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bstract

Column and pilot scale experiments for a chemical treatment involving the use of coagulants to remediate heavy metal contaminated groundwater
ere performed. Granulated lime (Ca(OH)2) and calcium carbonate (CaCO3) were used as coagulants and contaminated groundwater obtained

t an abandoned Fe-mine in Korea was used for the experiments. The main removal mechanism of heavy metals in the experiments was “sweep
recipitation” by coagulation. Using granulated lime as a coagulant in the column experiment, more than 98% of As and Ni were removed from
rtificially contaminated water. When granulated calcium carbonate was used in the artificially contaminated water, the removal efficiencies of Ni
nd Zn were more than 97%, but As removal efficiency was lower than 50%. For the continuous column experiment with mixed lime and calcium

arbonate at a 1:1 (v/v) ratio, almost all As was removed and more than 98 % of Ni was removed. For pilot scale experiments (acryl tank: 34 cm
n length and 24 cm in diameter), the removal efficiencies of As and Cd were above 96% for 150 l groundwater treatment and their accumulated
emoval capacities linearly maintained. This suggests that coagulants could treat more than 22 times greater groundwater volume compared with
he volume of coagulants used.

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

In Korea, there exist about 2500 mines, including 900 metals
ines, 380 coal mines, and 1200 nonmetallic mines [1]. More

han 80% of these mines are now closed and they have been a
ong term source of environmental pollution. In particular, min-
ng and refining facilities at abandoned metal mines have been
eft in ruin, and mine tailing and ore rock waste were scattered
ithout control. These mine tailings and rock waste result in

erious contamination of farmland soils and the water systems
round abandoned mines, and adversely affect crop growth and
uman health [2,3].

The O/R (oxidation and reduction) process of mine tail-

ngs and ore wastes generates ARD (acid rock drainage), which
eaches out large amounts of heavy metals and arsenic, threat-
ning the quality of groundwater and surface water [4–8]. Con-

∗ Corresponding author. Tel.: +82 51 620 6243; fax: +82 51 628 6432.
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entrations of heavy metals and arsenic in groundwater at many
bandoned mines in Korea are much higher than the groundwa-
er tolerance limit. The development of remediation processes
or heavy metal contaminated groundwater is thus necessary.
owever, research in this area is lagging behind relative to that

oncerning surface water treatment processes [9–12]. Chemi-
al processes have been widely applied to surface wastewater
reatment. Chemical treatment to remove heavy metals includes
everal mechanisms such as coagulation, co-precipitation, and
ntrapment [13–16]. Sweep co-precipitation by coagulants is
ne of the main mechanisms utilized in current remediation
rocesses, and it results in the formation of metal-hydroxide and
arbonate [17–20]. By using coagulants such as Fe-, Al-, and Ca-
alts, heavy metal ions in groundwater are changed to insoluble
recipitates, or to sweep precipitates induced by enmeshment
f floc particles [21–25]. Incorporation of heavy metal ion into

he crystal lattice of other precipitating solid phases also occurs
ith the coagulation process [26,27].
To date, chemical processes for groundwater treatment have

ot been widely applied. However, the use of iron and aluminum

mailto:heelee@pknu.ac.kr
dx.doi.org/10.1016/j.jhazmat.2006.10.007
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alts to remove heavy metals from groundwater has been stud-
ed recently and the development of a purification system for
ontaminated groundwater by using coagulants is in progress
12,28,29].

In this research, a chemical treatment using lime and calcium
arbonate was investigated in terms of its capacity to remove
eavy metals and arsenic from contaminated groundwater orig-
nating from an abandoned mine. Lime and calcium carbonate
s coagulants are much more economical than other coagulants
uch as Al- and Fe-salts, and their use is considered a pro-
nvironmental process because their toxicities are much lower
han those of other coagulants. The main removal mechanism
f lime and calcium carbonate is the formation of insoluble pre-
ipitates separated from the water, or the sweep precipitation of
eavy metals induced by the enmeshment of Ca-floc particles.
esults of this study will provide meaningful information for

uture application of chemical treatment processes to the reme-
iation of heavy metal contaminated groundwater.

. Experimental method

.1. Continuous column experiment with artificially
ontaminated water

Continuous column experiments with coagulants were per-
ormed in order to investigate the efficiency of the chemical
reatment process. Granulated calcium carbonate and lime (pur-
hased from Hanil Co., Korea) were used as coagulants for the
xperiments. Table 1 shows the results of XRF analysis for lime
nd calcium carbonate used in this study. A glass column includ-
ng capping plates, valves, and tube (purchased from Kontes
lass Company, USA) was used (15 cm in length and 4.8 cm

n diameter). Lime and calcium carbonate granules were sieved
t 5–7 mm in diameter and packed in the column. One column
as filled with granulated calcium carbonate (CaCO3) at 10 cm

hickness and a second column was packed with granulated lime
Ca(OH)2) at 10 cm thickness (Fig. 1(a) and (b)). A third column
as packed with both lime and calcium carbonate at a 1:1 vol-
me ratio (Fig. 1(c)). The bottom 5 cm of the third column was
acked with lime and calcium carbonate was added to the lime at
cm thickness (weight: 225.3 g). The artificially contaminated
ater was made from deionized water, adding standard solu-

ions of heavy metals and arsenic. Artificial water was titrated

o 506 �g/l of As, 260 �g/l of Ni, and 2315 �g/l of Zn, a range of
–10 times higher than the Korean groundwater tolerance limit
As: 50 �g/l). The pH of contaminated water was controlled at
using 1N of NaOH solution (similar to pH of real groundwa-

I
e
w
o

able 1
esults of XRF principle component analysis for coagulants used in this research and

Chemical composition of coagulants and flocs by XRF

CaO MgO SiO2 Fe2O3

ime 63.6 30.8 4.0 0.1
alcium carbonate 96.6 0.0 0.7 0.0
op layer flocs 39.6 10.2 29.1 11.7
n pore flocs 95.0 1.9 1.6 0.5
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er at Dalcheon mine). The artificially contaminated water was
njected into the bottom of the column at a constant velocity
2 ml/min) and the treated water was drained from the top of
he column. Water samples were taken from the top of the col-
mn every 4 h and analyzed on an ICP-MS (PerkinElmer, Elan
100) to investigate the removal efficiency of heavy metals for
he three column experiments. About 11–15 l of artificial water
160–220 pore volumes of lime packed column) were flushed
or each column experiment.

.2. Continuous column experiment with contaminated
roundwater

The physical and bio-chemical properties of groundwater are
uite different from those of artificially contaminated water. To
onsider the effect of real groundwater on the removal efficiency,
eavy metal contaminated groundwater was sampled from an
xtraction well at Dalcheon abandoned mine, Korea. Dalcheon
bandoned mine is located at Dalcheon dong, Ulsan, Korea.
ollowing activation by the Japanese in 1906, Dalcheon mine
roduced about 40 000 tonnes of iron ore and some serpentines
ntil activity for iron ore finished in June 1993 and that for ser-
entine in February 2003. About 15 000 tonnes of mine tailings
ere buried around the mine pit, seriously contaminating the

oil, groundwater, and surface water in the vicinity of the mine.
n 2003, soil investigation for Dalcheon mine area was per-
ormed by the Ulsan city government. The findings indicated
hat concentrations of arsenic, zinc, and nickel exceeded the
orea Soil Pollution Warning Limit (KSPWL). The results also

evealed arsenic, mainly in the form of arsenopyrite (FeAsS) in
re and tailings, as the main pollutant for soil and groundwater
t the Dalcheon mine area [30]. A private construction company
ad plans to build a large apartment complex at the Dalcheon
ine area in 2006 and mine tailings and contaminated ground-
ater were required to be properly treated before development
f the site. The heavy metal concentration distribution of soil
nd groundwater at the site is related to its geographical char-
cteristics. The iron ore mineralized zone, which was located in
he central area of the site was filled by several soil layers to a
epth of 50 m, and most of the mine tailings were buried around
he zone.

Groundwater at Dalcheon mine area was sampled and its As,
i, and Zn concentrations was 497, 40, and 22 �g/l, respectively.
t was mainly contaminated with As and continuous column
xperiments were duplicated by using the contaminated ground-
ater. One column was filled with granulated lime to a height
f 10 cm and a second column was packed with both lime and

colloidal flocs in the reaction tank

analysis (units: wt.%)

SO3 Al2O3 As2O3 Na2O Total

0.0 0.9 0.0 0.1 99.5
2.1 0.2 0.0 0.6 100.2
1.5 8.4 0.7 0.4 101.6
0.4 0.4 0.1 0.0 99.9
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Fig. 1. Column packed with granulated coagulants. (a) C

alcium carbonate at a 1:1 volume ratio. A total of 13 l of ground-
ater was flushed in each column experiment. Flushing and

nalyzing conditions were the same as employed in the prior
olumn experiment.

.3. Pilot scale tank experiment using mixed lime and
alcium carbonate

A pilot scale tank experiment was performed using real con-
aminated groundwater on the basis of the column experiment
esults. The tank was made of acrylic cylinder (34 cm in length
nd 24 cm in diameter: 18 l in capacity) and the bottom of the
ank had a valve gear for injecting contaminated groundwater.
he tank was packed with 2 l of granulated lime (2074.8 g) at the
ottom of the column. Two liters of granulated calcium carbon-

te (2568.6 g) were added to the top of the lime layer (Fig. 2(a)).
or the experiment, groundwater at Dalcheon mine area was
xtracted and its As, Ni, Cd, and Zn concentrations was 945,
0, 4, and 80 �g/l, respectively. Contaminated groundwater was

c

r

Fig. 2. Pilot scale tank experiment. (a) Reaction tank packed with
m carbonate; (b) lime; (c) lime and calcium carbonate.

njected from the bottom of the tank at a constant velocity of
l/h and treated water was drained from the top of the tank. Ten
illiliters of treated water was sampled at a constant time inter-

al and analyzed on ICP-MS (PerkinElmer, Elan 6100) for heavy
etal concentration. The mass removal efficiency of heavy met-

ls for the chemical treatment process in the tank was calculated
or specified time periods. Because the pH of the treated water
as maintained at pH 10–12, drained water gathered into the pH-

ontrol tank (24 cm in length and 24 cm in diameter), and finally
ischarged from the top of the pH-control tank after adjusting
he pH in a range of 7–8 by using 37% HCl solution (Fig. 2(b)).

. Results and discussion

.1. Continuous column experiment with artificially

ontaminated water

In the column experiment using granulated lime, As and Ni
emoval efficiencies for artificially contaminated water were

mixed lime and calcium carbonate and (b) pH-control tank.
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Fig. 3. Results of continuous column experiments using lime only for artificially
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Fig. 4. Results of continuous column experiments using calcium carbonate only
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Despite the high As concentration of the groundwater, the As
ontaminated water. (a) Removal efficiencies by using lime and (b) accumulated
emoval mass by using lime.

aintained at more than 99% for treatment of 11 l (about
60 pore volumes of lime packed column layer) (Fig. 3(a)).
ore than 90% of Zn was removed with 5 l water treatment,
hereas the Zn removal efficiency decreased to 75% as the

reated water amount increased to 10 l. The removal rate of As
n the column with granulated lime was about 548 �l−1 h−1,
nd that of Ni and Zn was 543 and 2250 �l−1 h−1, respec-
ively. When 11 l of contaminated water (about 56 times the
ime volume and 160 pore volumes of lime packed column)
ere treated, the accumulated removal quantity of heavy metal

inearly increased, and a straight slope for the removal capac-
ty was maintained, suggesting that the high removal capacity
f lime was maintained for treatment of 11 l (Fig. 3(b)). Con-
equently, 161 g (196 ml) of granulated lime could successfully
reat more than 11 l of contaminated water having 500 �g/l of As
oncentration.

For the continuous column experiment with granulated cal-
ium carbonate, removal efficiencies of Ni and Zn were more
han 97% for treatment of 15 l of contaminated water (about 220
ore volumes of calcium carbonate packed column) (Fig. 4(a)).
owever, in the case of As, the removal efficiency was lower

han 50% for treatment of 15 l of water, suggesting that the use
f calcium carbonate alone is not adequate to treat As contam-

nated water. The maximum removal rate of As in the column
xperiment was 159.42 �l−1 h−1 while that for Ni and Zn was
35.86 and 3779.56 �l−1 h−1, respectively. The removal capa-

r
t
u

nd the mixed lime and calcium carbonate for artificially contaminated water. (a)
emoval efficiencies by using calcium carbonate and (b) removal efficiencies
y using the mixed lime and calcium carbonate.

ility of Zn, Ni, and As in the column with calcium carbonate
aintained linearly even beyond 15 l of contaminated water

reatment.
For the column experiment using mixed lime and calcium

arbonate at a 1:1 (v/v) ratio, the removal efficiencies of As and
i were more than 99%, which were similar to those of the col-
mn experiments using only granulated lime (Fig. 4(b)). For Zn,
he removal efficiency ranged from 82 to 50% for 12 l of con-
aminated water flushing (about 170 pore volumes of the packed
olumn). Concentrations of heavy metals in treated water were
ower than Korean groundwater tolerance limits. For treatment
f 12 l of contaminated water, the accumulated removal amount
f heavy metals linearly increased, suggesting that the mixed
olumn with lime and calcium carbonate can successfully reme-
iate more than 12 l of contaminated water having 500 �g/l of
s concentration.

.2. Continuous column experiment with contaminated
roundwater

Results of continuous column experiments to remediate con-
aminated groundwater at Dalcheon mine are shown in Fig. 5.

ith only granulated lime treatment, more than 95% of Zn
nd more than 93% of Cd were removed for 13 l of groundwa-
er flushing (about 190 pore volumes of lime packed column).
emoval efficiency was maintained above 99% (Fig. 5(a)). For
he column with mixed lime and calcium carbonate at a 1:1 vol-
me ratio, As removal efficiency was also maintained at more
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Fig. 5. Results of continuous column experiments using lime only and the mixed
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Sweep precipitation of coagulants with heavy metal ions also
occurred in the reaction tank during the experiment in a manner
similar to that of the continuous column experiments (Fig. 7).
Colloidal flocs precipitated on the top of the coagulant layer
ime and calcium carbonate for the real contaminated groundwater. (a) Removal
fficiencies by using lime in the column experiment and (b) removal efficiencies
y using the mixed lime and calcium carbonate in the column experiment.

han 99% (Fig. 5(b)). For Zn and Cd, removal efficiencies were
reater than 93 and 85% for 13 l of groundwater flushing. If
he removal efficiency of lime treatment only for heavy metals
as similar to that of the mixed lime and calcium carbonate

olumn, application of the mixed treatment would be better to
lean contaminated groundwater because of low SS (suspended
olids) production, low pH condition of treated water, and eco-
omic considerations. The accumulated removal quantity of all
eavy metals used in the experiment also linearly increased even
t treatment of 13 l of water. Results of the column experiments
ndicate that mixed lime and calcium carbonate has considerable
otential in terms of removing As as well as Zn and Cd from con-
aminated groundwater. Results of column experiments indicate
hat a huge amount of contaminated groundwater (more than 85
imes the coagulant volume and 190 pore volumes of the col-
mn) could be successfully remediated by lime or mixed lime
nd calcium carbonate.

In contrast to the case of artificially contaminated water, coag-
lant flocs and precipitates were generated on the top layer
f the coagulant in the column with increased treated water
olume. These precipitations occurred by “sweep floc precip-
tation” on the top of the coagulant layer or in pores among
oagulants, resulting from colloids and clay particles included
n real groundwater, unlike the artificially contaminated water
17,20]. Concentrations of heavy metals and floating colloids

n treated groundwater decreased because of these sweep floc
recipitations, which is considered to be one of the main mecha-
isms for heavy metal removal. The additional layer packed with
oarse sand media in the column will maximize the removal effi-

F
w
t
t
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iencies of suspended solids and colloids including heavy metals
n the column tests.

.3. Pilot scale tank experiment using mixed lime and
alcium carbonate

For the pilot scale tank experiment, 200 l of contaminated
roundwater were taken at Dalcheon mine and As concentra-
ion was 945 �g/l, almost 19 times higher than the Korean
roundwater tolerance limit (50 �g/l for living water supply).
or the treatment of contaminated groundwater, As removal
fficiency of the reaction tank was maintained at over 96%
or 200 l of groundwater treatment and the maximum As con-
entration of treated water was 38.3 �g/l (arithmetic mean:
.2 �g/l), which was lower than Korean groundwater limit
50 �g/l) (Fig. 6(a)). The arsenic removal rate of the reac-
ion tank ranged from 500 to 1000 �l−1 h−1, and the accumu-
ated removal capacity of As linearly increased for the whole
xperiment. The removal efficiencies of Ni, Cd and Zn of the
eaction tank were also more than 90% for 200 l of groundwa-
er treatment (Fig. 6(b)). From the results of the experiment,
t is determined that 200 l of groundwater (50 times the vol-
me of coagulant used and 150 pore volumes of the packed
edium) could be effectively treated by mixed lime and calcium

arbonate.
ig. 6. Results of the pilot scale experiment for the real contaminated ground-
ater. (a) As removal efficiencies by using the mixed and calcium carbonate in

he pilot scale experiment and (b) Ni, Cd, and Zn removal efficiencies by using
he mixed lime and calcium carbonate in the pilot scale experiment.
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Fig. 7. Formation of sweep precipitants in the reaction tank during water treatment. (a) Precipitation on the top of coagulation layer and (b) precipitation in pore
spaces among coagulants.
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ig. 8. SEM images of precipitants created in the reaction tank during water
arbonate.

nd in pores among the coagulants in the tank (Figs. 7(a) and
b)). To identify their components, precipitants were dried and
nalyzed on XRF (SHIMADZU, Japan, XRF-1700). Table 1
hows the major components of flocs created on the top of
he coagulants and in pores. They were mainly clay miner-
ls, iron–aluminum oxides (or hydroxides), and Ca-salts such
s lime or calcium carbonate [12,16]. Arsenic oxides consti-
uted 0.7% of the precipitants produced, suggesting that most
rsenic in the dissolved phase was transferred to a solid state,
hich was separated from the treated water (Table 1). Pre-

ipitants recrystallized among the coagulants (Fig. 7(b)) were
ainly Ca-salts such as calcium carbonate. Results of the SEM

Hitachi, S-2400) analysis suggest that colloidal flocs and pre-
ipitants in the tank are mainly composed of calcium carbonate
nd clay mineral (Fig. 8). Formation of these solid precipitants
lays an important role in lowering the concentration of heavy
etals in treated groundwater, because dissolved heavy met-

ls are gushed out from the groundwater and fixed to the solid
hase.

. Conclusion
A chemical treatment process using granulated lime and
alcium carbonate was applied for heavy metal contaminated
roundwater in continuous column and pilot scale reaction tank
xperiments. From the results of the continuous column experi-

f
i
t
c

ent (magnified by 25,000×). (a) Planar shaped clay mineral and (b) calcium

ents with artificially contaminated water, removal efficiencies
f As, Zn, and Ni using only granulated lime or mixed lime
nd calcium carbonate were higher than 95%. For the column
xperiment with only granulated calcium carbonate, removal
fficiencies of Ni and Zn were similar to those of the column
ith granulated lime only. However, As removal efficiency was

ower than 50% for 13 l of water treatment (190 pore volumes
f lime packed column). Using real, contaminated groundwater,
emoval efficiencies of heavy metals for lime only and mixed
ime and calcium carbonate treatment were very high, similar to
hose of the column experiment using artificially contaminated
ater.
For the pilot scale experiment, As and Cd removal efficien-

ies were greater than 96% for treatment of 200 l of groundwater,
hich was more than 50 times the volume of coagulant used in

he reaction tank (150 pore volumes of packed medium in the
eaction tank). The removal efficiencies of Ni and Zn were also
ore than 90%. The removal capacity of mixed lime and cal-

ium carbonate for heavy metals was very high, suggesting that
hemical treatment using mixed lime and calcium carbonate has
onsiderable potential to remove heavy metals from contami-
ated groundwater. From the results of XRF and SEM analyses

or flocs and precipitates generated in the column and the tank,
t was found that heavy metals are successfully separated from
he groundwater by a sweep precipitation process of lime and
alcium carbonate.



2 dous

A

t
C

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

14 M. Lee et al. / Journal of Hazar

cknowledgements

This work was supported by the Korea Research Founda-
ion Grant funded by the Korean Government (KRF-2005-070-
00137).

eferences

[1] Korean Ministry of Environment, Final Report of Environmental Investi-
gation for Abandoned Mine in Korea, 2005.

[2] J. Kim, K. Kim, J. Lee, Assessment of arsenic and heavy metal contami-
nation in the vicinity of Duckum Au–Ag mine, Korea, Environ. Geochem.
Hlth. 24 (2002) 215–227.

[3] M. Kim, K. Ahn, Y. Jung, Distribution of inorganic arsenic species in mine
tailings of abandoned mines from Korea, Chemosphere 49 (2002) 307–312.

[4] EPA, Ground Water Issue (Behavior of Metals in Soils), EPA/540/S-92/018,
1992.

[5] T. Christensen, Colloidal and dissolved metals in leachate from four Danish
landfills, Water Res. 33 (1999) 2139–2147.

[6] M. Matthew, S. Brock, A. David, Chemical precipitation of heavy metals
from acid mine drainage, Water Res. 36 (2002) 4757–4764.

[7] P.L. Smedley, D.G. Kinniburgh, A review of the source, behavior and dis-
tribution of arsenic in natural waters, Appl. Geochem. 17 (2002) 517–768.

[8] A. Concas, C. Ardau, A. Cristini, P. Zuddas, G. Cao, Mobility of heavy
metals from tailings to stream waters in a mining activity contaminated
site, Chemosphere 63 (2006) 244–253.

[9] L. Dorthe, L. Anna, H. Thomas, Speciation of heavy metals in landfill-
leachate polluted groundwater, Water Res. 33 (1999) 2642–2650.
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21] R. Apak, E. Tütem, M. Hügül, J. Hizal, Heavy metal cation retentions by
unconventional sorbents (red muds and fly aches), Water Res. 32 (1998)
430–440.

22] N. Song, Y. Lee, M. Lee, Remediation process by using lime and calcium
carbonate for heavy metal contaminated groundwater originated from land-
fills, Econ. Environ. Geol. 38 (2005) 273–284.
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