaker at 30 rpm (rotations/minutes). The
suspension collected at designated sampling times (i.e., 10, 20, 40,
60, 120, 240, 360, and 480 min). The pH of the suspension was mea-
sured immediately after tumbling using a pH meter (DDK-TOA Co.,
Japan). The suspension was filtered through a 0.45 �m-filter paper,
stored in a polyethylene bottle, and acidified to pH < 2 with a nitric
acid solution before the chemical analyses.

2.4. Batch sorption tests

A series of batch sorption tests were conducted on samples A,
B, and C with three different particle sizes for each sample (total
nine samples) to evaluate the sorption characteristics of Zn. A 2 g
sample was placed in a 50 mL-polypropylene copolymer centrifuge
tube containing 40 mL of the Zn solution. Initial Zn concentrations
ranging from 5 to 434 mg/L at pH 5.7 were used. The tube was then
tumbled at 20 ± 3 ◦C for 4 h, which was found to be sufficient time to
reach equilibrium in the batch kinetic tests, using a rotation shaker
at 30 rpm. After tumbling, the pH of the suspension was measured
immediately using a pH meter. The suspension was filtered through
0.45 �m-filter paper, stored in a polyethylene bottle, and acidified
to pH < 2 with a nitric acid solution before the chemical analyses.
2.5. Column sorption tests

The column sorption tests were conducted on samples A, B, and
C with a particle size, ranging between 0.84 and 2.00 mm to deter-
mine the Zn sorption behavior of the samples under more realistic

f the elapsed time from the batch kinetic tests at the initial pH 2.0.
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Fig. 3. Zn (a), Na (b), and Ca (c) concentrations and pH (d) as a

ow-through conditions. The material was packed into a glass col-
mn, 2.4 cm in diameter and 10 cm in height, to simulate the dry
ensity under potential field conditions (i.e., 1.0 g/cm3). Glass fil-
er disks, 0.4 cm thick, were placed on the top and bottom of the

aterial to prevent clogging during permeation. A 800 mg/L of Zn
olution at pH 5.7 was used as the influent with a 2 L mass flask
sed as the influent reservoir.

To minimize material consolidation, the influent solution was
njected into the bottom of the column (i.e., upward flow) using a

etering pump (Model GG50/Q2, USA) at various flow rates. The
ffluent samples were collected at a given period during perme-
tion. The pH of the effluent samples was measured immediately
fter sampling using a pH meter. The effluent sample was then
ltered through 0.45 �m-filter paper, stored in a polyethylene bot-
le, and acidified to pH < 2 with a nitric acid solution prior to the
hemical analysis.

.6. Hydraulic conductivity tests

Hydraulic conductivity tests were conducted on samples A, B,
nd C with three different particle sizes for each sample (total nine

amples) to determine the effect of the particle size and montmo-
illonite content on the hydraulic conductivity of the sample.

A falling-head hydraulic conductivity test was conducted using a
igid-wall glass column, 2.4 cm in diameter and 20 cm in height. The
aterial was packed into the glass column to the desired dry den-
on of elapsed time from batch kinetic tests at the initial pH 4.0.

sity (1.0 g/cm3), as used in the column sorption test. The specimen
was then permeated with DI water with an average hydraulic gradi-
ent of 10. The tests were continued until the hydraulic conductivity
became steady and the inflow and outflow volumes were equal.

2.7. Chemical analyses

Inductivity Coupled Plasma–Atomic Emission Spectroscopy
(ICP–AES) was used to determine the elemental concentrations
(e.g., Zn, Na, and Ca) of filtered samples from the batch and col-
umn tests. The analyses were carried out at the National Center
for Inter-University Research Facilities, Seoul National University
in Korea.

3. Results and discussion

3.1. Zn removal efficiency

3.1.1. Effect of reaction time
A series of batch kinetic tests were conducted on samples A,

B, and C with particle sizes ranging from 0.84 to 2.00 mm using

100 mg/L (= 2.8 meq/L) Zn(NO3)2 solutions to determine the sorp-
tion kinetics and time to reach equilibrium for Zn at various initial
pHs (i.e., 2.0, 4.0, and 5.7). The acidic solutions (i.e., pH 2.0 and 4.0)
were used to mimic acid mine drainage conditions. Figs. 2–4 show
the results of the batch kinetic tests.
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The Zn concentration in the leachate decreased initially and
ecame stable after 2 h (i.e., equilibrium condition), regardless of
he initial pH and samples used. At the same time, the Na and Ca
oncentrations in the leachate increased and reached a plateau after
pproximately 2 h. This indicates that Zn2+ ions were exchanged for
a+ and Ca2+ ions. The slow rate of equilibrium is probably due to

he limited rate at which cations come in and out of the micropores
f zeolitic rock samples as suggested by Sprynskyy et al. [18].

Although the Ca2+ content was higher than the Na+ content on
he exchange sites of the samples (Table 1), the Na concentration
as higher than the Ca concentration in the leachate (Figs. 2–4).

or example, for sample B at pH 5.7, no Zn was found in the
eachate after 2 h. On the other hand, the Na concentration was
pproximately 3.0 meq/L, which is comparable to the initial Zn con-
entration (2.8 meq/L), and there was no Ca in the leachate (Fig. 4).
hese results were caused by the higher preference of Zn2+ ions to
a+ ions than Ca2+ ions on the exchange sites because divalent Zn2+

ons can easily exchange for monovalent Na+ ions [10,32].
The final solution pH also became stable after 2 h, regardless

f the initial pH and sample used. The final solution pH increased
lightly within 2 units after 2 h, indicating that the samples had
ome buffering capacity due to silicate dissolution. However, at

n initial pH of 5.7, the final solution pH increased to <7.0, indi-
ating no precipitation of Zn ions from the solution. These results
re comparable to those reported by Wingenfelder et al. [16], who
eported that natural zeolite can increase the solution pH by up to
units.
of elapsed time from the batch kinetic tests at the initial pH 5.7.

3.1.2. Effect of particle size
A series of batch sorption test were conducted on samples A, B,

and C with various particle sizes at intervals of 0.15–0.42, 0.42–0.84,
and 0.84–2.00 mm, respectively, using a 100 mg/L Zn(NO3)2 solu-
tion at pH 5.7. No significant change in the removal of Zn occurred
with increasing particle size at pH 5.7, regardless of the samples as
shown in Fig. 5. This suggests that the particle size of zeolites used
in this study had no significant effect on Zn removal from solu-
tion. These results are comparable to those of the specific surface
area measurement, which showed no significant change in the spe-
cific surface area with increasing particle size (Fig. 1). Some studies
reported that the particle size had a small or significant effect on
heavy metal removal depending on type of zeolite [16,17,33–35].

3.1.3. Effect of pH
A series of batch sorption tests were conducted on samples A,

B, and C with a particle size ranging from 0.84 to 2.00 mm using
a 100 mg/L Zn(NO3)2 solution at various initial pHs (i.e., 2.0, 4.0,
and 5.7). Fig. 6 shows the removal of Zn as a function of the initial
solution pH. The particle size in the interval of 0.84 and 2.00 mm
was only used in the tests because the particle size of the zeolite
used in this study was shown to have no significant effect on Zn

removal (Fig. 5).

In general, the removal of Zn increased with increasing initial
pH but there was almost no change in the Zn removal observed
at pH ≥ 4, regardless of the sample used, which are comparable to
results obtained at pH < 7 reported by Ören and Kaya [17]. Ören and
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linearly at lower equilibrium Zn concentrations (0–302 mg/L) and
became stable with increasing Ce. For sample B, Cs increased linearly
with increasing Ce to approximately 50 mg/L, and then became
stable at 6 mg/kg (= 18.1 meq/100 g), which represents the maxi-
mum sorption capacity. On the other hand, for samples A and C, Cs
Fig. 5. Zn removal as a function of the particle size (pH 5.7).

aya [17] showed that the effect of pH on Zn removal was insignif-
cant at pH between 4 and 7, whereas was significant at pH > 7.
his indicates that pH has no significant effect on Zn removal at
H between 4 and 7. The Zn removal decreased to approximately
0–60% with decreasing initial pH from 4.0 to 2.0. For sample
, 100% of the Zn was removed at an initial pH 4.0, which then
ecreased by 60% at an initial pH of 2.0. On the other hand, for
amples A and C, the Zn removal was approximately 70–80% at
n initial pH of 4.0, and decreased by 20% at an initial pH of 2.0.
he decrease in Zn removal with decreasing pH was attributed to
ompetition between H+ and Zn2+ ions for the exchange sites of the
eolite [17,36]. The H+ concentration increased with decreasing pH.
his suggests that zeolitic rocks cannot be used as reactive media to
emove Zn from groundwater contaminated by acid mine drainage
ith a low pH (<2.0). Wingenfelder et al. [16] also reported that Zn

emoval by natural zeolite decreased from 93.6% at pH 5.5 to 23.4%
t pH 2.2.

.1.4. Effect of initial concentration
A series of batch sorption tests were conducted on the samples

, B, and C with a particle size ranging from 0.84 and 2.00 mm using
arious initial Zn concentrations ranging from 5 to 434 mg/L at pH
.7. Fig. 7 shows Zn removal as a function of the initial Zn concentra-
ion and sorption isotherms from batch sorption tests. The sorbed
oncentration (Cs) was calculated using the following equation (Eq.
1)):

s = (Ce − Ci)Vs

Ms
(1)

where Ce is the equilibrium Zn concentration (mg/L), Ci is the
nitial Zn concentration (mg/L), Vs is the volume of the Zn solution
mL) and Ms is the mass of the sample (g).

In general, the removal efficiency of Zn decreased with increas-
ng initial Zn concentration for all samples (Fig. 7a), as shown in
rdem et al. [37]. The decrease in Zn removal with increasing ini-
ial Zn concentration suggests that the primary mechanism for Zn

emoval can be a cation exchange process, as shown in the batch
inetic tests. Favorable exchange sites for Zn2+ ions on the sam-
les decreased with increasing Zn concentration in the solutions
24,32].
Fig. 6. Zn removal as a function of the initial solution pH.

The isotherms showed generally a non-linear sorption behavior
of the zeolite samples for Zn (Fig. 7b). However, the Cs increased
Fig. 7. Zn removal as a function of the initial Zn concentration (a) and sorbed Zn
concentrations (Cs) as a function of equilibrium Zn concentrations (Ce) at an initial
solution pH 5.7 (Kp = partition coefficient).
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ncreased linearly with increasing Ce to approximately 200 mg/L,
nd then became stable at 3 mg/kg (= 9.1 meq/100 g), which repre-
ents the maximum sorption capacity.

The partition coefficients (Kp) were obtained from batch sorp-
ion tests at lower Zn equilibrium concentrations (0–200 mg/L).
ver the range of concentrations, the data obtained from the batch

orption tests fitted well to the linear model with a zero intercept.
he Kp was estimated using the following equation over the range
f concentrations used (Eq. (2));

p = Cs

Ce
(2)

he Kp for sample B (0.1087 L/g) was higher than those for samples
and C (0.0138 and 0.0148 L/g, respectively) (Fig. 7b). This suggests

hat sample B has a higher sorption capacity for Zn than the other
amples. The higher sorption capacity of sample B may be due to its
igher content of minerals involved in the sorption of Zn, including
linoptillonite, mordernite, and montmorillonite (Table 1).

.1.5. Effect of zeolitic rock properties
Fig. 8 shows the Zn removal as functions of the CEC and of zeolite

nd montmorillonite contents at various pH conditions. In gen-
ral, the Zn removal increased with increasing CEC and zeolite (i.e.,
linoptilonite and mordenite) and montmorillonite content. How-
ver, the effect of the CEC and zeolite and montmorillonite contents
n Zn removal was more significant at pH 2.0 than at pH 4.0 and
.7. At pH 2.0, the Zn removal increased from approximately 20 to

0% with increasing the CEC and zeolite and montmorillonite con-
ents from 125 to 178 meq/100 g and from 50 to 71%, respectively.
n the other hand, at pH 5.7, the Zn removal increased from 80

o 100% with increasing CEC and zeolite and montmorillonite con-
ents from 125 to 178 meq/100 g and from 30 to 65%, respectively.

ig. 8. Zn removal as a function of the CEC (a) and zeolites and montmorillonite
ontents (b).
Fig. 9. Relationships between the estimated maximum Zn sorption capacity from
the batch tests and measured CEC from the CEC tests (a) and Na+ content on the
exchange sites (b).

This suggests that zeolitic rock with higher zeolite content has a
stronger sorption capacity than that with lower zeolite content at
low pH.

There was a strong correlation between the CEC of the sam-
ple and the zeolite and montmorillonite contents (Table 1). The
CEC increased from 125 to 178 meq/100 g with increasing zeo-
lite and montmorillonite contents from 50 to 71%. The zeolites
and montmorillonite have negative charges that are balanced by
exchangeable cations due to the isomorphic substitution of Si4+

ions by Al3+ ions in the three-dimensional lattice of the minerals.
The exchangeable cations can be exchanged easily by other cations,
resulting in a higher CEC [11,16,32].

The estimated maximum Zn sorption capacities obtained from
the batch sorption tests were considerably lower than the mea-
sured CEC from the CEC tests, as shown in Fig. 9a. The estimated
maximum Zn sorption capacities for samples A, B, and C obtained
from the batch sorption tests were approximately 8.4, 18.0,
and 9.1 meq/100 g, respectively. On the other hand, the mea-
sured maximum Zn sorption capacities for samples A, B, and C
obtained from the CEC tests were approximately 142.8, 178.5, and
124.9 meq/100 g, respectively (Table 1). Fig. 9b shows the corre-
lation between the Na+ content on the exchange sites and the
estimated maximum sorption capacity of the samples. These results
may be caused by the different preferences of the zeolitic rock
samples for the different cations. Divalent cations (Zn2+) easily
exchange with monovalent cation (Na+) but there is less exchange

on the exchange sites of zeolites between Zn2+ with higher hydra-
tion energy and Ca2+ with lower hydration energy, as suggested by
Wingenfelder et al. [16] and Colella [38]. Zn2+ ion (−1955 kJ/mol)
has a higher hydration energy than Ca2+ ion (−1505 kJ/mol), which
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ig. 10. Zn (a), Na (b), Ca (c), and Mg (d) concentrations in the effluents from the co

s a primary exchangeable cation on the exchange sites of the sam-
les [39].

.1.6. Effect of flow rate
Column sorption tests were conducted on the samples A, B, and C

ith particle sizes ranging from 0.84 and 2.00 mm using a 800 mg/L
24.7 meq/L) Zn(NO3)2 solution with pH 5.7 at various flow rates
o determine the sorption behavior of the samples under more
ealistic flow-through conditions. The dry density of the specimen
1.0 g/cm3) used in the column tests was consistent with that of the
pecimen used in the hydraulic conductivity tests.

Fig. 10 summarizes the results of the column tests conducted at
he flow rate of 1.0 mL/min. The Na, Ca, and Mg (desorbing cations)
oncentrations decreased gradually with increasing Zn (sorbing
ation) concentration in the effluent solution, regardless of sam-
les used. These results suggest that the exchange of Zn2+ ions for
a+, Ca2+, and Mg2+ ions on the exchange sites occurred gradually
uring the permeation process. Although the primary exchange-
ble cation on the exchange sites of the samples was Ca2+ ion, as
hown in Table 1, the mass of eluted Na+ ion on the exchange sites
as greater than the other cations (i.e., Ca2+ and Mg2+), indicating

hat Zn2+ ions exchange more easily with Na+ ions than Ca2+ and

g2+ ions. These results are comparable to those obtained from

he batch kinetic tests, as shown in Figs. 2–5. Zn2+ ion has a higher
eplacing capacity for Na+ ion, but a lower replacing capacity for
a2+ and Mg2+ because Na+ is a monovalent cation, and Ca2+ and
g2+ have lower hydration energies than Zn2+ [16,38].
tests using an 800 mg/L (24.7 meq/L) Zn solution at a flow rate of 1.0 mL/min.

Earlier breakthrough (i.e., almost complete exchange) of the Zn
(sorbing cation) occurred from the test with sample B than with
samples A and C. For sample B, the breakthrough of Zn occurred
after approximately 150 PVF, whereas breakthrough for samples
A and C occurred after approximately 80 and 60 PVF, respectively.
These results are comparable to those obtained from the batch sorp-
tion tests in that the removal of Zn with sample B was higher than
those with the other samples at a given initial Zn concentration
(Fig. 7). These results were attributed to the higher availability of
sorption sites on sample B, which depends on the CEC and Na+ con-
tent on the exchange sites. Therefore, breakthrough of Zn occurs
more slowly as the availability of sorption sites increases, and the
tailing in the elution curves (Na, Ca, and Mg) becomes more signif-
icant. The tailing in the elution curves may be caused by slow rate
at which cations come in and out of the micropores of zeolitic rock
samples.

The Zn, Na, Ca, and Mg concentrations in the effluent solutions
from the column tests conducted on sample B with a particle size
ranging from 0.84 to 2.00 mm at various flow rates (i.e., 1.0, 2.0,
and 4.0 mL/min) were measured as a function of the PVF, as shown
in Fig. 11. Increasing the flow rate caused the earlier breakthrough
of Zn and a more rapid reduction in the effluent concentrations
of Na, Ca, and Mg because Zn was delivered to the exchange sites

more rapidly. For the test at a flow rate of 4.0 mL/min, complete
breakthrough of Zn occurred after approximately 70 PVF had been
passed through the specimen, whereas at a flow rate of 1.0 mL/min,
the breakthrough of Zn occurred after approximately 120 PVF had
passed through the specimen.
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the column tests using an 800 mg/L (24.7 meq/L) Zn solution at various flow rates.
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Fig. 11. Zn (a), Na (b), Ca (c), and Mg (d) concentrations in the effluents from

.2. Hydraulic conductivity

Hydraulic conductivity tests were conducted on samples A, B,
nd C with three different particle sizes for each sample (total nine
amples) to determine the effect of the particle size and montmo-
illonite content on the hydraulic conductivity of the sample. The
ry density of all samples was 1.0 g/cm3. Fig. 12 shows the results
f the hydraulic conductivity tests.

In general, the hydraulic conductivity decreased by approxi-
ately two orders of magnitude (i.e., from ∼10−3 to ∼10−5 cm/s)
hen the particle size decreased from 0.84–2.00 to 0.15–0.42 mm,

egardless of the samples used. For example, the hydraulic con-
uctivity of sample A decreased from 9.0 × 10−3 to 9.3 × 10−6 cm/s
ith decreasing the particle size from 0.84–2.00 to 0.15–0.42 mm.
owever, the hydraulic conductivity was insensitive to the type of
aterial, indicating that montmorillonite had no significant effect

n the hydraulic conductivity of the sample. The highest hydraulic
onductivity was obtained from samples B, A and C at particle sizes
f 0.84–2.00, 0.42–0.84, and 0.15–0.42 mm, respectively.

The difference in hydraulic conductivity for the samples was
argest at the intermediate particle size (0.42–0.84 mm). At the
arge particle size (0.84–2.00 mm), almost the same hydraulic
onductivity was obtained regardless of the sample. At the inter-

ediate particle size (0.42–0.84 mm), the hydraulic conductivity

f sample A (3.4 × 10−4 cm/s) was approximately three orders of
agnitude lower than that of sample B (1.1 × 10−6 cm/s). The type

f material apparently affects the hydraulic conductivity at the
ntermediate particle size (0.42–0.84 mm), but is insignificant at Fig. 12. Hydraulic conductivities as a function of the particle sizes.
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ow (0.15–0.42 mm) or high (0.42–2.00 mm) particle sizes. How-
ver, the difference in hydraulic conductivity may not be caused
y the presence of montmorillonite but may be caused by the non-
niform particle size. Sample C contained only montmorillonite but
ample B had the lowest hydraulic conductivity of all samples at
he particle sizes of 0.15–0.42 and 0.42–0.84 mm. The insensitiv-
ty of the hydraulic conductivity to the montmorillonite content

ay be because the primary exchangeable cation of the mont-
orillonite is a divalent cation (Ca2+) resulting in less swelling of

he montmorillonite. Particles of the sample B at the particle size
anged between 0.42 and 0.84 mm may have more various sizes
han those of the other samples, resulting in the lowest hydraulic
onductivity.

. Conclusions

The equilibrium to achieve the maximum sorption from the
atch kinetic tests was reached within approximately 2 h, regard-

ess of the initial pH and samples used. The final solution pH
ncreased by 2 units after 2 h (i.e., less than 7.0), indicating no pre-
ipitation of Zn ions in the solution.

The particle size had no significant effect on the Zn removal
or the zeolites used in this study. However, sample B had the
ighest removal capacity, which was attributed to its higher CEC,
igher specific surface area, higher initial Na+ content on the
xchange sites, and higher zeolite (i.e., clinoptilolnite and mor-
enite) and montmorillonite contents. In general, the Zn removal

ncreased with increasing initial solution pH, with almost complete
n removal (∼100%) at pH ≥ 4, regardless of the samples used. On
he other hand, the Zn removal decreased to approximately 20% at
n initial pH 2.0.

The results from the column tests were comparable to those
rom the batch tests. The earlier breakthrough of Zn occurred from
he test with sample B than with samples A and C. In addition,
ncreasing the flow rate caused an earlier breakthrough of Zn and
more rapid decrease in the effluent concentration of Na, Ca, and
g due to the rapid delivery of Zn to the exchange sites.
The hydraulic conductivity of the medium in PRB needs to be

t least that of the aquifer. Zeolitic rock needs to be selected with
comparable hydraulic conductivity to that of the aquifer mate-

ials in which the PRB is to be installed. In addition, the medium
hould have strong reactivity. The hydraulic conductivity of the
amples varied according to the particle sizes but Zn removal was
ot affected by the particle size. Therefore, sample B with the parti-
le size ranged between 0.84 and 2.00 mm is suitable for permeable
quifers with a hydraulic conductivity of 10−3 cm/s because it has
he highest Zn sorption capacity of the samples tested. On the
ther hand, sample B with the particle size <0.42–0.84 mm is suit-
ble for aquifers with hydraulic conductivity ranging from 10−5 to
0−6 cm/s.
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