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ABSTRACT

This study investigates interactions between a typical acid-mine water and a solid mixture of cal-
cite and quartz. In this solid mixture, calcite provides a source of alkalinity whereas quartz surfaces
become preferable place for precipitation of produced oxides. The results indicate that neutraliza-
tion by calcite dissolution is critical for extensive immobilization of metals from these waters. As
pH increases, ferrihydrite, amorphous Al(OH)3;, Cu(OH),, and possibly Zn(OH), precipitate that
decreases the aqueous concentrations of Fe, Al, Cu, and Zn. These precipitates also provide more
adsorption sites for metal ions. Under the experimental conditions used in this study, Pb sorption
was stronger than either Cd or Zn. The presence of ferrihydrite increased Pb and Cd adsorption
significantly. Cd was most mobile with respect to the other metal ions studied. Besides metal ions,
S04~ is also adsorbed onto oxide surfaces to some extent. An unknown sulfate mineral was pre-
sent when the mine water lacked dissolved Fe or was not neutralized by calcite. The mineral is likely
a Cu and/or Zn sulfate with structural H,O.
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INTRODUCTION

rous Fe by the bacteria Thiobacillus ferrooxidans (Omura
et al., 1991; Bigham et al., 1990; 1992) favors the pre-

CID-MINE DRAINAGE (AMD) RESULTS FROM the

weathering of sulfide minerals, such as pyrite (FeS,)
and its polymorph marcasite (a-FeS) by exposure to oxy-
genated surface water or groundwater (Faure, 1991).
Acid-mine waters typically exhibit low pH values with
relatively large concentrations of dissolved sulfate and
Fe and potentially toxic concentrations of heavy metals
(e.g., Pb, As). Transport of heavy metals to streams,
lakes, and groundwater aquifers may lead to a significant
degradation in water quality.

Three important types of reactions operate to control
the concentrations of metals and sulfur in AMD: oxida-
tion/reduction (redox), dissolution/precipitation, and sur-
face adsorption reactions. Accelerated oxidation of fer-

cipitation of iron oxides, oxyhydroxides, and oxyhy-
droxysulfates, resulting in the co-precipitation of metals
such as As and Se (Omura et al., 1991; Bigham et al.,
1991, 1992; Merrill et al., 1986). Biological reduction
forces metal sulfide precipitation under reducing condi-
tions which often exist in natural or constructed wetlands
(Machemer and Wildeman, 1992; Chironis, 1929).
Precipitation of dissolved iron also can be achieved
electrochemically (Jenke and Diebold, 1984), or by rais-
ing the solution pH with lime or other substitutes (Bol-
ing et al., 1992; Heunis, 1987; Bates et al., 1990). Metal
adsorption to the surfaces of various Fe and Al oxides,
hydroxides, and oxyhydroxides may also act to reduce
metal concentrations in solution. Of the possible solids,
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ferrihydrite, a poorly crystalline Fe hydroxide (nominally
FesHOg - 4H,0) is one of the most important because of
its abundance and its high surface area and reactivity
(Dzombak and Morel, 1990).

The objective of this study is to examine the process
of metal immobilization as acid-mine waters react with
a mixture of calcite and quartz sand. An improved un-
derstanding of the interactions between contaminants in
acid-mine waters and the solid mixture can assist in the
design of reactive control systems to treat water AMD.

MATERIALS AND METHODS

The acid-mine water used in the experiments was syn-
thetically prepared in the laboratory according to a recipe
that was based on average compositions of acid-mine wa-
ters from coal and metal mines reported in literature
(Jenke and Diebold, 1984; Winland, 1989; Winland et
al., 1991; Sasowsky and White, 1993; Hammen et al,,
1993; Filipek et al., 1987). The composition of the syn-
thetic acid-mine water used in this study is given in Table
1. The water composition was verified analytically by In-
ductively Coupled Plasma (ICP) emission (see Table 1).
Preliminary tests showed that precipitation of a yellow
solid occurred when the acid water of the composition
shown in Table 1 was allowed to age for 10 hours. The
solid was identified as ferrihydrite by X-ray diffraction
analysis. The minor precipitation of ferrihydrite was
probably due to the presence of high SO4 concentration
that was found to accelerate the precipitation even at low

TaBLE 1. COMPOSITION OF THE SYNTHETIC
AciD-MINE WATER USED IN THE STUDY

Prepared conc.

Component mglL
S042 960
Cl- 327
ClO4~ 2985
NO;~ 260
Mg?+ 24.3
K* 7.8
Na* 460
AP 27.0
Fe3* 560
Cu?* 127
caz+ 5.62
Zn?* 131
Pb2* 10.3
pH (measured) 2.42-2.512

aThe pH range reflects the measurements of the synthetic
solution prepared at different times.
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pH values (Flynn, 1984). Therefore, samples were pre-
pared less than 30 minutes before each experimental
treatment to avoid solid precipitation.

The synthetic acid-mine waters were then reacted with
Ottawa quartz (a-Si0O,) (Grade 2.6, U.S. Silica Co., Ot-
tawa, IL) and Iceland calcite (CaCO3) (Earth Science Ed-
ucator’s Supply, Lee’s Summit, MO). Both quartz and
calcite were confirmed by X-ray powder diffraction
(XRD) analyses. The quartz sand was sieved and the
60-80 mesh fraction was used in the study. The quartz
sand was washed with 1% HCI and rinsed with distilled
water to remove carbonates and surface contaminants.
The calcite was ground and sieved and the 60—80 mesh
fraction was used. The solid samples were reacted in
batch with the synthetic acid-mine solutions employing
three treatments: (1) quartz sand with no calcite, (2) cal-
cite with no quartz sand, and (3) a mixture of 95% quartz
sand and 5% calcite. In some treatments, the synthetic
solution not containing Fe3* [as Fe(ClOy)3] or Pb, Cu,
Zn, and Cd (in nitrates) was used to help elucidate the
important role of iron and other chemical variations in
the reaction system.

Batches of 150 mL solutions were prepared in 250 mL
polyethelene plastic bottles according to the initial con-
ditions outlined in Table 2. Experimental procedures are
shown schematically in Fig. 1. After thorough mixing of
initial solutions, a 4-mL aliquot was pipetted from each
bottle for pH measurement. The pH measurement was
conducted in a 5-mL Teflon vial containing a Teflon-
coatéd magnet-stirring bar. Nineteen grams of quartz
sand and/or 1.0 gram of calcite were added to the re-
maining (146 mL) solution in each bottle (Table 2). The
bottles were sealed with parafilm which was perforated
to prevent CO, pressure buildup by allowing for ex-
change with the atmosphere.

The bottles were placed in an Eberbach reciprocal
shaker (Ann Arbor, MI) and were shaken for approxi-
mately 15 hours at 180 rpm at 25 = 2°C. After shaking,
about 45 mL of suspension from each bottle was trans-
ferred to a 50 mL polycarbonate centrifuge tube. The tube
was then centrifuged at 1500 rpm for 1 hour and 30 mL
of its clear supernatant was decanted as the final solution
(Table 2) to a polycarbonate sample bottle. Four mL of
the supernatant was pipetted for pH measurement. The
remaining supernatant was acidified by adding two drops
of 37% HCI and was refrigerated for 2 days before analy-
sis.

The remaining suspension in each bottle was separated
from the coarse-grain solids settled on the bottom of the
bottle and was transferred to a 50 mL centrifuge tube.
The suspended solids were washed repeatedly by cen-
trifuging and decanting supernatant until the suspension
became dispersed with fine particles even after cen-
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TABLE 2. INITIAL CONDITIONS OF ALL EXPERIMENTAL TREATMENTS
Treatment Solution Solid(s)
11 Composition® less Fe 1 g calcite + 19 g quartz
12 Whole composition 1 g calcite + 19 g quartz
13 Composition less Pb, Cu, Zn, Cd 1 g calcite + 19 g quartz
14 Whole composition Only 1 g calcite
15 Whole composition Only 19 g quartz

2Composition listed in Table 1.

trifuging. About 5 mL of suspension were pipetted onto
a glass microscope slide (labeled as SR samples). The re-
maining suspension in the tube was quickly frozen in a
freezer and freeze dried under vacuum. These solids were
labeled as CX samples. The coarse-grain solids in the
bottles (mainly quartz and calcite) were dried in an oven
at 60°C prior to being transferred to 20 mL glass vials
for further examinations (R samples).

Sample Analyses

The total Ca, Zn, Cd, Cu, Pb, and Fe concentrations in
the acidified supernatant from the experiments were mea-
sured with atomic absorption (AA) spectrometry using a
Perkin-Elmer 3030B instrument with an air-acetylene
flame. Besides these metals, concentrations of Al, K, Mg,
Na, and SO4 were analyzed with an inductively coupled
plasma emission spectroscopy (ICP).

Both the SR and CX samples were examined with an
X-ray diffractometer (Philips Electronic) using CuK a ra-
diation at 35 kV and 20 mA. The diffraction was digi-
tally reduced in the 20 range of 10°-70° with 0.05° in-

terval and 4-second count for each 26 angle for most of
the samples. The diffraction peaks obtained from the sam-
ples were used for mineral identification with reference
to the data files from the Joint Commission of Powder
Diffractometry Society (JCPDS). The SR samples also
were examined by infrared spectroscopy. A 5-mg sam-
ple was mixed with 195 mg of spectroscopic-grade KBr
and ground with a sapphire mortar and pestle. The re-
sulting powder was hand-packed into a 3 mm conical
sample cup and the upper surface was smoothed with a
glass microscope slide. Diffuse reflectance, Fourier
Transform Infrared Spectra (DR-FTIR) were obtained for
the samples using a Mattson-Polaris FTIR equipped with
a broad-band MCT detector. All spectra were recorded
as an average of 100 scans made at 2 cm™! resolution in
4000400 cm™! range.

The CX and R samples were examined with a scan-
ning electron microscope (SEM) using a JEOL JSM-A20
instrument equipped with an energy dispersive X-ray an-
alyzer (EDS). The samples for the SEM analyses were
mounted on stainless-steel stubs using double-stick tapes
and were coated with gold.

150 mL
L 4 mL pH
Acidic Water measurement
+
Calcite (1 g)
and/or
Quartz (19 g)
Shaking — Supernatant Suspended particles
15 hrs. (SR samples)
Suspension & Citugingl__| Residual Fine residues
solids (CX samples)
Coarse residues
(R samples)
FIG. 1. Schematic diagram showing the experimental procedures used in the study.

ENVIRON ENG SCI, VOL. 14, NO. 3, 1997



144

Geochemical Modeling

Geochemical modeling of chemical equilibria was con-
ducted with the MINTEQA2 computer code (Allison et
al., 1991). The input temperature was 25°C. The mea-
sured final pH values and concentrations of various com-
ponents were used as model input. Quartz and calcite
were treated as finite solid phases according to the quan-
tities used. All of the reaction systems werre assumed to
be in equilibrium with atmospheric CO, (Pcoz = 10739)
based on the experimental method just described. No
solid phases were allowed to precipitate in the simula-
tions and the potential for precipitation was evaluated by
the saturation index [log(Q/K), Q = reaction quotient,
K = equilibrium constant] obtained in the calculations.

RESULTS AND DISCUSSION

Solution Chemistry

The ICP analytical results of final supernatants from
all treatments indicate that the concentrations of K, Na,
and Mg did not differ significantly from the starting so-
lutions. Therefore, these metals are regarded as conserv-
ative species and are, therefore, not discussed. pH values
and concentrations of metals are listed in Table 3 for both
the original solutions and the final supernatants.

In the experiments where calcite was present (treat-
ments 11-14), solution pH increased dramatically. With
Fe present in the original solutions, pH changed from 2.4
to above 6.5 (Table 3). The dissolution of calcite resulted
in the increases of pH and Ca concentrations in the final
solutions. Aluminum in the solutions was almost com-
pletely removed because of AlI(OH); precipitation at fi-
nal pHs near 7.0. The X-ray diffraction (XRD) analyses
of solid residues from these treatments did not detect any
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crystalline Al phases. Meng and Letterman (1993) ob-
served amorphous Al(OH); coated on silica surfaces un-
der similar experimental conditions. As pH increased,
Fe3* was precipitated out as ferrihydrite. XRD analyses
of the final solid residues revealed a broad peak centered
at 2.5 A, which corresponds to that of ferrihydrite with
poor crystallinity (Bigham et al., 1992; Schwertmann and
Taylor, 1989). Loeppert et al. 1994 also found that fer-
rihydrite was the only solid product in the Fe3*-calcite
reaction system. Concentrations of Cu and Pb decreased
significantly in these experiments (treatments 11-14),
whereas that of Zn and Cd decreased to a lesser extent.

In treatment 11 where no Fe was present in the origi-
nal solution, the initial pH was 4.24. This value was much
higher than any of other treatments (ca. 2.4). As a result,
less calcite was dissolved in the experiment and the fi-
nal Ca concentration (150 mg/L) was much lower than
that in the other treatments. In treatment 15 where quartz
was the only initial solid, the chemistry of final solution
was not significantly different from the starting solution
except for Fe concentration. Ferrihydrite was identified
in the final solid residue by XRD. The precipitation of
ferrihydrite resulted in a slight pH decrease from 2.43 to
2.26 during the following reaction:

5 Fe’* + 12 H,0 = FesHOg4H,0 + 15 H* (1)

Although ferrihydrite precipitation is not common at such
a low pH, the precipitation can be accelerated by the high
sulfate concentration in the solution even at low pH
(Flynn, 1984).

Solid Composition and Morphology

Figure 2 depicts the SEM micrographs of calcite (Fig.
2A) and quartz (Fig. 2B) grains after the reaction in treat-
ment 12. The calcite grain is characterized by ubiquitous

TABLE 3. CHANGES OF SOLUTION CONCENTRATIONS FOR VARIOUS TREATMENTS:
ALL CONCENTRATIONS ARE IN MG/L, MEASURED BY FLAME AA EXCEPT AS OTHERWISE INDICATED

Treatment Al Ca Zn Cd Pb Cu Fe pH

11R 27 — 131 5.62 10.4 127 — 4.24
11F b.d. 150 935 5.60 3.71 441 — 6.57
12R 27 —_ 131 5.62 10.4 127 560 2.42
12F 0.03 614 97.2 5.03 0.20 8.7 0.56 6.33
13R 27 — — — — — 560 2.42
13F 0.07 591 — — — — 1.12 6.97
14R 27 — 131 5.62 10.4 127 560 2.44
14F 0.14 641 93.5 4.86 0.20 6.2 0.79 7.35
15R 27 — 131 5.62 10.4 127 560 243
15F 26.9 0.09 115.3 5.54 9.95 125 283 2.26

2ICP analyses.

R = original solution, F = final solution after reaction, — = component not present, b.d. = below detection of 0.01 mg/L.
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FIG. 2. SEM micrographs of solid residue from treatment 12 (sample R12), showing the surfaces of a calcite grain (A) and a

quartz grain (B).

dissolution steps, whereas the quartz grain was coated,
presumably with ferrihydrite which was identified by
XRD. The coating of ferrihydrite on the quartz surfaces
has been observed in laboratory studies (Fryar, 1992;
Stollenwerk, 1991). The presence of a ferrihydrite coat-
ing on quartz and its absence on calcite can be interpreted
with the surface charge characteristics of these solids. The
Point of Zero Charge (PZC) of ferrihydrite is in the range
of 7.9 to 8.2 (Dzombak and Morel, 1990), whereas PZCs
for calcite and quartz are 10.0 and 2.0, respectively (Spos-
ito, 1984). Therefore, ferrihydrite and calcite are posi-
tively charged and quartz is negatively charged in the pH
range of 2.0 to 8.0, which was the operable range in most
of our experiments. As a result of these changed condi-

tions, ferrihydrite tended to precipitate on the quartz sur-
faces rather than the calcite. The significance of this sur-
face coating is that calcite can provide a continuous
source of neutralizing agent to water acidity, whereas
quartz surfaces serve as reservoirs for Fe-oxide precipi-
tates. Besides ferrihydrite, AI(OH); with PZC = 9.1
(Meng and Letterman, 1993) may also precipitate on
quartz surfaces. When a calcareous soil receives acid-
mine waters from mining, a similar phenomenon would
be expected.

Sorption of ions on Fe and Al hydroxides may be re-
vealed by FTIR spectra. Figure 3 displays a FTIR spec-
trum of the SR12 in treatment 12. Among the bands as-
signed in Fig. 3, the peaks at 1100 and 617 cm™! are

ENVIRON ENG SCI, VOL. 14, NO. 3, 1997
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Absorbance

4000 3000

2000 1000
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FIG. 3. DR-FTIR spectrum of the solid reaction product from treatment 12 (sample SR12). The absorbance peaks are assigned
as OH stretching at 3411 cm~! (Farmer, 1974), OH bending (?) at 1506 and 1363 cm™!, and Fe-O stretching at 700 and 485
cm™! (Bigham et al., 1990). The bands at 1100 and 617 cm™! are assigned as v3(SO4) and v4(SOy).

13(SO4) and v4(SOy4). They correspond to the fundamen-
tal vibration frequencies of SO4 at T4 symmetry in which
only the »; and v, bands are infrared active (Bigham et
al., 1992; Farmer, 1974). The T4 symmetry reflects a typ-
ical free ion state of SO42~. Therefore, sulfate ion was
weakly adsorbed (as an outer-sphere complex) on the
available solid surfaces.

In a system without quartz (treatment 14), the mor-
phology of ferrihydrite was quite different. SEM micro-
graphs of the solid R14 are illustrated in Fig. 4. In gen-
eral, ferrihydrite is loosely scattered in the voids among
calcite grains (Fig. 4A). A close examination reveals sev-
eral cases of partial coverage of ferrihydrite on calcite sur-
faces (Fig. 4B). This partial coverage appears to be a re-
sult of physical deposition during the drying of the sample.

When no Fe was present in the original solution (treat-
ment 11), ferrihydrite was absent in the final products.
The relatively high solution concentrations of Pb and Cd
at the end of treatment 11 appear to have been resulted
from reduced adsorption in the absence of ferrihydrite
surfaces. An additional crystalline phase was detected in
the CX11 sample (Fig. 5). Quartz and calcite were both
present along with a new set of diffraction peaks. The
most prominent ones were centered at 2.714 A and 1.50
A. Figure 6 shows a SEM micrograph of the sample (Fig.
6A), together with an X-Ray EDS focused on a single
aggregate of precipitates in the sample (Fig. 6B). The
EDS reveals the abundance of Zn, Al, S, and Cu in the
aggregate. The Al signal is likely from Al(OH);. There-
fore, the new phase is likely a Zn and/or Cu sulfate. An

extensive search based on the XRD pattern leads to two
closest matches: (Cu,Zn)7(SO4)2(OH)¢-3H,0 (Schulen-
bergite) and (Cu,Zn)4SO4(OH)¢-4H,0 (Namuwite).

In the system without calcite (treatment 15), ferrihy-
drite precipitation occurred but to much less extent than
with the other systems just described. Besides the ferri-
hydrite, the XRD pattern for the solid residue (sample
CX15) also revealed both peaks of 2.714 A and 1.50 A
that are found in Fig. 5. Figure 7 includes a SEM mi-
crograph of sample CX15 (Fig. 7A) and an EDS spec-
trum focused on the cluster of precipitates on the surface
of the sample (Fig. 7B). Based on the aforementioned
discussion, the precipitates consisted mainly of ferrihy-
drite, Al(OH); and the new sulfate phase. The EDS spec-
trum in Fig. 7B detects Fe, S, and Al in the precipitates.
The finding is consistent with the XRD and chemical re-
sults presented earlier. The presence of the sulfate phase
is further supported by the FTIR spectrum of the solid
residue (sample SR15) depicted in Fig. 8. In comparison
with the spectrum in Fig. 3 (treatment 12), the extra OH
stretching bands at 3694, 3654, and 3619 cm™! reveal
the presence of structural H,O (Farmer, 1974). The
3(SOy) previously centered at 1100 cm™! is now split
into several peaks (1102, 1038 cm™!, and others), indi-
cating much lower SOy site symmetry (e.g., C; symme-
try). SO, resides in a crystal structure in this symmetry.
The 1(SO4) and »»(SO4) bands become infrared active
and they are assigned as 980 and 529 cm™ !, respectively.
These observations further confirm that the novel phase
is a sulfate with structural H,O.
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FIG. 4. SEM micrographs of solid residue from treatment 14 (sample R14). (A) Clusters of precipitates scattering around the
larger calcite grains and (B) a close-up view of a cluster on the surface of a calcite grain.
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FIG. 5. X-Ray Diffraction (XRD) pattern of solid residue from
treatment 11 (sample CX11).

Metal Distribution

The important processes regulating metal mobility in
the systems studied were precipitation and adsorption.
Besides Al(OH); and ferrihydrite, Cu(OH), was likely
present in some of the experimental treatments based on
its saturation index from MINTEQA?2 calculations. Sorp-
tion of metal ions to various solid surfaces becomes very
important when precipitates such as ferrihydrite and
Al(OH); occur. Because of large surface areas of these
precipitates, they provide extensive surface sites for sorp-
tion. However, these sites are often selective to metal ions
and adsorption is often pH dependent. In a multi-ion sys-
tem like the one in this study, competition among the ions
for the surface sites becomes important.

ENVIRON ENG SCI, VOL. 14, NO. 3, 1997
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FIG. 6. Electron microscopic examination of solid residue from treatment 11 (sample CX11). (A) SEM micrograph showing

clusters of precipitates and (B) X-Ray EDS of precipitates.

The experimental results from this study showed that
Pb and Cu are more easily retained than Cd and Zn. The
results are consistent with that observed by Kinniburgh
et al. (1976) for iron and aluminum oxides. The removal
of Pb from the solution can be attributed to several pos-
sibilities. Pb?* adsorb significantly on the surfaces of
quartz, AI(OH)s and calcite through a variety of surface

reactions (Sposito, 1984). The presence of ferrihydrite
promotes strong adsorption of Pb?". Miiller and Sigg
1992 estimated that Pb?* adsorption capacity on the
goethite they used was 3.8 X 107° mol/m?. With the
larger specific surface area of ferrihydrite, larger ad-
sorption capacity is expected.

Cd removal can be explained by Cd sorption to the



ACID-MINE WATER AND CALCITE/QUARTZ

149

B “—RAY: 0 =10 kel
Live! 100s Preset: 100z Remaining: 0s
Real: 1{41s 29% Dead
Fe
S
Al Pd Fe

T mﬁ%:w%mf\“t':“_____‘-Nw"‘umuu,-xw‘ u.ur,A-.Au .
o L0 5.122 kel

S= K ch Sz2= 25 otz
MEM1 &

FIG. 7. Electron microscopic examination of solid residue from tratment 15 (sample CX15). (A) SEM micrograph showing
clusters of precipitates on quartz surfaces and (B) EDS focused on the cluster of precipitates shown in (A).

surfaces of quartz (Liu et al., 1993) calcite (McBridge,
1980; Stipp et al., 1992; Davis et al., 1987), amorphous
Al(OH); and ferrihydrite. A comparison of the results be-
tween treatment 11 and the other treatments in Table 2
indicates that the ferrihydrite surface is likely to have pro-
vided the majority of sorption sites for aqueous Cd.
Cowan et al. (1991) and other investigators showed that
Cd?* adsorption on amorphous Fe oxide occurred be-
tween pH 5.5 and 8.5 and that 50% of the total Cd was

sorbed at pH values of 6.4 and 6.7 for Cd initial con-
centrations of 1077 and 10¢ M, respectively. Meng and
Letterman (1993) observed a similar pH range at a higher
Cd?* concentration (1.78 X 1073 M) with 50% adsorp-
tion evident at about pH 6.5. The results of an additional
run that was identical to treatment 12 but without Pb, Zn,
and Cu showed that about 50% Cd adsorption at [Cd]t =
5 X 10 ° M was achieved with the mixed solids of fer-
rihydrite, AI(OH)s, calcite and quartz at pH 6.86. The ex-

ENVIRON ENG SCI, VOL. 14, NO. 3, 1997
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FIG. 8. FTIR spectrum of solid residue from treatment 15 (sample SR15). In addition to the peaks assigned in Fig. 3, the ex-
tra OH stretching bands at 3694, 3654, and 3619 cm™! indicate the presence of structural H,O [26]. The v3(SO4) previously cen-
tered at 1100 cm™" is split into several peaks (1102, 1038 cm™ !, and others). The 980 and 529 cm ™! peaks are assigned as v|(SOq)

and 1,(SOy), respectively.

tent of adsorption is comparable to that of Meng and Let-
terman (1993). In treatments 12 and 14, however, Cd re-
moval rates were much less than 50%, likely due to com-
petition among the metal ions. The competition of Ca*
and Cd?* for the oxide surface can also cause less Cd
adsorption (Cowan et al., 1991; Petersen et al., 1993).

The removal of Zn from the solution appears to be as-
sociated with precipitation of Zn(OH); and the new sul-
fate phase at the high initial Zn concentrations (Lindsay,
1979). Other factors contributing to the removal include
Zn sorption to quartz (Liu et al., 1993), calcite (Zachara
et al., 1988; 1989; 1991) and the amorphous AI(OH)3
precipitate.

Ionic complexation influence the adsorption as well.
For example, the formation of CdSO4° can weaken the
Cd sorption to iron oxide surfaces (Benjamin and Leckie,
1982). This speciation effect becomes more sigificant in
higher ionic strength solutions and effectively reduces
Cd?* activity. The high ionic strength and sulfate con-
centration in our system promoted the formation of

CdSO4° species which is supported by a MINTEQA2
simulation. Similar complexation effect has been re-
ported for Zn sorption (Benjamin and Leckie, 1982).
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