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Abstract

Researchers are paying more and more attention to the adsorption and transport of heavy

metals in soil. In this study, laboratory experiments were performed to investigate the characteristics of ad-

sorption and transport of mercury in soils of different locations in the western suburb of Beijing. To charac-
terize the adsorption mechanism of mercury in soil, adsorption isotherms were determined through a batch
experiment. Soil column experiments were performed in saturated soil under steady-state flow at a specific
water head. The breakthrough curves { BTC) for the tracer (bromine) and mercury were obtained after
continuous input. Moreover, two solute transport models [ convection-dispersion equation model ( CDE)
and two-site non-equilibrium model (TSN) ] were used to simulate heavy metal movement in soil on a la-
boratory column scale. According to the simulating resulis, we explored which model is more adapted to

simulate the movement of heavy metals in saturated soil in the western suburb of Beijing.
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1 Introduction

Incorporation of potentially toxic metals (e.g.
Cd, Cu, Cr, Pb, Hg, As, Se, Zn, Ni) into soils ei-
ther through sewage-sludge irrigation or some other
sources of pollution (e.g. atmospheric deposition, ap-
plication of agri-chemicals) has posed a great threat to
the environment and human health ( Teng Yanguo et
al. , 2002, 2004). The metals may be accumulated in
food chain or may be leached out of soils to poliute
groundwater supplies. Of these potentially toxic met-
als, Hg is considered one of the most hazardous from
an environmental viewpoint. Thus the concern about
soil and water pollution has emphasized the necessity of
understanding the factors controlling the retention and
release of Hg in soil.

The most important physico-chemical process af-
feeting the behavior of metals is the sorption of metals
from the liquid phase onto the solid phase. Sorption of
metals by soils is strongly influenced by various soil
characteristics. For example, some studies have shown
that the sorption of metals by soils tends to increase
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with increasing pH ( Gerriste and van Driel, 1984;
Naidu et al. , 1994 ) , organic matter ( Gerriste and van
Driel, 1984 ), cation exchange capacity ( Buchter et
al. , 1989), and the contents of iron ( Elliott et al. ,
1985) and manganese (Stahl and James, 1991) ox-
ides. According to Jessberger et al. (1997), batch
tests provide a quick method of estimating the maximal
contaminant retention capacity of soil. The BET (batch
equilibrium test) is also used to determine the partitio-
ning/distribution coefficient parameter (K;). The de-
termination of K is also important, as it indicates the
retention of contaminants by soil solids.

In this paper laboratory experiments were per-
formed to investigate the adsorption and transport of
mercury and lead in soils of different locations in the
western suburb of Beijing. To characterize the adsorp-
tion mechanism of mercury in soil, adsorption iso-
therms were determined through the batch experiment.
Soil column experiments were performed in saturated
soil under steady-state flow at a specific water head.
Moreover, two solute transport models [ convection-dis-
persion equation model (CDE) and two-site non-equi-
librium model (TSN) ] were used to simulate heavy
metal movement in soil on a laboratory column scale.
According to the simulating result, we explored which
model is more adapted to simulate the movement of
heavy metals in saturated soil in the western suburb of
Beijing.

2 Material and methods
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2.1 The two-site non-equilibrium (TSN) model

The equations are given below:
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where C is the solute concentration in solution ( M/
L’); t is the time after injection (T) ; y is the trans-
port distance (L); V is the pore-water velocity ( 1/
T); D is the dispersion coefficient (L*/T); ¢ is the
bulk density of the soil (M/L’); R is the retardation
factor; K, is the partition coefficient for linear sorption
(L}/M); a is the rate of mass transfer (T'); and f
is the fraction of instantaneous sorption sites; @ is the
porosity of the soil (L’/1’); S, is the sorbed concen-
tration on instantaneous sites (M/M) ; S, is the sorbed
concentration on kinetic sites (M/M).

2.2 The -convection-dispersion equation model
(CDE) ( Bachmat and Bear, 1964)
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where C is the solute concentration in solution; ¢ is the
time; n is the porosity of the soil; Z is the transport
distance; p is the bulk density of the soil; S is the
sorbed concentration on soil; D is the dispersion coeffi-
cient; V is the pore-water velocity; K, is the partition
coefficient of the soil. The units are the same with the
parameter of the TNS model.
Here, Eq. (5)is presented below;
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where R is the retardation factor, which is defined as:

R=1+%Kd (8)

2.3 The two-region non-equilibrium ( TRN) meodel

In the TRN model it is assumed that the liquid
phase can be partitioned into mobile and immobile re-
gions. The two-region solute transport model is given

below ( Van Genuchten and Wagenet, 1989) ;
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The subscripts m and im stand for the mobile region
and the immobile region, respectively. fis the fraction
of sorption sites of the mobile region to all sorption
sites; and a is a first order mass transfer coefficient
(T).

In this paper, the parameters may be estimated
from the column breakthrough curve data using the
computer program CXTFIT ( Toride et al. , 1999 ) be-
cause the three models are included in the program.
The program solved the inverse problem by fitting
mathematical solution of the theoretical transport mod-
els to experimental results.

3 Experimental

The material used in the laboratory columns was
taken from the western suburb of Beijing [ DBW
( Dong Beiwang ) and CJJC ( Xijiao Jichang ) ].
The physical and chemical characteristics of soil are
given in Table 1.

Table 1. Physical and chemical characteristics of soil

Composition (% ) Organic carbon

Sample No.

Cation exchange pH

Bulk density Saturated moisture

Sand grain  Silt Clay  oontent (g/kg) capacity ( cmol/kg) (8:W=1:5) (g/cm®) content (cm®/cm®)
DBW 51.2 29.6 19.2 17.13 14.424 8.24 1.27 0.489
XJIC 47.4 32.8 19.8 19.53 13.715 8.17 1.29 0.457

The columns used were chlorinated polyethylene
tubes measured at 33 c¢m in length and 9 cm in internal
diameter. The columns were packed to saturate condi-

tions. Flow was supplied from the bottom of each col-
umn to remove any entrapped air and to minimize the
possibility of preferential flow. The bottom cap consis-
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ted of an chlorinated polyethylene plate with small
holes, covered with fine meshes to distribute the in-
flow.

The experiments were done at normal temperature
(20 £ 1°C). Distilled water was used as the water
source. In order to examine the influence of water ve-
locity on metal transport, the high and low heads, 125
cm and 88 cm in length, respectively, were applied to
the columns. Firstly, in order to gain the coefficient of
permeability, the columns were flushed with distilled
water at the desired head. Then, a continuous pulse of
chemical solution, containing Hg’* and Br~ ions, was
injected into the columns until the ratio between metal
inflow and outflow-concentration was less than 5%.
Then the pulse was stopped after four samples were
gained. The ion Br™ was used as a conservative tracer
to independently estimate pore-water velocity and dis-
persion, and to examine any physical non-equilibrium
process in the experimental system. Samples were fre-
quently taken from the outflow, particularly during the
period of rapid concentration change. The Hg’* sam-
ples were acidified and analyzed on a polarized Zeeman
atomic absorption spectrophotometer. Br~ samples
were analyzed using a spectrophotometer. In this pa-
per, the focus of discussion is put on the Hg movement
in soil.

4 Parameter estimation

The two-region model incorporated in the CXTFIT
program was applied to the Br~ data to examine any
physical non-equilibrium process in the system. All
water in the system was essentially mobile, the program
suggested to us the equilibrium model for the Br~ data.
Hence the CDE model was used for the Br~ data to es-
timate the pore-water velocity (V) and dispersion coef-
ficient (D). As only two parameters are optimized in
the equilibrium model, the ¥ and D results can be de-
termined uniquely. Then, by holding V and D constant
for the metal Hg, the values of R for the metal were
optimized using the two-site model of the CXTFIT pro-
gram.

It should be noted that the R-values derived from
the CXTFIT program correspond to the K, values for
linear isotherms [ Eq. (4)]. However, sorption is
generally not linear for heavy metals ( Pang and Close,
1999 ; Hinton and Close, 1998). For solutes with non-
linear isotherms to be used in the CXTFIT program,
Van Genuchten (1981) introduced two linearization
methods. These two methods allow us to obtain an e-
quivalent K; value. However, as we did not actually
determine the isotherms of the metals in this study, the
calculation of K, and its corresponding nonlinear pa-
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rameters was hence not carried out. Therefore, the re-
tardation factor, R, is the only parameter used herein
to express the relative sorption capacity of soil.

5 Results and discussion

5.1 Br~

Under different water heads, all Br™ BTCs are
shown in Fig. 1. The breakthrough time was affected
mainly by pore-water velocity except the properties of
soil. This is further supporied by the results obtained
from the two-region model, suggesting that all water in
the columns was essentially mobile and the equilibrium
model should be used for analyzing the Br~ data. The
parameter values for the Br™ calculated from the CDE
model are listed in Table 2, including effective porosity
and disparity. These parameters are used in the TSN

model.
121
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Fig. 1. Breakthrough curve of Br~, DBWD (Dong Bei-
wang) at the low head; XJJCD ( Xijiao Jichang) at the
low head; DBWG ( Dong Beiwang) at the high head;
XJICG (Xijiao Jichang) at the high head.

5.2 Hg breakthrough curve

Figure 2 shows the observed and model-simulated
BTCs of Hg’* in the DBWD column by the CDE and
TSN models. Other BTCs are omitted. Comparison of
the experimental results shows that the TSN model is
more perfect than the CDE model. Figure 3 shows the
BTCs of Hg at two different pore water velocities in Xi-
jiao Jichang and Dong Beiwang. The pore-water veloci-
ty of Dong Beiwang is bigger under the high water
head, whereas the pore-water velocity of Xijiao Jichang
is smaller under the high water head, depending on the
characteristics of soil. The decisive factor affecting the
retardation factor is not the head but pore water veloci-
ty. Table 2 lists parameter values for the Hg’* derived
from the curve fitting and calculated from the model-
derived parameters, including retardation factor. From
the results, it is obvious that pore water velocity is neg-
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atively correlated with the retardation factor. This has
also been reported by other authors ( Ptacek and Gill-
ham, 1992; Pang Liping et al. , 2002). The velocity
dependence of retardation factor is an indication of
non-equilibrium conditions. The negative R-V correla-
tion could be explained in terms of the retention time of
metals in the columns. At the low flows, longer reten-
tion time of the metals in the columns permits more
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complete sorption. Contrast to the retardation factor de-
rived from the baich experiment, the retardation factors
derived from the column experiment are small . The
pore-water velocity would affect the transport of metals
evidently. The R of the CDE model displays a big
difference from the retardation factor derived from the
batch experiment. So, the TSN model is more suitable
than the CDE model for application in this study.

Table 2. The parameters derived from the CDE and two-region models

Parameter Pore water Effecti Saturated moisture Di R Retardation factor Retardation Retardation
velocity ictl\(re ) content (8,) ( 1)5 pzmty) from experimental factor from factor from
Condition (mray PR (om®/om®) @) tem data CDE model TSN model
XJIC Low head 0.462 0.397 0.457 0.75 332.44 13.3 320
High head 6.501 0.394 0.457 0.89 334.96 4.89 233
DBW Low head 3.443 0.313 0.489 0.55 156.79 5.2 127
High head 0.825 0.375 0.489 0.69 187.65 17.4 187
1.2 [ (2) DBWD as an example 127
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Fig. 2(a). Observed and CXTFIT-simulated conceniration
breakthrough curves of Hg (II), taking DBWD as an example;
(b) observed and CXTFIT-simulated concentration break-
through curves of Hg (II), taking XJJCG as an example.

6 Conclusions

This study deals with the metal sorption in uni-
formly packed columns, where physical non-equilibri-
um effects are minimal, so metal sorption is affected by
chemical non-equilibrium phenomenon. The study de-
scribes the effect of pore-water velocity on the chemical

C/Co

o XJICD
A XJICG

C/Co

Fig. 3(a). XJJC breakthrough curves at different pore-wa-
ter velocities; (b) DBW breakthrough curves at different
pore-water velocities.

non-equilibrium transport of Hg. The higher the pore-
water velocity is, the smaller the retardation factor will
be. This paper offers the heavy metal transport model
for the soil from the western suburb of Beijing. We can
use this model to predict the transport rules of heavy
metals in soil in the western suburb of Beijing so as to
rehabilitate the polluted soil.



No.2

Acknowledgements These authors wish to thank
the members of this consortium from Beijing Normal U-
niversity and the Chinese Academy of Geological Sci-
ences.

References

Batchmat Y. and Bear J. (1964) The general equations of hydrodynamic
dispersion [J1. J. Geophys. Res. 69, 2561 -2567.

Buchter B. , Davidoff B. , Amacher M. C., Hinz C., Iskandar L. K. ,
and Selim H. M. (1989) Correlation of freundlich K; and n reten-
tion parameters with soils and elements [ J]. Soil Sci. 148, 370 —
381.

Elliott H. A. | Liberati M. R. , and Huang C. P. (1985) Effects of iron
oxide removal on heavy metal sorption by acid subsoils [ J]. Water
Air Soil Pollut. 27, 379 —389.

Gerriste R. G. and van Driel W. (1984) The relationship between ad-
sorption of trace metals, organic matter and pH in temperate soils
[J]. J. Environ. Qual. 13, 197 -204.

Hinton C. and Close M. (1998) Lead adsorption onto aquifer gravel u-
sing batch experiments and XPS. In Water-Rock Interaction ( eds.
G.B. Arehart and J. R. Hulston) [M]. pp.939 -942. Balkema,
Rotterdam.

Jessberge H. L. , Onnich K. , Finsterwalder K. , and Beyer S. (1997)
Experimental and numerical studies of contaminant transport through
mineral liners and resulting improvements in liner materials. In Ad-
vanced Landfill Liner System (eds. H. August, U. Holzlohner, and
T. Meggyes) [M]. pp.222 - 235. Thomas Telford, London.

Naidu R. , Bolan N. S. , Kookana R. S. , and Tiller K. G. (1994) Ionic-
strength and pH effects on the sorption of cadmium and the surface

Study on the mechanism of transport of heavy metals in soil 177

charge of soils [J]. Eur. J. Soil Sci. 45, 419 -429.

Pang L. and Close M. E. (1999) Non-equilibrium transport of Cd in al-
luvial gravels (J]. J. Contam. Hydrol. 36, 185 -206.

Pang Liping, Murray Close, Daniela Schneider, and Greg Stanton
(2002) Effect of pore-water velocity on chemical non-equilibrium
transport of Cd, Zn, and Pb in alluvial gravel columns [ J]. Journal
of Contaminant Hydrology. 57, 241 - 258.

Ptacek C.J. and Gillham R. W. (1992) Laboratory and field measure-
ments of non-equilibrium transport in the Borden aquifer, Ontario,
Canada [J]. J. Contam. Hydrol. 10, 119 - 158.

Stahl R. S. and James B. R. (1991) Zinc sorption by manganese-oxide-
coated sand as a function of pH [J]. Soil Sci. Soc. Am. J. 55,
291 -12194.

Teng Yanguo, Ni Shijun, and Zhang Chengjiang (2002) Geochemical
baseline and trace metal pollution of soil in Panzhihua mining area
[31. Chinese Journal of Geochemistry. 21, 274 —281.

Teng Yanguo, Ni Shijun, Jiao Pengcheng, Deng Jian, Zhang
Chengjiang, and Wang Jinsheng (2004 ) Eco-environmental geo-
chemistry of heavy metal pollution in Dexing mining area [J]. Chi-
nese Journal of Geochemistry. 23, 349 —358.

Toride N. , Leij F. J. , and Van Genuchten M. Th. (1999) The CXTFIT
Code for Estimating Transport Parameters from Laboratory or Field
Tracer Experiments [ Z]. Version 2. 1, Research Report No. 137,
U.S. Salinity Laboratory, USDA, ARS, Riverside CA.

Van Genuchten M. Th. (1981) Non-equilibrium Transport Paramet
Jfrom Miscible Displacement Experiments [Z]. US Dep. Agric. Res.
Rept. 119, 88.

Van Genuchten M. Th. and Wagenet R. J. (1989) Two-site/two-region
models for pesticide transport and degradation; Theoretical develop-
ment and analytical solutions [J]. Soil Sci. Soc. Am. J. 53,1303
-1310.




