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Adsorption of Trace Metals on the Natural Amorphous Iron
Oxyhydroxide from the Taebag Coal Mine Area
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Abstract : To determine the apparent equilibrium constants, Ku.p, for the adsorption reactions of trace metals
on amorphous iron oxvhydroxide (AIO) in the Tacbag coal mine area, time-adsorption and pH-adsorption
experiments were performed for a selected bottom sediment mainly comprised of AIO from the study area.
The results from the adsorption experiments indicate that most of the trace metals, except Pb, achieve
equilibrium states with AIOQ and thus, the calculated K., may represent the truc apparent equilibrium
constants. K., and the stoichiometric coefficients of proton, x, of the adsorption reactions between the trace
metals and AIO were respectively calculated from the intercepts and slopes of the regression lines of log(/"/
[M]1,,)against pH provided by pH-adsorption experiments. The calculated K,,,0f this study has the values of
the range from 10** to 10*”, which is much different from the reported values by other investigators for
simple experimental systems. K., of this study is more or less close but not exactly pertinent to the estimated
values for the other natural systems. It indicates that K,,,, for the adsorption reactions in the aquatic system in
the study area is unique and thus should be determined befor the adsorption modelling. The calculated x of
this study has the values of the range from -0.3 to 0.7, which is also much different from what most
geochemists generally accept. The discrepancy in x may be due to the competition among different kinds of
ionic species on the adsorption site or simulataneous occurrence of different kinds of adsorption reactions. The
results from this study should help construct an appropriate adsorption model for the aquatic systems polluted
by the coal mine drainage in the Taebag arca. With the constructed model, one can describe the concentration
variations of trace metals due to the adsorption in the system, which is an essential part of the investigation on
the water quality affected by coal mine drainage in the Taebag coal field.

KEY WORDS : Adsorption, Amorphous Iron Oxyhydroxide, Trace Elements, Apparent Equilibdium Constant,
Stoichiometric Coefficient of Proton.
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INTRODUCTION

Coal mine drainage generally contains relatively high
concentrations of toxic trace metals due to it's low pH and
the presence of abundant ligands. Environmentally the
behavior of these toxic metals along downstreams have
attracted a great deal of interest not only from scientists but
also from the water consumers who may drink it or use it for
agricultural purposes. Geochemists have tried to describe and
predict the behavior of the metals from mine drainage in
terms of their precipitation, dissolution, complexation, and
adsorption processes and had some successful cases of doing
so (Nordstrom et al., 1979; Fuge et al., 1991; Brown, 1991;
Sanden, 1991). Thanks to numerous internally consistent
thermodynamic data bases (Helgeson ez al,, 1978; Robie et
al., 1978) and computer programs (see Faure (1991) for the
list), geochemists now easilv describe the precipitation,
dissolution and complexation of metals. However, describing
adsorption of trace metals is stll a relatively difficult task,
because there is no universally applicable single adsorption
model.

Awaring the importance of the role of adsorption reactions
in the transport and ultimate fate of the trace metals in many
aquatic systems, geochemists have proposed several models
and tried to explain the adsorption behavior of trace metals in
natural aquatic systems. Among these, the widely accepted
ones are empirical distribution models, isotherm models, and
Each

model requires it's own empirically determined parameters to

electric double layer models (Davis and Kent, 1990).

account the adsorption behavior of trace metals. With the
empirical parameters determined from experiments, the
models can describe most of the adsorption properties of trace
metals in relatvely simple systems. However, these parameters
are often not applicable to the natural systems due to its
much more complex nature. Adsorption of trace metals
depends on the kinds and amounts of adsorbate and
adsorbent, presence of other competing adsorbate and
adsorbent, ratio of adsorbate to adsorbent, and ionic strength
of the soluton (Davis and Kent, 1990). In most cases, natural
systems consist of several kinds of adsorbate and adsorbent
and show various ionic strength. Thus, one has to identify the
kinds of adsorbate and adsorbent, analyze the chemical
composition of the system, and then determine the
appropriate parameters for the selected model before
describing or predicting the fate of the trace clements in
natural systems.

The purpose of this study is to determine one of the most
important model parameters, namely “apparent equilibrium
constant, K., , for the adsorption of trace metals on

amorphous iron oxvhydroxide (AIO) from the coal mine
drainage in Taebag area. Many closed coal mines are
concentrated in the Taebag area and drain significant amount
of polluted water into the peripheral streams. The pollution of
the streams from the closed coal mines has almost entirelv
destroyed the aquatic ecosystem as well as made the streams
look aesthetical-lv bad by precipitating AIO. For these reasons,
urgently required has been a detailed and systematic
investigation on the influence of coal mine drainage upon the
stream water quality. This study is performed to fulfill the
purpose of such investi-gations by providing informations on
the behavior of toxic metals during downstream transport.

THEORY

Adsorption of a metal species on a solid surface is generally

represented by

=SOH, + M (aq) = =SOM + xH". (1)

The equilibrium constant, K,,, for reaction (1) becomes

__[=SOMJIHT

“ T [=SOH M ]ag’ @

where =SOM and =SOH, are respectively the adsorbed and
free solid surface sites and the brackets represent the
concentraton of the species. For AIO, the adsorption density,
I, can be written as

=SOM

r=1=59M], (3)
Fe; -

where Feris the total concentration of iron present as oxyhyv-

droxide. Assuming that the total concentration of site is equal

to that of free site, [=SOH,], then
[=SOH,}=nFe;, (4)

where n is the number of moles of sites per mole of AIO.
From equations (2), (3), and (4)

(3)

r
I =log(K,; - n)+xpH.
og M7 og(K,g - 1) +xp.
Equation (5) is a linear equation. Thus, if we plot log(/"/[M
*].) against pH, K4 and x can be simultaneously obtained

from the slope and intercept of the line.

METHODS

Sample Collection and Preparation

Stream water and bottom sediment samples, which are
supposed to reach an equilibrium state with each other, were
collected at several sites in the studied area on April, 1994.
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Figure 1. The location of the sampling site of TAS-8

Each water sample was devided in two portions and one
portion (P-I) was filtered and acidified and the other portion
(P-II) was only filtered into 1 L pre-soaked polyethylene
bottles. Filtering and acidification of the water samples used 0.
1 pm micropore filter and 1 N HNO;, respectivelv. The
bottom sediments were scooped with a flat plastic sampling
tool and transferred to a 1 L pre-washed plastic bottle. All the
samples were brought to laboratory and stored in a
refrigerator for various analyses.

For the pu}posc of this study, we selected appropriate one
pair of water and bottom sediment, TAS-8, from the above
samples and perform the necessary experiments on the selcted
sample (see below for the reason of sample selection).

Identification of Adsorbent

To identify the kind of adsorbent in stream water, collected
bottom sediments were analyzed with XRD and XRF. XRD
and XRF analyses showed that the possible adsorbents are
AIQ, chlorite, kaolinite, and Mn-hydroxide. To eliminate the
complexity caused by composite adsorbent, the bottom sediment
(TAS-8) almost entrely consisting of AIO was selected to
perform further sorption experiment in this study. The
location of the sampling site of TAS-8 is shown in Figure 1.

Sorption Experiments

Time-Adsorption experiment; To examine if the
sorption reactions reach an equilibrium state, 1 g of dried
TAS-8 was mixed with 300 ml. of the corresponding P-II
water sample. The mixture was then adjusted to pH 4.5 with
IN HCl and mixed throughly on a mechanical shaker. A
portion of the mixture was periodically extracted with 10 mL
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Figure 2. The XRD pattern of TAS-8, obtained with Rigaku
x-rav diffractometer (Model RAD-II-C) under the
conditions of 40 KV and 30 mA for the x-rav
generation, 1-0.15-1 degrees for the slits, and 1
degrees/min for the scan speed.

pipet at each 30 minute interval, filtered with 0.1 pm
microporefilter, acidified with 1 N HNO;, and stored for later
chemical analyses.

pH-Adsorption experiment;
adsorption properties of AIO from the study area as a
function of pH, another 1 g of dried TAS-8 was mixed with
300 mL of the corresponding P-II water sample. The mixture

To investigate the

was throughly homogenized and devided into five portions.
Each portion was transferred into a 50 mL polvethylen vial
and adjusted to a appropriate pH with 0.] N HCl and 0.1 N
NaOH. The initial adjusted pH were 3.0, 5.0, 6.0, 7.0, and 9.
0. After shaking for 16 hours, the final pH's of the mixtures
were measured; they are pH 2.84, 5.29, 6.50, 7.41, and 9.13,
respectively. The mixtures were then filtered and the filtrates
were acidified to be stored untl later chemical analyses. The
filter cake were dissolved with 50 mL 1IN HCI and filtered
again. The residues were discarded and the filtrates were again
acidified for later chemical analyses.

Analyses

The temperature, pH, Ey, and conductivity of water
samples are measured in the field. Major components of TAS-
8 and the corresponding water sample were analyzed with
XRF and ICP-AES, respectively.pAnion analyses of P-II water
samples were carried out with IC. Trace element analyses of P-
1 water samples and all the filtrates were carried out with ICP-
MS and ICP-AES. All of the above chemical analyses were
performed in the laboratory of Korea Basic Science Center at
Seoul.

RESULTS AND DISCUSSION

Figure 2 and Table 1 respectively show the XRD pattern
and the chemical composition of TAS-8, suggesting that it is
almost cntirely comprised of AIO. The AIO of TAS-8 shows
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Table 1. The chemical composition of sediment TAS-8

Major elements in

. b
oxide forms (wt.%)" Minor elements (ppm)

SiO, 5.19 Li 1.376
ALO, 2.00 Cr 13.673
Fe,0; 78.65 Co 98.321
TiO, 0.01 Ni 143.022
MnO, 0.21 Cu 36.761
CaO 2.03 Zn 1132.120
MgO 0.21 Rb 108.817
K,O 0.05 Sr 453.858
Na,O N.D* Cd 0919
.0, 0.03 Ba 126.719
LOI 12.03 U 15927

As 37.940
Total 100.41 Se 51.920

a: Analyzed with XRF.
b : Analyzed with ICP-MS.
c:L.O.I = Loss of ignitdon.
d : N.D = Not detected.

dark red color, while most AIQO are reportedly vellowish.
Anderson and Benjamin (1985) speculated that the AIO of
dark red color might be actually microcrvstalline aggregates of
gocthite. However, authors do not agree with Anderson and
Benjamin, because if it is microcrystalline aggregates of
gocthite, it should show some peaks under very intensive and
slow scan of x-rays. TAS-8 doesn't show any difference from
Figure 1 even under very slow and intensive x-ray scan.

Table 2 compares the chemical composition of the stream
water at the site of TAS-8 with that of world average fresh
water from Livingstone (1963). The stream water from the
study area has higher concentrations of most components,
especially SO, and trace eclements, than the avergac fresh
water.

Figure 3 shows the results of time-adsorption experiments,
suggesting that the reactions between AIO and Ni, Cu, Zn,
Cd, and U may be regarded to reach an cquilibrium state
within the experiment time span. However, Cr, Co, and Pb
are not equilibrated with AIO within 400 min. Thus, the
calculated K,; for Cr, Co, and Pb with cquation (5) may not
represent the true values, although pH-adsorption experiments
aliowed the mixtures to react for 16 hours which is much
longer than the time span of the time-adsorption experiment.

Table 3 summarizes the chemical compositions of the
filtrates and filter cakes from the pH-adsorption experiments.
Before interpreting the experimental results, it is necessary to
ensurc that the variations in chemical compositions of filtrate
are principally caused by adsorption reaction at different pH.
For this purpose, a few authors have plotted the total
dissolved concentration of a metal against pH of the solution
on the solubility diagram as shown in Figure 4 (Johnson,

Table 2. Comparision of the chemical composition (mg/L) of
the stream water at the site of TAS-8 with that of the
world average fresh water from Livingstone(1963).

TAS-8  World average fresh water
Na 3.909 6.3
Mg 45400 4.1
Al 0.062 0.4
K 3973 23
Ca 78.828 15.0
SiO, 0.015 13.1
Cr 441 7.8
NO; 5.19 -
S0.7 495.175 11.2
Cco,” 0.133 -
HCO; 65.775 58.4
Li 25.08x10° 3.0x10°
Cr 3.15x10° 1.0x10°
Co 18.93x10° 0.1x10°
Ni 24.09x10° 0.3x10°
Cu 5.96x10°% 7.0x10°
Zn 20.31x10% 20.0x10°
Rb 330.63x10° 1.0x10°
Sr 1445.01x10° 70.0x10°
Cd 0.60x10° -
Ba 18.60x10* 20.0x10°
u 5.94x10° 0.04x10°*
As 160.00x10° 2.0x10°
Se 260.00x10° 0.2x10°
Fe 3900.00x10° 670.0x10°
Tamperature(C) 10.8
pH 7.42
Eh 270.0
Specific coneuctivity(pS) at 25T 818.0
Alkalinity(mg/L as CaCO) 54.06

1986). If significant amount of ligands presents, however, we
should plot the total activities of the corresponding species
instead of the total concentrations to examine any possible
precipitation. The speciations of a solution component and
it's species acti-vities can be easily calculated by any
cugilibrium analysis pro-gram such as MINTEQA2 (Allison et
al., 1991). Figure 4 suggests that simply plotting total
concentrations of Ni, Zn, Cu, and Cd against pH (solid
circles) indicates precipitation of these metals occur in the
filtrates of higher pH. However, plotting the actvity sum of
corresponding species against pH (open circles in Figure 4)
indicates the filtrates are undersatu-rated to the corresponding
solids in the pH range of the pH-adsorpton experiments.
Although Figure 4 represents the stability field only of Ni, Cu,
Zn, and Cd, all the filtrates from pH-adsorption experiments
are undersaturated for any metal compounds. Thus, the metal
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Figure 3. The variations of the metal concentrations as a
function of tme in the filtrates from the time
adsorption esperiments.

concentration of the filtrates are principally controlled by
adsorption processes.

Figure 5 shows species distributions of the trace metals as a
function of pH. As shown in Figure 5, the trace metals exist
as more than two species (charged or uncharged)
simultaneously at any given pH. On the other hand, equation
(5) is valid for only one charged species. This contradiction
may be resolved by substtuting “an apparent equilibrium
constant, K., for K in equation (5). Then, Ky, €xpresses
the law of mass action between sum of the charged species of
the metal and AIO surface. Note that K., become
meaningless if a metal has significant amount both of cationic
and anionic species at the same time. Fortunately, Figure 5
indicates that this case rarely happens.
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Figure 4. Solubility diagrams of Ni, Cu, Zn and Cd. The
solid and open circles represent the data points
corresponding to the total concentrations and the
activity sums of the species of the trace metals.

Before making a plot of log(/"/[M*].,) against pH, the
fraction of ionic species of each metal must be first calculated
for given pH. Table 4 lists the kinds of the species and their
fractions of each metal, which are obtained from MINTEQA2.
Then, [M*"],,in equation (5) becomes [M].,, the value of the
total concentration of the metal multiplied by the fraction of
it's"ioni¢ species. .

Figure 6 shows the plot of equation (5) with the data from
Table 3 and Table 4. The linear regression line in Figure 6(a)
(Cr) and in Figure 6(h) (U) excluded the first data point at
pH=2.84, because the first point represents very different
ionic species (Cr** for Cr and UO,” for U) from the rest of
the species (refer to Figure 5(a) and 5(h)). Most of the data
except those in Figure 6(g) (Pb) show good correlation. The
poor correlation in Figure 6(g) may be due to nonequilibrium
state between Pb and AIO as suggested in Figure 2(g). Note
that the slope of the regression line in Figure 6(h) is opposite
to the rest. This is because U mainly presents as oxyanions for
experimental pH range (Figure 5(h)), while others are
speciated to the positve forms (Figure 5(a) to Figure 5(g)).
Figure 6(e) shows two regression lines: One is the regression
line for all the data points and the other one is for the data
points except the last one at pH=9.13. The last data point is
due to the adsorption of Zn(CO),”, while others due to the
adsorption of the cationic species.

To calculate K,y,,, from the intercepts of the regression lines
in Figure 6, required is the mole number of adsorption sites,
n, per mole of AIQ. With known n,



Table 3. The chemical compositions(ug/L) of the filtrates and filtercakes from the pH-adsorption experiments.
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a. filtrate
pH 2.84 5.29 6.50 7.41 9.13
Cr 5.43 3.74 341 4.36 4.63
Mn 703.68 330.50 134.68 55.51 20.56
Co 31.41 5.26 1.42 0.73 0.49
Ni 18.00 24.69 9.53 8.33 7.75
Cu 14.51 5.33 3.76 3.62 9.76
Zn 162.75 49.62 57.32 8.07 31.71
Cd 1.04 0.48 0.42 0.39 0.40
Pb 194 3.80 8.77 1.45 4.70
U 67.94 0.79 0.68 1.48 3.89
Mg 34.20x10° 37.30 x10° 39.70 X10° 32.60 x10° 30.20 x10°
Ca 120.00 x10° 132.40 x10° 145.80x10° 111.20x10° 99.10 x10°
Sr 1.50x10° 1.50 x10° 1.70 x10° 1.10 x10° 0.90 x10°
Fe 6.18 x10° nd 0.65 x10° n.d 0.11 x10°
Na 5.01x10° 5.02x10° 5.11 x10° 5.02 x10° 5.02 x10°
K 3.40x10° 2.71x10° 2.63x10° 2.82x10° 3.11 x10°
Si 7.95x10° 4.04 x10° 2.31 x10° 1.42x10° 0.90x10°
cr 211.93x10° 73.40 x10° 38.49 x10° 23.05 x10° 10.05 x10°
NO; 26.23x10° 27.92 X10° 2790 x10° 24.87 x10° 29.07 x10°
ek 247.64 x10° 270.21 x10° 196.36 x10° 300.64 x10° 298.36 x10°
b. filter cake
pH 2.84 5.29 6.50 7.41 9.13
Cr 289.74 310.82 307.80 306.33 300.96
Mn 1572.65 1954.56 770.35 3314.58 34219
Co 64.46 90.67 283.22 137.05 139.77
Ni 751.38 772.55 998.04 840.03 899.58
Cu 79.98 111.24 143.70 112.98 106.78
Zn 187.74 1235.91 3696.81 1852.53 1701.62
Cd 42.60 4542 43.62 36.06 37.98
Pb 29.71 3594 59.89 35.58 3224
U 2196 89.56 39.76 129.81 131.77
Mg 0.4710° 0.60 x10° 2.61 x10° 1.88 x10° 3.15x10°
Ca 1.79 x10° 3.87 x10° 28.69 x10° 18.54 x10° " 25.63x10°
Sr 0.09 x10° 0.17 x10° 1.28 x10° 0.70 x10° 0.85 x10°
Fe 579.30 x10° 52490 x10° 1882.10 x10° 857.20 x10° 901.10 x10°
Na 5.20x10° 5.20x10° 5.79x10° 5.32x10° 5.37x10°
K 0.56 x10° 0.57 x10° 0.49 x10° 0.63 x10° 0.46 x10°
Si 12.61 x10° 16.22 x10° 66.91 x10° 27.63 x10° 28.86 x10°
*n.d : Not detected.
log(Ku.yy) = intercepts - log(n). 6) experiments of simple systems. On the other hand, Tessier ez

Several investigators determined n values, but widely
accepted values may be thosc of Davis and Leckie (1978) (n=
1.75) and Dzombak and Morrel (1990) (n= 0.1 to 0.9).
Table 5 compares the Ky, values calculated with equation (6)
of this study with those reported by other investigators. The
Kuup values of Kinniburgh and Jackson (1982), Davis and
Leckie (1978), Benjamin and Leckie (1981), and Dzombak
and Morrel (1990) were obtained from laboratory

al. (1985)'s K.y, values were estimated from the analyses of
the porc water and oxic sediments in Clearwater Lake, Joe
Lake, and Fairbank Lake. It may be noted from Table 5 that
Kuap Values of this study are much different from those
obtained with simple experiments, indicating that the simple
adsorption experimental results can't be applied to the
complex natural aquatic systems like that of this study. The
values of K, are more or less close but not pertinent to the
values of Tessier et a/. It suggests that one must determine
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Figure 5. The species distributions of the trace metals as a function of pH.

one's own K.y, appropriate to the interested natural systems
before adsorption modelling. The difference in K,y values
between this study and Tessier et al's may be due to the
different amount of adsorbent and different metal

concentrations between them.

The slopes of the regression lines, x, in Figure 6 (except

Figure 6(g) and Figure 6(h)) suggest that the stoichiometric
coefficient of proton in reaction (1) has the range of 0.13 to
0.71. Generally x has the values near to 1.0 or 2.0 (Benjam-
ine and Leckie, 1981; Johnson, 1986). Although the reason
for the discrepancies in x values between this study and others
is not clear, it may be caused by the competition in

29
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Figure 6. Plot of log(/"/[M],,) against pH. The solid circles
are the data points calculated from Table 3 and
Table 4. The solid lines represent the linear
regressional lines.

adsorption among the different kinds of the trace metals or by
the different kinds of surface reaction from reaction (1).
Benjamin and Leckie (1981), Millward and Moore (1982),
and Benjamin (1983) discussed the competition among
different ionic species for the adsorption sites, but a
quantitative modeling of the competition is not available vet.
Deriving equaton (5) assumes that all the available free
surface sites of AIO are =SOH type. However, there must
be other types of surface sites such as =SO and =SOM".
The adsorption of a metal species on these sites would not

cause any pH change as shown below;

=S50, + M* = =SO,M, (7)
=SOM' + M* = =SOM + M'*, (8)

We can not descriminate the equilibium constants for
reactions (7) and (8) from that for reaction (1). Thus, it
should be noted that the apparent equilibrium constants, K.,
wp»  Calculated by do not
equilibrium constants for individual reacdons but indicate bulk

equation (6) represent the
adsorption properties of a metal component on AIQ, as the
term “apparent” implies.

SUMMARY AND CONCLUSIONS

The time-adsorption experiments indicate that the
adsorption reacticns of most of the trace metals, except Cr,
Co, and Pb, with AJO from the coal mine drainage in Taebag
area reach the equilibrium states within 400 mins. On the
other hand, the pH-adsorption experiments show good linear
relationships between the values of log(/"/[M],,) and pH for
most of the trace elements except Pb. From these two
experiments, we suspect the calculated K,y value for Pb, but
may accept those for the other elements on AIO.

Kuap and x for the adsorption reactions of Cr, Co, Ni, Cu,
Zn, Cd, Pb, and U on AIO are calculated from the intercepts
and slopes of the regression lines of log( 1" /[M],,) versus pH.
The calculated K., of this study is much different from
those obtained by simple experimental studies, but shows
some similarity to those estimated from other natural systems.
Despite the similarity in K,,,, between this study and the
investigations for other natural systems, it is evident that K.,
values of this study are uniquelv appropriate only for the
aquatic systems in Taebag coal mine area and thus, should be
predetermined for adsorption modelling in the area. Moreover,
for complete description of the trace metal behavior during
the transport from mine scepage to the downstream, it is
necessary to characterize the adsorption properties between
the bottom sediments and the trace metals at site by site
along the flow path, using the method as described in this
study.

The calculated stoichiometric coefficients of proton, x, of
this study are is much smaller than generally accepted values.
Although not certain, it may be caused by the competetion
among the different kinds of ionic species for the adsorption
sites or by occurrence of other reactions not generating
protons. The effects of the competiion and presence of
several reaction types can be evaluated only qualitatively with
current knowledge.

The method used in this study may be similarly applied to
other adsorption investigations and the results of this study
will help construct an appropriate adsorption models. With
the constructed models, one can describe the variadons of
trace element concentradons due to the adsorption in the
aquatic systems, which is an essential part of the investigation
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Table 4. The kind of the species and their fractions of each metal, which are ontained from MINTEQA2.

pH cr* Cr(OH)* CrOHSO,’ Cr(OH),, Cr{OH) Cr(OH), CrO,
2.84 0.945 0.035 0.01

5.29 0.053 0.558 0.205 0.0181

6.50 0.130 0.034 0.691 0.143 )
741 0.367 0.620 0.014 0.035
9.13 0.011 0.941

pH Co™ Co(OH),’

2.84 1 1.612E-9

5.29 0.9937 0.62141E-3

6.50 0. 0.09090909

7.41 9090909 0.83554

9.13 0.1645 0.99992

pH Ni* NisO,’ NiCO;’ NiHCO;  Ni(CO

2.84 0.879 0.113

5.29 0.852 0.135 ,

6.50 0.640 0.072 0.251 0.036

7.41 0.162 0.031 0.790 0.014

9.13 0.877 0.118

pH Cu”? CuOH" CuSO,* CuHCO;  CuCO; Cu(OH)*

2.84 0.873 0.118

5.29 0.832 0.138 0.023

6.50 0.574 0.013 0.068 0.108 0.163 0.074

7.41 0.072 0.013 0.014 0.021 0.255 0.624

9.13 0.992

pH Zn" ZnOH’ ZnSO,’ ZnHCO;  ZnCO;’ Zn(OH),’ Zn(CO;),"
2.84 0.857 0.133

5.29 0.830 0.158

6.50 0.834 0.113 0.04

7.41 0.682 0.014 0.156 0.049 0.089

9.13 0.030 0.032 0.185 0.436 0.306
pH cd* cdcr Cdso,’ CdHCO;”  CdCOoy

2.84 0.647 0.222 0.123

5.29 0.730 0.089 0.171

6.50 0.772 0.050 0.129 0.037 0.010

7.41 0.647 0.011 0.182 0.047 0.106

9.13 0.108 0.032 0.840

pH Pb* PbCl* PbSO,° PbHCO;  PbOH* PbCO;’ Pb(CO;)," Pb(OH),’
2.84 0.656 0.094 0.244

5.29 0.636 0.032 0.290 0.028

6.50 0.382 0.010 0.124 0.114 0.016 0.350

7.41 0.072 0.040 0.033 0.026 0.825

9.13 0.028 0.801 0.155 0.013
pH ro,” U0,50,° U0,(50,)," UO,0H" U0,CO TO,(CO.)"  TO,(CO,)"
2.84 0.726 0.252 0.014

5.29 0.115 0.049 0.126 0.691

6.50 0.013 0.466 0.515 0.086
741 0.064 0.849 :
9.13 0.179 0.821

on the stream water quality affected by coal mine drainage.
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Table 5. Comparison of the Ku,, of this study with those
reported by other investigators.

\1 log qu,am
Metals b c Reported by others Reference®
Cr  -3.416 -4.37024 -1.65904 -
Co  -0.322 -147624 -1.76504 -4+.2 ~ -3.87 (1)
Ni 0305 -0.64924 093804 3300 01315, 1)
2221 (1
Cu  -0.344 -1.29824 -1.38704 j?:g:jgj; 8;
0.6 ~ 2.85 (4)
-422 (1)
) ) ) -17.5 ~ -16.9 (3)
Zn 1.086 -2.04024 -2.32904 g2~ (97 (4)
-1.85 ~ -0.608 (5)
-4.91 (1)
- ‘112~ 5.1 (3)
Cd 1.122 0167757 -1.12104 5 ¢" "0%3 ()
22652 ~ 141 (5)
2.0~ -50 (3)
Pb 0925 -0.02924 -0.31804 0.3~471 (4)
-0.42 ~ 0.752 (5)
U 3994 3.039757 2.750962 -

*a:n=0.1, b: n=0.9, ¢: n=1.75 moles/mole Fe.

@ (1): Kinniburgh, D.G. and Jackson, M.L.(1982).
(2): Davis, J.A. and Leckie, J.0.(1982)
(3): Benjamin, M.M. and Leckie, J.O.(1981)
(4): Dzombak, D.A. and Morel, FM.M (1990).

providing quality chemical compositional data.
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