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Abstract
Influence of Zeolite Amendment on Unsaturated
Zone Transport of Zn in Industrial Area using
Column Test
Roh, Won-Jin
Department of Civil and Environmental Engineering
The Graduate School
Seoul National University
The subsurface of industrial area is found to be contaminated by heavy
metals in Korea such as Zn, Pb, Cd, etc. Especially, Zn is spread through the
groundwater when it is reached groundwater table. Therefore, it is important
whether Zn is reached the groundwater table through unsaturated zone. This
study was focused to understand Zn transport in unsaturated zone and to limit
Zn transport by adsorption. The unsaturated column test which was set in this
study under rainfall simulation was performed to investigate the transport of Zn
depending on sorption capacity of soils beneath the industrial area.
The column was individually composed of two different kinds of soil
media; weathered soil which is usually used as fill materials for industrial area
construction, and zeolite-amended weathered soil as adsorptive fill materials.
The flow rate of simulated rainfall was 60mm/hr. Zn solution was used to
i

simulate the contamination source. The simulation time for weathered soil was
varied 1, 8, 23, 48 hours which is based on the volume of effluents and the
simulation time for zeolite amended soil was varied 1, 40, 60, 93 hours. The
effluents were collected every 30minutes and the concentration of each sample
was measured. Aqua regia extraction was conducted on soil samples from
different depth in the column after the end of each simulation time to assess the
concentration profile by depth.
The Zn concentration of soil in column shows decreasing tendency by
depth. The breakthrough point (50% of initial concentration) of weathered soil
and zeolite-amended weathered soil was about 8 hours and 40 hours
respectively which indicates the Zn transport was retarded more than 5 times
by zeolite amendment. Zn amount flowing out was also decreased by zeolite
amendment. Zeolite-amended weathered soil has high retention capacity with
25% of zeolite in the column test. Therefore, the potential of groundwater
contamination and contamination spreading will be gone down by zeolite
substitution

Keywords: Transport, Zinc(Zn), Sorption criteria, Zeolite-sand mixture,
Unsaturated column test, Rainfall, Industrial complex
Student Number: 2014-22700
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Chapter 1 Introduction
1.1 Background
A tremendous amount of various chemicals and hazardous
materials has been used and stored in the industrial area. In recent years, soil
and groundwater contaminations have been frequently found in industrial
areas (Table 1.1), especially heavy metal become huge problem in industrial
areas. Zn was focused on this study. Zn is usually detected with high
concentration condition and cause various harmful effects. The transport of
Zn is needed to be understood to control and manage the soil and
groundwater properly. However, the transport of Zn in weathered soil, which
is usually used as fill materials for industrial area construction, is rarely
studied at all. So, in this study the transport of Zn in weathered soil was
investigated. Moreover, the transport of Zn in adsorptive fill materials was
also investigated assuming that the subsurface ground is constructed by the
adsorptive fill materials. The term of adsorptive fill materials means the fill
materials which have larger sorption capacity than weathered soil.

Many researches about zeolite by its high adsorption capacity for
Zn retention and removal have been studied before. In order to enhance
1

contaminant containment by enhanced sorption process, amendment of soilbentonite with zeolite has been proposed (Hong et al., 2011). This is because
of relatively high sorption capacity of zeolite for heavy metals (Turan and
Ergun, 2009, J. Perić et al, 2004). So, in this study the weathered soil
amended with zeolite was used as an adsorptive fill material.

Therefore, the present study is focused on the comparison between
weathered soil and zeolite-amended weathered soil in the view of adsorption
capacity with column experiments. Unsaturated column was used to simulate
the transport of Zn in industrial area since the range of contamination by
heavy metals is usually within the unsaturated zone. From the result of this
study, Zn pollution spread will be affected by the zeolite amendment.
Influence of zeolite amendment will be analyzed according to the degree of
retardation.
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Table 1.1 Detailed soil environmental assessment about industrial area,
2004-2010 (Ministry of Environment, 2015)
Years

Industrial Area

Soil contamination.
Num

Contaminant

2004

Banwol

7

TPH, BTEX

2005

Onsan

92

Zn, Cu, Cd, Pb, As Ni, TPH

2006

Changwon

36

Cu, Zn, Ni, TPH

Yeosu

26

Zn, As, Pb, Ni, TPH, BTEX

Ulsan mipo

59

Cr6+, F, Ni, As, Zn, TPH, BTEX

Sihwa

30

Cu, Zn, Ni, TPH, BTEX

Cheongju

2

Ni, TPH

Iksan

4

BTEX

Bupyeng, Juan

39

Cu, TPH

Jinju Sangpyeong

5

Zn

Seongseo

47

Ni, Zn, TPH, BTEX

Seo-daegu

40

Ni, Zn, TPH, BTEX

Yangsan

45

Zn, TPH, BTEX

Dalseong

36

Zn, TPH, BTEX

Jeonju

13

Zn, TPH

Gumi

26

As, TPH, PCE

Hanam

41

Pb, TPH, BTEX, PCE

Namdong

13

As, F, TPH, TCE

Daegu

42

TPH

Pohang

78

Zn, Ni, TPH, BTEX

2007

2008

2009

2010

Total

672

3

1.2 Research concept

This study assumed heavy metal transports. Heavy metals moved
like a Figure 1.1 in industrial area. Especially, Zn is dissolved by rainfall and
moves with water into unsaturated zone. Zn will be reached groundwater
table through the unsaturated zone. Generally, solid Zn particles which is
placed on the ground cause heavy metal contamination not the Zn solution.
The solid Zn particles are easily dissolved by rainfall and Zn particles are
changed into Zn ion. At that time, infiltration rate of Zn ion into ground
increases and the potential of groundwater contamination also increases.
Therefore, this study assumed basic Zn transport in unsaturated zone with
Figure 1.1 when rainfall events happen.

In this study, adsorption was especially used to retard Zn transport
and limit Zn spreading by groundwater in the unsaturated zone under
industrial area. To improve adsorption capacity in the soil, soil amendment
was applied to the soil with mixing adsorption material. This mixture was
evaluated about Zn transport effects by column experiment. Zeolite was
chosen as adsorption material for mixing with weathered soil. It is well

4

understood that zeolite has relatively high adsorption capacity for heavy
metals. Zeolite adsorption capacity and efficiency for metals will mention at
chapter 2.
In this study, several assumption was used to normalize and
simplify the experiment. Zn horizontal spreading and vertical spreading were
accelerated by contacting with groundwater in unsaturated zone.
Additionally, the contaminants were assumed to be released from the surface
and transport only during the raining events. Advection was standard flow
mechanism in this experiments. Dispersion and diffusion were negligible
because advection effects were bigger than dispersion effects in the water
flow in the soil. Therefore, this study was oriented toward reaching the
groundwater table of Zn ion as critical factor for contamination spreading.
Experiments in the study were only focused on the 1-D flow with 1-D
column.

5

Figure 1.1 Research concept
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1.3 Objectives
Main purpose of this study is to develop adsorptive banking
material for industrial area. This material can retard Zn transport with
adsorptive ability. For this objectives, this study performed experiment with
2 specific purposes. First purpose of this study is investigation of the
transport of Zn in unsaturated column composed of weathered soil and
zeolite amended soil. To develop new material, understanding transport of
target contaminant is important. Especially, it happens on unsaturated
condition. This condition is rarely studied in geo-environmental parts. So,
understanding transport of Zn was necessary for this study.
Second purpose of this study is comparison about the transport of
Zn between different sorption capacity. For this purpose, this study was
performed 2 filling material and extraction experiments. Effects of
adsorptive material for retarding Zn were already studied by previous study,
but this condition was unsaturated condition and this application was special
use for contamination preventing and handling method. Therefore, it is
needed that this material application, the potential of use and efficiency were
confirmed for unsaturated condition. This confirmation will help to make
additional application and alternative material production.

7

Chapter 2 Literature Review
2.1 Previous research

Before starting this study, this study was motivated by several
previous research about zeolite amendment material development and
column experiment research. 3 researches focused on similar subject and
material were selected in this literature reviews and reviewed in this part.
The literature review was conducted to refer experiment methods and
potential of zeolite application in this study. In addition, this literature
review was considered to study method for increasing adsorption capacity of
soil. Generally, the study about saturated zone was primarily investigated in
geo-environmental field rather than that about unsaturated zone. This is
because transport in unsaturated zone was too complicated by changing
permeability, air bubble and etc. In addition, soil and zeolite material mixing
usually wasn’t used in unsaturated zone. The literature review was partially
limited by insufficient information.

8

2.1.1 Zn removal efficiency of zeolite

Many kinds of researches mentioned that zeolite was very useful
adsorptive material for heavy metal because of low cost and high pollutant
removal efficiency (J. Perić et al., 2004; Hong et al., 2011; Turan and Ergun,
2009; Oren et al., 2011). In Perić’s research, zeolite adsorption efficiency for
heavy metal was high value in batch test. At 2mmol/l concentration used in
this experiments, 70% of the efficiency was generated by zeolite. If
contaminant wasn’t high value, zeolite especially was so cost-effective for
heavy metal. The sorption on zeolite particles is a complex process because
of their porous structure, inner and outer surface adsorption etc. (J. Perić et
al., 2004) Adsorption efficiency of zeolite was superior by those various
adsorption process.

Figure 2.1 The removal
efficiency of Zn. Cu and Pb
ions in dependence on their
C0 (J. Perić et al, 2004)
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2.1.2 Zeolite amended soil and column experiments

Experiments for this study were focused on the column experiment
for heavy metal, so literature review also was oriented toward column
experiments. Especially, Joanna’s research mentioned adsorptive soil
amendment for PRB and confirmed the zeolite mixing efficiency for some
heavy metal. In this research, ion transport in the zeolite amended soil was
affected when zeolite content was increased 20% to 50%. Retardation factor
in Cu2+ and NH4+ which can indicate transport relative velocity in saturated
zone was 2 times decreased as zeolite content was changed from 20% to 50%
(Fronczyk Joanna et al., 2013). Joanna’s research seems to be similar to our
study, but the research was conducted on saturated condition due to purpose
of PRB which was installed in saturated zone.

Figure 2.2 NH4+, Cu2+ breakthrough curves (Fronczyk Joanna et al.,
2013)
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Table 2.1 Sorption parameters of the zeolite-amended soil (Fronczyk Joanna
et al. 2013)
Column

PVF

VR

R

ZS50 Cl-

1.43

1

1

ZS50 NH4+

86.30

2.62×10-7

70.95

ZS50 Cu2+

86.30

5.37×10-7

34.58

ZS20 Cl-

1.73

1

1

ZS20 NH4+

79.90

4.41×10-7

37.79

2+

79.90

9.64×10-7

17.28

ZS20 Cu

2.1.3 Unsaturated column experiments

Generally, research about column experiment was oriented toward
saturated condition due to uncertain variables of unsaturated condition.
Plassard’s research which tried to confirm the distribution of Cd, Pb and Zn
in soil with high carbonate content was considered unsaturated condition
with column and batch test. The results of this research was figure 2.3 and
2.4. The soil was gradually saturated, Pb being clearly better retained than
Cd and Zn. Furthermore, most of heavy metals was found in the topsoil
(Frédéric Plassard et al, 2000).
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Figure 2.3 Unsaturated column effluent profiles of Cd, Pb and Zn
(Frédéric Plassard et al, 2000)

Figure 2.4 Speciation after column experiment: amount of metal at
different depths (Frédéric Plassard et al, 2000)
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2.2 Consideration on the research
Already mentioned before, researches about unsaturated condition
and artificial mixing soil were limitedly studied in the geo-environmental
field. In addition, comparison between non-reactive material and reactive
material wasn’t focused on the previous study. Therefore, this study
considered those two condition (unsaturated condition and artificial mixing
soil) for developing the filling material under industrial area. Especially,
comparison between weathered soil and zeolite amended soil was the chief
aim of this study.
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Chapter 3 Experimental Material & Method
3.1 Soil and solution
3.1.1 Weathered soil and zeolite

Gwanak weathered granite which was taken at depths of 5-30cm
below the surface. was used as the weathered soil. For adsorptive material,
25% of natural zeolite and 75% of weathered soil was mixed in gravimetric
ratio. Zeolite was produced in Pohang. The particle size distribution of
zeolite mixture was intentionally adjusted to be similar to that of weathered
soil. The particle size distribution curves of weathered soil and zeolite
mixture are shown in Figure 3.1. All soil sample were sieved #10 for column
preparation and <2cm fraction was used for the columns. The column was
compacted to a dry density of 1.6g/cm3 which is 85% of the maximum dry
density because of experiment problem. Basic geotechnical properties are
shown in table 3.1.
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Table 3.1 Properties of weathered soil and zeolite
Property

Weathered soil

Zeolite

Initial degree of saturation

30%

27%

Specific gravity

2.61

2.34

Maximum dry density

1.86 g/cm3

1.71 g/cm3

Initial void ratio

0.80

0.76

Optimum water contents

13.1%

25.38%

Initial water contents

8.5%

8.5%

CEC(cation exchange capacity)

10-15 (meq/100g)

70-100 (meq/100g)

Specific surface area

3.9 (m2/g)

40 (m2/g)

Unified soil classification system

SM

-

Figure 3.1 Particle size distribution of soil and 25% zeolite mixed soil
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3.1.2 Solution

Simulated rain solution was made using 150mg/l of Zn solution and
transferred by peristaltic pump. The concentration of solution was higher
than that found under natural conditions because rapid responses derived in
columns. The simulated rainfall was dropped at the end of the flexible tube
upon the column. The rainfall precipitation was assumed 60mm/hr
(equivalent to 0.11ml/min for the column) which is the maximum value in
Seoul from 2011 to 2015 (Korea Meteorological Administration). Additional
reasons of flow rate were pump flow limit and column size. This study used
small diameter column (11mm) so small equivalent flow rate was set up in
column test, but pump flow limit was just 0.10ml/min for the minimum size
tube.

Figure 3.2 Peristaltic pump and solution
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3.2 Experimental apparatus and size

A column with 11mm of diameter and 120mm of height was
manufactured by glass. The upper end was opened to allow the simulated
rainfall infiltrating. Part of rainfall ran off due to the insufficient hydraulic
conductivity of soil samples to permeate the whole rainfall. The rainfall run
off was collected separately and the amount was measured regularly. The
lower end was closed by perforated cap and a porous stone was directly
above the hole to prevent loss of samples. A sampling bottle was placed
below the lower hole of column to collect effluents. Effluents were collected
by fraction collector every half-hour and flow rate of effluent was also
measured regularly. A schematic diagram of test column is shown in Figure
3.3

3.3 Experimental process

This experiment was composed of 2 parts of experiment. First part
was column experiments with weathered soil and zeolite-amended soil. Each
experiments were conducted with 4 different experiment end time for 1 case.
For 1 case, 4 experiments were composed of same properties and flow

17

condition except experiment end time. The reason why same experiments
repeated in the study with different end time was real time measures of the
Zn concentration in the soil column. For measuring Zn concentration in the
soil, the experiment must be stopped at certain time. Therefore, Zn
concentration change depend on time was able to confirm with those 4
experiments results for 1 case of filling soil material. This study was
performed 2 case of column filling material, so the number of total
experiments was 8.
After finishing each column experiments, second part of extraction
experiments was proceeded with soil samples which were used for each
column experiments because of measuring concentration by depths. The soil
was gathered from each column with 5 sections (0-2cm, 2-4cm, 4-6cm, 68cm, 8-11cm by depth). The soil samples were dried at room temperature for
1 day. Every soil samples were extracted by modified aqua regia extraction
method (Korean Standard Method for Soil Contamination Measurement).
All aqueous samples were measured by AAS.

18

Figure 3.3 Experiments apparatus

Figure 3.4 Experiments setup diagram
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3.4 Experimental scenario
In this chapter, the soil materials filled with the column was
weathered soil and zeolite-amended weathered soil. Soil and zeolite ratio
was used only 25% zeolite contents. Each case experiment had different end
time base on the effluent concentration (Cf/C0). In case of weathered soil, the
end times of experiments were varied from 1, 8, 23, and 48 hours to assess
the contaminant profile of soil in column during the transport. In case of
zeolite-amended weathered soil, the end times were 1,40,62, and 93 hours.

Table 3.2 Effluent amount, concentration, and proportion of the materials
tested
Case

Test Name

Cf**/C0***

Accumulated

End time

Soil and zeolite ratio

at end time

effluent amount

(hour)

(Zeolite : Soil)

(pvf*)
Case1

Case2

1WE

0

0

1

0:100

2WE

0.7

8

8

0:100

3WE

0.95

23

23

0:100

4WE

0.98

48

48

0:100

1WZ

0

0

1

25:75

2WZ

0.6

40

40

25:75

3WZ

0.9

62

62

25:75

4WZ

0.95

100

93

25:75

* pvf: pore volume of flow, **C f: Concentration of effluent, ***C0: Initial concentration
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Chapter 4 Experimental Results and Discussion
4.1 Introduction

Figure 4.1 PVF-Time relationship

Experiments were prepared and performed with experiment process
based on the chapter 3. In this chapter, experiment results were reported
separately with effluent concentration from break-through graph and soil
distribution concentration from extraction.

21

Before reporting the results, it needs to be define the end time of
experiments. This experiments were performed in unsaturated condition and
run-off occurred in this experiments. So flow rate of inflow and outflow
were different. In addition, this experiment had too complicated flow pattern.

The flow rate of effluent in unsaturated column test was not constant
during all simulation time contrary to the saturated column test.
Therefore, saturated column time definition, which time is equivalent to
effluent volume (pvf) cannot be used in this case. It needs to be define end
time and x axis with new relationship by Figure 4.1. As comparing time and
pvf, each experiments has one-to- one except 4WZ. From now on, time
definition was used the saturated column time definition in the most of
experiments. 4WZ experiment was used conversion outflow time for
convenient of results analysis, not the real outflow time.
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4.2 Transport of Zn in weathered soil

In this chapter, Zn transport in weathered soil was investigated
through 4 experiments (1WE, 2WE, 3WE, 4WE). effluent concentration and
soil concentration were measured and independently compared with
relationship between time and C/C0.

4.2.1 Zn break-through curves of weathered soil

Zn effluent concentration was analyzed through break-through
curve. In figure 4.2, the soil was gradually saturated by Zn. At 8pvf, effluent
concentration was about 0.5 C0. At 4-12pvf, the gradient of graphs (figure
4.2) was 0.1. After 20pvf, 90% break-through in Zn effluent concentration
was generated and the gradient of graphs became nearly 0. It means
adsorption reaction by weathered soil was decreased at that moment.
Therefore, filling material lost contaminant control capacity after 20pvf.

23

Figure 4.2 Zn break-through curves of weathered soil column

with different end time
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4.2.2 Zn distribution of weathered soil

Figure 4.3 showed the results of soil extraction concentration at
experiment end time. The Zn concentration of soil in column showed
decreasing tendency by depth. Zn distribution shape was similarly
maintained in figure 4.3 during all experiments time although Zn
concentration was generally increased through time. The soil concentration
in 0-2cm was 25%-45% higher concentration than that of 2-11cm. The soil
concentration in 2-11cm almost appeared constant value at all experiments.
Zn was concentrated in the first few centimeters of the soil.

Figure 4.3 Zn distribution of weathered soil column by depth
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Table 4.1 Zn distribution of weathered soil column by depth (specific values)
Depth (cm)

1WE

2WE

3WE

4WE

0-2

232.5

493.2

749.4

884.3

2-4

87.5

374.1

471.8

583.3

4-6

70.1

334.9

437.1

630.0

6-8

75.0

315.1

412.8

485.3

8-11

63.4

298.2

400.6

525.0

62.5

Natural State

After 20h passed (0.9 C0), additional adsorption occurred (Figure
4.4). If the soil was gradually saturated, figure 4.4 would be converged in a
certain point. This soil would be converged in 800 mg/kg in calculation, but
Zn concentration had been increased in the soil after 20h passed. This is
because additional adsorption sites were revealed in the surface and interface
of soil by unsaturated flow or existence of overlap adsorption site.

Figure 4.4 Zn concentration of weathered soil column in topsoil
26

4.3 Transport of Zn in zeolite amended soil

In this chapter, Zn transport in zeolite amend soil was investigated
through 4 experiments (1WZ, 2WZ, 3WZ, 4WZ). effluent concentration and
soil concentration were measured and independently compared with
relationship between time and C/C0. Zeolite content was used only 25% as
we mention before.

4.3.1 Zn break-through curves of zeolite amended soil

The break-through curve of zeolite amended soil showed similar
shape with the break-through curve of weathered soil. At 40pvf, 50 % breakthrough was generated in Zn effluent. At 20-50pvf, the most rapid gradient
in figure 4.5 appeared about 0.03. As comparing case1 with case2 about the
most rapid gradient, the gradient of case2 was 3.3 times smaller than that of
case1. After 60pvf (0.9 C0), The gradient of graphs (Figure 4.5) became
nearly 0. But, concentration fluctuation occurred about 10%. This tendency
wasn’t appeared in case1 results. In this tendency was considerable as point
of view about sorption energy.
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Figure 4.5 Zn break-through curves of zeolite amended soil column
with different end time

4.3.2 Zn distribution of zeolite amended soil

Figure 4.6 showed Zn distribution of zeolite amended soil and this
graph didn’t evince similar shape with the graph of case 1. The Zn
concentration of soil in column showed linearly decreasing tendency by
depth. Total Zn concentration was high values because inflow time in case
2 was longer than that in case1.
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Figure 4.6 Zn distribution of zeolite amended soil column by depth

Table 4.2 Zn distribution of zeolite amended soil column by depth
(specific values)
Depth (cm)

1WZ

2WZ

3WZ

4WZ

0-2

291.57

2036.53

2514.40

2684.27

2-4

53.20

1861.07

2245.60

2441.60

4-6

47.04

1716.03

2081.33

2353.87

6-8

38.08

1329.25

2098.13

2232.53

8-11

38.27

1048.32

1820.93

2150.40

39.01

Natural State
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After 62hour passed (0.9 C0), additional adsorption also occurred in
zeolite amended soil (Figure 4.6). However, this additional adsorption in
case 2 wasn’t similar to that in case 1. The additional adsorption in case 2
made some concentration fluctuation of effluent (Figure 4.5). It could be
understood by adsorption energy. High additional adsorption energy in case
2 caused effluent concentration change. In case 1, the additional adsorption
wasn’t able to change effluent concentration after 90% break-through passed
due to low adsorption energy.

Figure 4.7 Zn concentration of zeolite amended soil column in topsoil
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4.4 Comparison of Zn transport between weathered soil
and zeolite –amended soil
Chapter 4.2 and 4.3 showed Zn distribution of each soil material. In
this chapter, Zn distribution between weathered soil and zeolite amended soil
was compared as view of adsorption capacity change. Effluent concentration
and soil extraction concentration were used to compare two cases.

4.4.1 Zn break-through curves between weathered soil and zeolite
amended soil

Firstly, effluent concentration comparison showed in figure 4.8.
When 2 filling material case experiments were compared in figure 4.8, 2
experiments (3WE and 3WZ) which were representative experiments for
each filling material were chosen (Figure 4.8). This 2 experiments were
indicated the 90% break-through point in time for each case. From figure 4.8,
effluent concentration change rate was able to compare case 1 with case 2 by
soil adsorption capacity. The most rapid gradient in 3WE was 3.3 times
greater than that in 3WZ. When 2 experiments were compared by total time,
the relative velocity of Zn in 3WE is 5 times greater than the rate of Zn in
3WZ. Adsorption effect caused Zn retention when zeolite was added in the
soil.
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Figure 4.8 Comparison of Zn break-through curves between weathered soil and zeolite-amended weathered
soil

32

4.4.2 Zn distribution between weathered soil and zeolite amended
soil

Figure 4.9 showed the soil concentration in early stage. At the time
of the first effluent came out (1 hour), 2-11 cm soil samples were not
contaminated yet by Zn while 0-2cm soil samples were contaminated with
200mg/kg of Zn in both case. In other words, zeolite effect wasn’t critical to
increase adsorption early stage. This is because inflow Zn amount for 1hour
was enough to be saturated by topsoil.

Figure 4.9 Zn distribution by depth after 1 hour
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Figure 4.10 showed break-through curves of 4WE and 2WZ for
comparing effluent concentration at similar end time about 40 hours. At 40
hours passed, effluent concentration of 4WE (weathered soil) was equal to
initial concentration. However, effluent concentration of 2WZ (zeolite
amended soil) was 2times smaller than initial concentration. When Zn was
flowed out through the column, Zn concentration in zeolite amended soil
was lower than that in weathered soil at the same end time. In figure 4.11,
soil concentration in zeolite amended soil also was higher at 40 hours.

Figure 4.10 Comparison of Zn break-through curves between 4WE
and 2WZ after 40 hour
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Figure 4.11 Zn distribution by depth after 40 hours

When the comparison of 4WE and 2WZ was considered as the
concept of mass, the result of Zn amount rate was table 4.3. Before zeolite
amended in the soil (4WE), 80.5% Zn amount was flowed out through the
column. However, 11.7% Zn amount was flowed out through the column
after adding 25% of zeolite amount (2WZ). Inflow Zn amount into
groundwater will be decreased by adding zeolite into soil. Therefore, the
potential of groundwater contamination and contamination spreading will be
gone down by zeolite substitution.
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Table 4.3 Zn amount in effluent and soil
Zn amount in Effluent

Zn amount in Soil

/ Inflowing Zn amount

/ Inflowing Zn amount

4WE

80.50%

19.50%

2WZ

11.72%

88.28%
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Chapter 5 Conclusions

Analyzing the transport of Zn in unsaturated zone is necessary to
prevent soil and groundwater contamination in industrial area. This study
was focused on the Zn transport with adsorption comparison of unsaturated
zone which was rarely considered in previous research.
The results of study were Zn transport in weathered soil and
zeolite amended soil. In early time of experiments, the Zn concentration
wasn’t detected in effluent of both soil. After a few time passed, the Zn
concentration of effluent was increased. It was slowly generated in zeolite
amended soil. The Zn concentration of weathered soil and zeolite amended
soil column shows decreasing tendency by depth. The Zn concentration in
zeolite amended soil was much higher than that in weathered soil because of
zeolite adsorption and more long time inflow of Zn contaminants.
When adsorption capacity was increased through zeolite
amendment, effluent concentration was reduced and soil concentration on
the column was increased by retardation. In addition, the relative transport
velocity of Zn in the weathered soil was 5 times greater than in the zeoliteamended weathered soil. From the result of this study, Zn contamination
spreading will be affected by the zeolite amendment. Influence of zeolite
amendment will be analyzed according to the degree of retardation.
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초 록

산업단지의

지중내

다양한

중금속이

발견되고

있으며

이러한 중금속은 지중 오염의 가장 큰 원인으로 지목되고 있다.
특히

중금속이

불포화대를

거쳐

지하수대에

도달하게

된다면

지하수 오염으로 인해서 주변까지 오염이 확산되는 경향을 보인다.
따라서 지하수대에 중금속이 도달하는지 파악하는 것이 중요하며,
지하수대 도달을 방지하는 것이 반드시 필요하다. 본 논문에서는
이러한

중금속

중에서도

아연에

집중하였으며,

불포화대에서의

아연의 거동을 파악하였다. 그리고 이에 더해서 아연의 거동을 제한
할 수 있는 방법을 흡착을 이용하여서 적용해보았다. 특히 불포화대
컬럼 실험을 통해서 우수 모사 및 산업단지 내 지중 불포화대
모사를 하였으며, 흡착능의 변화를 중점으로 실험 구성 및 결과
분석을 수행하였다.
컬럼은 총 2가지의 다른 흙으로 구성하였으며, 산업단지
내의

불포화대에

적용하기

위한

흙으로

일반

풍화토와

25%

제올라이트 혼합토를 사용하였다. 우수 모사를 위한 유량은 시간당
60mm로 설정하였으며, 아연 용액을 오염원으로 사용하였다. 일반
풍화토 실험 모사 시간은 1, 8, 23, 48 시간을 유출된 용액의 양을
기준으로 설정하였으며, 제올라이트 혼합토의 경우에는 1, 40, 60, 93
시간으로 설정하였다. 유출된 용액은 매 30분마다 수집, 측정되었다.
그리고 끝난 실험의 컬럼 내 흙은 따로 깊이 별로 수집하여 왕수
추출을 실행하였다. 각 깊이 별 아연 농도를 파악하여 모사 시간에
따른 깊이 별 아연 분포를 확인하였다.
컬럼의 아연의 농도는 깊이가 깊어질수록 더 많이 감소하는
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경향을 풍화토와 제올라이트 혼합토에서 모두 보였다. 풍화토의
초기 농도의 50% 파과 시점은 8시간 흐른 후 였으며, 제올라이트
혼합토의 경우에는 40시간이 흐른 후에 50% 파과가 발생하였다.
따라서 상대적으로 아연은 제올라이트 혼합 및 개질에 의해서 5배
정도의 저류가 발생하는 것을 확인 할 수 있었다. 또한 컬럼 아래
부분으로 유출되는 아연의 양 역시 제올라이트 혼합 이후 크게
줄어들었다. 따라서 제올라이트 혼합토는 아연에 대해서 높은 저류
능을 가지는 것을 컬럼 실험으로 확인 할 수 있었다. 그리고 이러한
제올라이트 혼합을 적용했을 때, 지하수대의 오염을 크게 방지 할
수 있을 것으로 기대 된다.

주요어 : 거동, 아연, 흡착, 제올라이트 혼합, 불포화대 컬럼 실험,
우수, 산업단지
학 번 : 2014-22700
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