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ABSTRACT
Potential control of soluble aluminium in Al-bearing acidic discharge neutralization by formation of
precipitates other than Al(OH)3 was studied. At pH around 5.5, precipitates formed in field and laboratory
showed that Al-solids contained sulfate and silicon. Although the soluble aluminium concentration do
not match each of the solubility of species of Al-precipitates, the reason that soluble aluminium
concentrations were less than solubility of amorphous Al(OH)3 was due to the formation of Al-sulfate.
The laboratory experiments of synthetic ARD showed that basaluminite was formed and this was the
reason that soluble Al concentration became less than the solubility of amorphous Al(OH)3. The change
of sulphur contents in the sludge with pH revealed that more Al-sulfate (basaluminite) was formed at
high pH (~8.3). The atomic ratio of Al/OH at different pH values suggested that the sludge formed at
neutral pH conditions contained the most proportion of Al(OH)3. The formation of these precipitates
provides a possible mechanistic explanation for the decrease of soluble Al concentration in neutralization
of ARD.
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INTRODUCTION

Acid rock discharge (ARD) or acid mine drainage (AMD)
formed through the oxidation of sulfide minerals (usually
pyrite) is a major source of water impairment in both, coal
and hard rock mining regions throughout the world
(Sasowsky et al. 2000, Bunce et al. 2001). Usually, the pri-
mary contaminants in ARD are iron and sulfate, which
come from the oxidation of pyrite. Other metals, such as
Al, Mn, Mg, etc. could also be present in ARD as the prin-
cipal contaminants (Cravotta 2008, Nordstrom & Alpers
1999, Neufeld et al. 2007). Al concentration changes
widely in ARD/AMD. Data reported from over 150 differ-
ent mine drainage samples across USA showed that over
30% of these locations presented minimum soluble Al
concentrations of 50 mg/L (Watzlaf et al. 2004). Cravotta
(2006, 2008) reported that in over 50% from 140 aban-
doned coal mines in Pennsylvania were present median
soluble Al concentrations over 1.3 mg/L and the maxi-
mum concentration was 108 mg/L. Researches also reported
that the Al concentration was up to 1,100 mg/L in AMD in
Sobov, Slovakia (Dubikova et al. 2002). In Spain, Galan et
al. (1999) reported the Al concentration of about 50 mg/L
in AMD at Huelva. Al pollutant due to AMD/ARD is an
environmental problem over the world (Gray 1998), since
Al is highly toxic to aquatic organisms, and can destroy the
benthic habitat and degrade the aesthetic qualities of stream
(Koryak et al. 1972, Evangelou & Zhang 1995).

Theoretically, the primary reaction of Al precipitation
is considered as the formation of gibbsite or amorphous
(am) Al(OH)

3
:

 Al+3 + 3H
2
O  Al(OH)

3
  + 3H+                      ...(1)

However, the precipitation of Al from natural ARD and/
or AMD is complex. ARD/AMD often contains sulfate and
silicate, which could impact the composition of precipi-
tates. While Al(OH)

3
  is usually the primary species of Al-

precipitates found in field, the presence of sulfate could
dramatically impact the solubility of Al. The strong affinity
that Al has for sulfate in the form of basaluminite and alunite
has been observed by Taylor et al. (1997) and Bigham &
Nordstrom (2000). They reported that although the solubil-
ity of Al appeared corresponding to aluminium hydroxides,
analysis of the composition of formed precipitates suggested
that amorphous basaluminite and Al hydroxysulphates were
in solution, the proportions of which were pH dependent.
Several previous studies (Karathanasis et al. 1988, Sullivan
et al. 1988, Van Breeman 1973) have reported that a
jurbanite-like mineral, having a molar stoichiometry of
Al:OH:SO

4
=1:1:1, might control the activity of Al3+ in

acidic, SO
4
-rich waters. Adams & Rawajfih (1977) found

that amorphous basaluminite (Al
4
(SO

4
)(OH)

10
) was precipi-

tated during titration of Al sulfate with Na, K and Ca-hy-
droxides, and Nordstrom et al. (1984) have also suggested
that the most common phase in mine-drainage systems seems
to be an amorphous Al hydroxysulphate with basaluminite
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stoichiometry. Herrmann & Baumgartner (1992) and Kim &
Kim (2003a) have also reported that other compositions of
Al precipitates can also be formed in the presence of other
anions.  Nordstrom et al. (2000) also found in both field and
laboratory experiments that the precipitates of basaluminite
(Al

4
(OH)

10
SO

4
)/hydrobasaluminite (Al

4
(OH)

10
SO

4
·12-

36(H
2
O)) significantly delayed the formation and equili-

bration of stable minerals. Numerous researches have inves-
tigated the solubility product of Al compounds in dilute
and equilibrium conditions (Shah Singh & Brydon 1969,
May et al. 1979, Xiao et al. 1998). However, the actual chem-
istry of ARD is complex and the water could be in
nonequilibrium conditions. Some researches have reported
that the amorphous Al(OH)

3
 was the primary species of Al-

precipitates (Nordstrom et al. 1984, Nordstrom & Ball 1986,
Lee et al. 2002, Pu et al. 2010), although the theoretical
species of Al-precipitates should be gibbsite and/or Al-
sulfate. Meanwhile, some researches have reported that Al-
sulfate precipitates were detected in field (Taylor et al. 1997,
Bigham & Nordstrom 2000, Kim & Kim 2003a, 2003b). It
has long been known that anions, such as sulfate and silicate,
can impact the composition of Al-precipitates (Adam &
Rawajfih 1977, Nordstrom et al. 1984, Bigham & Nordstrom
2000 and Kim & Kim 2003b). Relatively, little work has
focused on the influence of alternative species of Al-
precipitates on the concentration of residual soluble Al
during ARD/AMD treatment, but previous works showed
several Al-precipitate species, such as basaluminite and
jurbanite, that might be important under low and high pH
conditions (Nordstrom & Ball 1986, Nordstrom et al. 2000).
Understanding of the relation of species of Al-precipitates
and soluble Al concentration in different pH values may
help elucidate observed difference in the species of Al-pre-
cipitates in field.

The objective of this study was to quantify, in control-
led laboratory experiments, Al solubility and solid species
in field ARD over time in neutralization with NaOH. The
laboratory results were compared with the field observa-
tion. Meanwhile, synthetic ARD was used in this study to
identify the possible species of Al precipitates formed in
neutralization of ARD with NaOH. This study focused on
the species of Al-precipitates and the relationship of solu-
ble Al concentrations to the species of precipitates. The
results of this study provide insight into soluble Al concen-
tration and solid-phase speciation in Al-bearing acidic dis-
charge treatment processes.

SITE DESCRIPTION

Al-bearing ARD has been an environmental problem in
Jonathan Run located in Centre County, Pennsylvania
(Hedin Environmental 2003). Water quality changes in

Jonathan Run occurred in the 1960’s during the construc-
tion of I-80. Previous research determined that the primary
source of contamination originated from the acidic sand-
stone fill that was used to construct the embankment of I-
80. The stream flows through a culvert under this embank-
ment and Al precipitates were found downstream of this
culvert (Neufeld et al. 2007).

The surface seep from the embankment of I-80 contained
high Al concentration (~48 mg/L) and low concentration of
iron (<2.0 mg/L) ( Neufeld et al. 2007, Hedin Environmen-
tal 2003). Two pilot-scale flush boxes that contained lime-
stone were installed in North of I-80 near Jonathan Run to
treat the Al-bearing acidic discharge. The flush boxes are
pilot systems to treat acid water from the I-80 culvert in the
culvert collection system (CCS). Flush boxes in Jonathan
Run consists of two 30 CY metal roll-off boxes that contain
limestone aggregate and receive flow from the CCS. The
two boxes are completely independent of each other and
operate parallel. Acidic water enters the top of the roll-off,
spills onto the limestone aggregate, and fills the container.
Each box contains an automatic self-flushing siphon de-
vice. The siphon is triggered and the effluent from flush
boxes discharges into a small sediment basin when the wa-
ter level in the container reaches the top of the limestone
(Hedin Environmental 2008). The flush boxes were 6060
gallon roll off containers which contained limestone. The
actual bulk porosity of flush boxes was 2537 and 2153 gal-
lon for Box 1 and Box 3, respectively (Hedin Environmen-
tal, 2008). According to the influent flow rates (1.1 to 2.0
gpm), the interval of siphon triggered was from 21.1 to 32.6
hours. These flush boxes operated from May 2003. The flush
boxes treated Al-bearing acidic water that was collected
from I-80 culvert. This flow has low pH, high Al concentra-
tion and low iron concentrations. The sulfate concentration
of this acidic discharge was about 400-500 mg/L. From 2003
to 2006, the effluent quality from flush boxes had consider-
ably deteriorated. The decline of efficiency was due to
armoring of precipitates on the surface of limestone (Hedin
Environmental 2008).

The sludge on limestone surface in flush boxes had been
collected in 2007 and analyzed by XRD and SEM. The
results showed that most of the sludge was amorphous
Al(OH)

3
 mixed with a little amount of Al-sulfate (Pu et al.

2010).

MATERIALS AND METHODS

Laboratory neutralization experiments: Laboratory ex-
periments were conducted to study the relation of solubil-
ity of aluminium to species of Al-precipitates formed in
different conditions. The neutralization of Al-bearing ARD
used NaOH (5% wt). The experiments were conducted in a



749SOLUBILITY CONTROL OF ALUMINIUM DURING Al-BEARING ACIDIC DISCHARGE TREATMENT

Nature Environment and Pollution Technology  Vol. 17, No. 3, 2018

20 L glass jar with a diameter of ~30cm. During the experi-
ments, 5% NaOH (Wt/Wt) solution was added into 15 L
ARD (field ARD water or synthetic ARD) to obtain the ex-
pected pH value. The pH of solution in experiments was
measured by a Fisher Accumet 25 benchtop pH electrode
meter with Fisher Scientific Accumet pH electrode. After
addition of NaOH, the reactor was stirred for 5 minutes to let
the solution completely mixed. Then stirring was stopped
to allow the formed precipitates to settle down. The
headspace of solution was open to the atmosphere. All ex-
periments were conducted at room temperature (20°C ± 3°C).

Supernatant fluids were collected for subsequent analy-
sis from a location of about 10 cm under the water surface.
After the water samples (~150-200 mL each time) were col-
lected, they were immediately filtered with 0.45 µm
millipore filter (Billerica, MA) and added 1 drop of HNO

3

(1+1) and stored at 4°C in refrigerator for subsequent analy-
sis. Duplicate samples were collected each time. The fil-
tered samples represent soluble concentration. The sludge
was collected after 48 hours settling and separated from
water by centrifuging at 8500 g for 15 minutes in a Fisher
Scientific AccuSpin Model 400 benchtop centrifuge and
washed by DI water for three times.

Two kinds of water, field water and synthetic ARD, were
used in laboratory experiments. The field water was col-
lected from the influent of flush boxes in Jonathan Run
located in Centre County, Pennsylvania in May 2008. The
components of field water are given in Table 1. The concen-
trations of main contaminants (Al, Ca, Mg, SO

4
) of field

water sample were almost the same as the monthly average
concentrations of influent samples from November 2007 to
July 2008. Synthetic acidic water, which was used to study
the effect of sulfate on precipitate species and soluble Al,
was prepared according to the components of field water,
but with different sulfate concentrations. The molar ratios
of sulfate to Al in synthetic ARD were 1:1 and 5:1, respec-
tively. Synthetic ARD contained Na+, Ca2+, Mg2+, Mn3+,

Al3+, Cl-, and SO42-. The pH value was adjusted by addition
of HNO

3
 (1+1) to about 3.5. When molar ratio of Al:SO

4
 was

1:1, NaCl was added to make the same liquid ionic strength.
The concentration of Al was about 50 mg/L. The molar ratio
of Al/SO

4
 was 1:1, and 1:5, therefore the sulfate concentra-

tions were 180 and 889 mg/L, respectively.

Analysis methods: Al concentration was measured by
Aluminon method (Hach company 2003), for which the
measure limits are from 0.008~0.8 mg/L, when the Al con-
centration was less than 2 mg/L. If the Al concentrations
were more than 0.8 mg/L and less than 2 mg/L, samples
were diluted to suitable Al concentrations and analyzed
with Aluminon method. The samples were measured by us-
ing flame atomic absorption spectrometry (AAS) (Perkin
Elmer Model 1100B, Norwalk, CT) when Al concentration
was higher than 2 mg/L. The field sludge in the flush box of
Jonathan Run was collected in November 2006. The method
has been described earlier by Pu et al. (2010).

The mineralogy of precipitates was analyzed by X-ray
powder diffractometer (Rigaku GeigerflexRAD3-C Model,
Tokyo, Japan) from 15 to 80° in step interval of 0.05 2 and
10s scanning time because most of them are non-crystal.
The composition of precipitates was measured by a Philips
XL30 scanning electron microscope (SEM). The energy-
dispersive X-ray microanalysis system, Oxford Instruments
INCA (Abingdon, UK), was used to perform energy-disper-
sive spectrometry (EDS) analysis. In order to remove the
effect of absorbed water, the precipitates were dried at about
85ºC for two hours before SEM analysis.

RESULTS AND DISCUSSION

Laboratory Neutralization of  ARD with NaOH

Laboratory simulation experiments of neutralization ARD
were conducted with both field water and synthetic water.
Field water was collected from Jonathan Run and the com-
ponents are given in Table 1. The soluble Al concentrations

Table 1: Components of waters used in neutralization experiments and average monthly quality of ARD in Jonathan Run (mg/L).

pH Al Ca Mg Mn Zn iron K Na Si Cl SO4

Field 3.6± 46.5± 10.1± 11.5± 6.7± 0.5± 0.8± 3.3± 101.0± 25.5± NM3 413.7±
water1 0.02 0.48 0.13 0.44 0.12 0.01 0.01 0.09 1.0 0.52 3.0

Average of 3.3± 47.0± 9.7± 11.9± 7.2± 0.70± 1.05± NM NM NM NM 457.1±
monthly2 0.42 7.2 5.8 2.1 0.99 0.25 0.38 47.7

Synthetic 3.5 5 0 1 0 1 2 7.4 NA4 NA NA 362 or NA 807 or 180 or
ARD 106 282 889

1: Field water was collected from influent of flush boxes in Jonathan Run located Centre County, Pennsylvania in May 2008.
2: Average of monthly quality of flush boxes influent from November 2007 to July 2008.
3: Not measured
4: Not added
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in the experiments changed with pH and settling time. The
Al concentration rapidly decreased after addition of NaOH
during the first hour and thereafter gradually approached
“steady-state” conditions (data are not shown). The “final”
soluble Al concentrations (48 hours settling) were from 0.03
to 0.91 mg/L with pH = 5.3 to 8.3 (Fig. 1). The lowest solu-
ble Al concentration occurred at pH value among 6.0 to 7.0.
When pH was higher than 7.0, the soluble Al concentration
increased quickly with the increasing of pH.

In the experiments of synthetic water, the synthetic water
contained different sulfate concentrations. In experiments
with lower sulfate concentration (sulfate = 180 mg/L and
Al:SO

4
=1:1), soluble Al concentrations were from 0.09 to

2.92 mg/L (pH value from 5.6 to 8.3) (Fig. 1). In experiments
with higher sulfate concentrations (sulfate =889 mg/L and
Al:SO

4
=1:5), soluble Al concentrations were from 0.02 to

2.81 mg/L (Fig. 1). Similar to the experiments of field water,
the lowest soluble Al concentrations occurred at pH from

6.0 to 6.6. However, compared with field water, soluble Al
concentrations in the experiments of synthetic water were
relatively higher at the higher pH values at pH above 7.5.

The Chemistry of Precipitates Formed in the Laboratory
Experiments

SEM analysis was performed on the precipitates formed in
experiments with different sulfate concentrations, along with
the respective EDS. The samples were dried at 85°C for two
hours to remove the adsorbed H

2
O (Shah Singh & Brydon

1969). The chemical components of precipitates at pH val-
ues are presented in Table 2  (measured by EDS). It can be
found that precipitates contained different elements, includ-
ing Al, Mg, Ca, Si, O, C, and S, in different conditions.

The oxygen contents of precipitates included the oxy-
gen combined with C (as CO

2
), S (as SO

4
2-), Si (as Si

2
O

5
2-),

and as OH. In order to calculate the atomic ratio of Al/OH of
samples, the corrected atomic OH- percentage was calcu-
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Fig. 1:  Soluble Al concentrations at different pH values after 48 hours  settling in the simulation experiments in laboratory.

Fig. 2: Molar ratios of OH/Al of sludge at different pH values in laboratory experiments.
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lated by subtracting the oxygen that combines with C, S,
and Si. In experiments of field water, the molar ratios of Al/
OH of the sludge were 1:2.89, 1:2.93, and 1:2.80 at pH=5.5,
6.6, and 8.3, respectively (Fig. 2). The Al/OH ratio of pre-
cipitates in experiments of low sulfate concentration
(Al:SO

4
=1:1) were 1:2.90, 1:2.95, and 1:2.85 at pH=5.6, 6.6,

and 8.3, respectively, and were 1:2.80, 1:2.86, and 1:2.81 in
experiments of higher sulfate conditions (Al:SO

4
=1:5), re-

spectively (Fig. 2).  It can be found that the ratio of OH-:Al
in sludge was the highest at neutral pH. This indicated that
Al(OH)

3
 likely produced at neutral pH compared with low

and high pH conditions, since the ratio of  OH-:Al was 1:1
(jurbanite) and 2.5:1 (basaluminite).

Molar ratios of Al/S are shown in Fig. 3. At neutral pH
(~6.6), Al/S ratio was 25.7, 16.0, and 17.2 in sludge formed

in laboratory experiments of low sulfate, high sulfate syn-
thetic ARD, and field water, respectively. The Al/S ratio of
sludge formed at neutral pH was higher than that at low
(~5.5) and high pH (~8.3). The high Al/S ratio indicated the
low proportion of Al-sulfate precipitates in sludge. At high
pH condition (~8.3), Al/S ratios in sludge, were 12.7, 9.4,
and 7.7 in sludge formed in experiments of low sulfate, high
sulfate synthetic ARD, and field water, respectively, were
the lowest compared with other pHs. The low Al/S ratio at
high pH values revealed that more Al-sulfate formed at rela-
tively high pH conditions.

Discussion and Modelling with Mineql+ Model

Simulation effluent soluble Al concentration from flush
boxes and neutralization experiments in laboratory: In
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Fig. 3: Molar ratios of Al/S in sludge at different pH values in laboratory experiemnts.
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Table 2: Composition of precipitates formed in the experiments (atomic precentage).

                                                                                                  Al:SO4=1:1
               pH= 5.6                                                     pH= 6.6                                             pH= 8.3
Ave. Stdev. Ave. Stdev. Ave. Stdev.

C 5.0 1.1 6.8 2.1 4.3 0.6
O 73.5 2.4 72.8 3.5 73.4 3.2
Mg ND ND 0.6 0.7 0.2 0.2
Al 20.7 1.7 19.1 1.7 20.1 1.2
S 0.8 0.3 0.7 0.2 1.8 0.4
Ca ND ND ND ND 0.3 0.2
Mn ND ND ND ND ND ND

Al:SO4=1:5

               pH= 5.5                                                    pH= 6.6                                                pH= 8.4
Ave. Stdev. Ave. Stdev. Ave. Stdev.

C 1.2 2.3 4.3 1.4 6.2 3.6
O 73.9 3.6 73.3 3.5 72.6 1.9
Mg ND ND 0.2 0.22 0.4 0.7
Al 23.5 1.8 20.8 1.6 18.6 2.1
S 1.5 0.4 1.4 0.3 2.0 0.6
Ca ND ND 0.1 0.1 0.3 0.5
Mn ND ND ND ND ND ND

Field water

             pH= 5.5                                                    pH= 6.6                          pH= 8.3

C 2.9 0.5 4.4 0.7 2.5 0.4
O 73.9 1.4 73.5 3.6 73.1 1.9
Mg ND ND 0.2 0.1 0.5 0.3
Al 19.9 0.2 18.9 0.7 19.2 1.0
S 1.5 1.0 1.1 0.7 2.5 0.8
Ca ND ND 0.07 0.1 0.4 0.3
Mn ND ND ND ND ND ND
Si 1.8 0.7 1.9 0.6 1.8 0.5
K ND ND ND ND 0.1 0.1

1 Al:OH: atomic ratio of Al:OH. In this atomic ratio, the OH atomic % was the total oxygen subtracted the oxygen that was combined with C
(as CO2), S (as SO4

2-), and Si (as Si2O5);
2 Al:S: the atomic ratio of Al:S;
3 ND: not detected
4 Al:Si: the atomic ratio of Al:Si

2003, the monitor of the operation of flush boxes in Jonathan
Run showed that the effluent soluble Al concentration was
0.4 to 18.1 mg/L and pH increased from 4.5 to 5.9 in Box 1.
In Box 3, the effluent soluble Al concentration was 0.2 to
0.7 mg/L and pH was from 4.7 to 6.2 (Weaver et al. 2004).
The components of influent of flush boxes were almost the
same from 2003 and 2008 (Vazquez et al. 2011) and the Al
concentration was around 48 mg/L. Therefore, it is reasonable
to consider the influent components of flush boxes as the
same as the components of field water collected in May
2008 which was used as the input data of Mineql+ model to
simulate the neutralization processes in laboratory simula-
tion experiments and flush boxes. Based on the components
of field water, it contained silicate, sulfate, Al, Mg, Ca, Mn,
and low concentration of iron and potassium (Table 1). There-

fore, the possible species of Al precipitates formed in the
neutralization processes included: gibbsite (crystalline
Al(OH)

3
), amorphous Al(OH)

3
,  spinel (MgAl

2
O

4
),

basaluminite (Al
4
(OH)

10
SO

4
), jurbanite (AlOHSO

4
), alunite

(KAl
3
(SO

4
)

2
(OH)

6
), and kaolinite (Al

2
Si

2
O

5
(OH)

4
). Since Mg

and potassium were not detected in sludge collected in flush
boxes (Pu et al. 2010) and the sludge in laboratory experi-
ments  contained little (or was not detected) Mg and potas-
sium (Table 2), spinel (MgAl

2
O

4
) and alunite

(KAl
3
(SO

4
)

2
(OH)

6
) were not considered as the possible

precipitates. Since XRD analysis revealed that no crystal-
line was formed in both flush boxes and laboratory experi-
ments, gibbsite was not considered as the possible species
of Al-precipitate also. Therefore, four species of Al-precipi-
tates were considered as the possible Al-precipitates in
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Mineql+ model simulation. They were, Al(OH)
3 

(amor-
phous), basaluminite (Al

4
(OH)

10
SO

4
), jurbanite (AlOHSO

4
),

and kaolinite (Al
2
Si

2
O

5
(OH)

4
).

The molar ratio of Al:Si in acidic rock discharge was
about 2:1 that was higher than the theoretical molar ratio of
kaolinite (Al:Si=1:1). This indicated that other species of
Al-precipitates, which might control the solubility of Al,
were formed even if all silicate ions had been combined
with Al ions to form kaolinite. The calculation with Mineql+
model showed that the presence of silicate in this study did
not impact the solubility of other species of Al-precipitates
if it was assumed that all silicate had been combined with
Al to form kaolinite. Therefore, the primary species of Al-
precipitates that controlled soluble Al concentrations in the
experiments were basaluminite, amorphous Al(OH)

3
 and

jurbanite.

In 2003, the effluent soluble Al concentration from flush
boxes was from 0.4 to 18.1 mg/L at pH range from 4.5 to 5.9
from Box 1, and 0.2 to 0.7 mg/L at pH range from 4.7 to 6.2
from Box 3 (Weaver et al. 2004). The effluent soluble Al
concentrations from flush boxes in Jonathan Run were less
than the calculated solubility of amorphous Al(OH)

3 
(with

Mineql+model), and higher than the solubility of
basalumnite (Fig. 4). Comparison with the calculated re-
sults, the effluent soluble Al concentrations from flush boxes
were higher than the solubility of jurbanite at pH <5.5 and
lower at pH >5.5. These results indicated that some reac-
tions of formation of Al-sulfate precipitates might be oc-
curred in flush boxes, although the reactions were not at
equilibrium.

 In neutralization experiments of field water in labora-
tory, the pH varied from 5.3 to 8.3, and soluble Al concen-
trations from 0.03 mg/L to 0.91 mg/L after 48 hours settling
down. Comparison with calculated solubilities of amor-
phous Al(OH)

3
, jurbanite, and basaluminite, soluble Al con-

centration in experiments were always lower than the simu-
lation solubilities of both amorphous Al(OH)

3
 and jurbanite

and higher than that of basaluminite (Fig. 4). The possible
reason was the formation of basaluminite. In Fig. 4, it can be
found that soluble Al concentration in laboratory experi-
ment were usually lower than the effluent soluble Al con-
centration from flush boxes. Since, the effluent from flush
boxes was “pulse” drainage, the detention time of part of
the influent was not long enough for reaction.  In laboratory
experiments, the detention time was 48 hours and the solu-
tion was mixed completely at the beginning of experiments.
Since, it is usually considered that jurbanite cannot be
formed at high pH values (>5.5) (Nordstrom et al. 2006), the
lower soluble Al concentrations could be due to the forma-
tion of basaluminte. However, the fraction of element in

sludge of experiments indicated that basaluminite was not
the predominated species of precipitates. The proportion of
sulphur/Al in sludge was 1/7.7 to 1/17.2 and the theoretical
proportion is 1/4 (not considered hydrogen). The less of
sulphur fraction in precipitates indicated that the sludge
was also mixture of precipitates.

The EDS results indicated that the sludge in field water
experiments contained silicon and the proportion of Al/Si
was from 9.91 to 11.06. This result indicated that only part
of silicate had combined with Al to form kaolinite, since the
molar ratio of Al/Si was 2:1 in field water. The low sulphur
and silicon contents in sludge indicated that most of sludge
was amorphous Al(OH)

3
 in field water experiments. The

simulation solubility also implied that the liquid phase in
experiment was not at equilibrium, although the experi-
ments were in “steady-state”.

Simulation the effect of sulfate on neutralization of Al-
bearing ARD with NaOH: In experiments of synthetic ARD,
sulfate concentration was 180 mg/L and 889 mg/L, which
was one time and five times as Al molar concentration in
water, respectively. The final soluble Al concentrations after
48 hours settling are shown in Fig. 1. Comparing soluble Al
concentrations in the two experiments, it can be seen that
the final soluble Al concentration in the experiments with
high sulfate concentration were slightly lower than in the
experiment with low sulfate concentrations. The XRD re-
sults showed that no crystalline was detected in sludge
formed in these experiments (not shown). These results
implied that gibbsite was not produced during the laboratory
experiments.

Mineql+ model was also used to simulate the experi-
ment of synthetic ARD. The input data were the composi-
tion of synthetic ARD. The synthetic ARD contained Al,
Ca, Mn, Mg, Na, Cl, and SO

4
. The EDS analysis showed that

sludge in synthetic ARD experiments contained Mg. Then
the possible precipitates in modelling simulation were
basaluminite, jurbanite, amorphous Al hydroxide, and spinel
(MgAl

2
O

4
). However, calculation showed that the solubil-

ity of spinel was higher than the initial Al concentration in
these experiments. Therefore, the possible Al-precipitates
were selected as basaluminte, jurbanite, and amorphous
Al(OH)

3
. In experiments of synthetic ARD, soluble Al con-

centrations were lower than the calculated solubility of
amorphous Al(OH)

3
 in both low and high sulfate concentra-

tion (Fig. 5). Since, synthetic ARD did not contain silicate,
the low soluble Al concentrations in the experiments were
due to the formation of Al-sulfate precipitates. This indi-
cated that the presence of sulfate could decrease the soluble
Al concentration. Kvech & Edwards (2002) reported the
similar experimental results in drinking water at low pHs (<
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6.0). Since, jurbanite is not formed at pH >5.5 (Nordstrom et
al. 2006), it is reasonable to assume that the soluble Al con-
centration lower than solubility of amorphous Al(OH)

3
 was

due to the formation of basaluminite.  However, the soluble
Al concentrations in the experiments were higher than the
solubility of basaluminite. This indicated that the solution
was not at equilibrium for basaluminite after 48 hours in the
laboratory experiments.

Interestingly, in Fig. 5, it can be seen that the soluble Al
concentrations in the experiments of high sulfate concen-
trations were lower than others at pH range from 6.0 to 7.0.
However, at pH below 6.0 and above 7.5, the soluble Al
concentrations were lowest in the experiments of field wa-
ter. Since, the synthetic ARD of high sulfate concentration
contained about 890 mg/L, which was about two times higher
than field water (~420 mg/L). The decrease of soluble Al
concentration in field water experiments was possible due
to the effect of silica. Kvech & Edwards (2002) reported that
the presence of silica could decrease the soluble Al concen-
tration at pH above 9.5. This indicated that the presence of
silica could decrease the soluble Al concentration also, even
if the silica concentration was less than the Al concentra-
tion based on the stoichiometry of kaolinite.

At neutral pH value (~6.6), the EDS analysis showed
that the Al/S ratio was 25.7, 16.0 and 17.2 in sludge formed
in experiment of low sulfate, high sulfate synthetic ARD,
and field water, respectively. The Al/S ratio of sludge at
neutral pH values (~6.6) was higher than at low (~5.5) and
high pH values (~8.3) (Fig. 3). The high Al/S ratio indicated
the low proportion of Al-sulfate precipitates in sludge. These
results showed that most of Al formed Al(OH)

3
 at neutral pH

conditions during the neutralization. In Fig. 3, it can be
seen that the Al/S ratios of sludge were the lowest at high
pH (~8.3), the Al/S ratio was 12.7, 9.4, and 7.7 in sludge
formed in experiments of low sulfate, high sulfate synthetic
ARD, and field water, respectively. The lowest ratio of Al/S
indicated that the highest proportion of Al-sulfate precipi-
tates in sludge. The data of Al/S ratios in sludge formed at
different pH values revealed that more Al-sulfate formed at
high pH conditions (~8.3). Kim & Kim (2003b) observed
similar results that basaluminite precipitates were formed in
the downstream of acid mine drainage where the pH was
from 7~8.3.

Meanwhile, the Al/OH ratio of sludge at neural pH (~6.6)
was the lowest in all experiments, which was 1/2.95, 1/2.86,
and 1/2.93 in low sulfate, high sulfate and field water,
respectively (Fig. 2). The theoretical molar ratio of Al/OH
of Al(OH)

3
, jurbanite, and basaluminite was 1:3, 1:1, and

1:2.5, respectively. The Al/OH ratio closed to theoretical
ratio of Al(OH)

3
 indicated that the sludge formed at neutral

pH contained more proportion of Al(OH)
3
 than at low (~5.5)

and high pHs (~8.3).  In other words, more Al in ARD was
removed by the formation of amorphous Al(OH)

3
 at neutral

pH (~6.6) compared with at high pH (~8.3).

CONCLUSIONS

The soluble Al concentration was lower than the solubility
of amorphous Al(OH)

3
 in both low  (pH <5.5) and high pH

conditions (pH>7.5) in both laboratory experiments and flush
boxes, which was the field passive treatment systems lo-
cated in Jonathan Run in center county, Pennsylvania. The
sludge analysis showed that the Al-sulfate precipitates were
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formed in neutralization of Al-bearing ARD. The simula-
tion with Mineql+ model indicated that soluble Al concen-
tration lower than solubility of amorphous Al(OH)

3
 was due

to the formation of Al-sulfate precipitates. The data of solu-
ble Al concentrations under different sulfate concentration
showed that the presence of sulfate in ARD impacted the
soluble Al concentration in neutralization of Al-bearing
ARD.

The laboratory experiments of synthetic ARD showed
that basaluminite was formed in neutralization of ARD. The
formation of basaluminite caused the decrease of the solu-
ble Al concentration and became less than the solubility of
amorphous Al(OH)

3
. However, the soluble Al concentration

was higher than the solubility of basaluminite. This indi-
cated that the solution was not at equilibrium for
basaluminite in laboratory experiments after 48 hours set-
tling. Furthermore, the presence of silica could also decrease
the soluble Al concentration, although the silica concentra-
tion was less than the soluble Al concentration in stoichi-
ometry of kaolinite.

The sludge analysis showed that most of Al was removed
by the formation of Al(OH)

3
 precipitates at neutral pH,

whereas, the proportion of basaluminite in sludge increased
at relative high pH (~8.3).
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