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ABSTRACT

Desiliconization techniques for heavy-oil wastewater are complex and costly. The effect of
polyaluminum chloride (PACI) on silica removal during coagulation, however, has not been
examined. In this study, the effect of PACl on the removal of soluble silica in heavy-oil
wastewater was investigated by analyzing the major species of silica and aluminum during
various stages of coagulation. Soluble silica could be divided into three species based on
increasing molecular weight: monomer and dimer (Si,), oligomer (Sip), and polymer (Si.).
Likewise, aluminum hydrolysates could be divided into the species Al,, Al,, and Al., which
correspond to oligomers of increasing molecular weight. Three PAC] samples of specific
basicities synthesized in our laboratory, with Al,, Al,, and Al. being dominant in one of the
samples, were used. Aluminum salts and preformed collosols of amorphous aluminum
hydroxide were employed to explore the effect of Al, and Al on soluble silica in wastewa-
ter. Results show that Al, and Al. promoted the removal of Si. and Si,, respectively. The
interaction of Si. and Si, with Al, and Al respectively, can be described as absorption-
modification, causing the formed admixtures of silica and aluminum to become more
insoluble and more susceptible to coagulation. A mechanism involving electrostatic patch
coagulation is introduced to explain the reaction of soluble silica and other substances with

PACI
Keywords: ~ Heavy-oil =~ wastewater;  Soluble  silica; ~ Aluminum  hydrolysates;
Absorption-modification; Aluminosilicate sites
1. Introduction silica-rich rocks in oil reservoirs [3,4], leading to the

high silica content of heavy-oil wastewater [5,6]. Most
of the treated wastewater is reused in boilers [7]. Stan-
dards for water quality have been in place to strictly
control formation and deposition of silica scale in boi-
*Corresponding author. lers. According to the Chinese Standard SY0097-2000

Steam flooding, a widely used procedure in the
exploitation of heavy oil [1,2], promotes hydrolysis of
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[8], the silica concentration in wastewater should be
reduced to <50 mg/l. However, meeting this require-
ment is difficult in some regions in China because of
the lack of resources for specialized techniques such
as membrane treatment for desiliconization. Conse-
quently, silica scale formation in boilers continues to
be a serious problem [9,10], leading to safety hazards
and thermal wastage [11,12]. Hence, the removal of
silica in heavy-oil wastewater should be prioritized.

Chemical methods such as precipitation and coag-
ulation are the major techniques for silica removal.
They use metal salts, metal oxides, or metal hydroxides
of magnesium, calcium, aluminum, and iron [1,13-16].
Lime and magnesium hydroxide are efficient at desili-
conization [5,17-19], but their processes require an
independent clarifier after flocculation [20] as well as
water softening. In contrast, aluminum compounds,
especially aluminum salts, have been widely used as
coagulants, as they are also efficient at silica removal
for brackish and geothermal waters [21,22]. They sim-
plify removal and mitigate most of its adverse effects.
Polyaluminum chloride (PACI), which contains a pre-
formed polymerized species, is particularly efficient
and useful [23,24] compared with aluminum salts.
Thus, it may be the most popular coagulant for oil-con-
taminated wastewater. Many investigations have
focused on the removal of oil, suspended solids, and
chemical oxygen demand with PACI [25-27]. However,
discussions on the mechanisms of removal of various
silica species from wastewater using aluminum
hydrolysis products are few.

To explore the interactions between substances in
wastewater, we sought to classify and analyze them.
Silica species in water have been classified using vari-
ous criteria, including degree of polymerization and
particle size [28,29]. They may be divided into three
species based on increasing molecular weight: mono-
mer and dimer (Si,), oligomer (Sip), and polymer (Si.)
as measured by color-development times in the
molybdate assay [30,31]. Recently, flame atomic
absorption spectroscopy, attenuated total reflectance
Fourier transform infrared spectroscopy, capillary
zone electrophoresis, X-ray diffraction, and spec-
trophotometry have been used to determine silica spe-
cies [32-36]. Nevertheless, the molybdate colorimetric
assay remains the standard method for determination
of silica species. The total concentration of silica may
be obtained conveniently and accurately by hydrofluo-
ric acid (HF) transformation method [37,38]. Ferron
method and *’Al nuclear magnetic resonance (NMR)
spectroscopy were performed for definitive analysis of
aluminum species [39-41]. The ferron method divides
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aluminum species of PAC] aqueous dispersions into
three fractions, namely mononuclear aluminum (Al,),
reactive polynuclear aluminum (Aly), and inert or col-
loidal aluminum (Al), which represent oligomers of
increasing molecular weight, as measured by colori-
metric assay. This method is simpler and less expen-
sive compared with *’Al NMR spectroscopy. A
modification of the ferron method that is based on k
value analysis has improved precision and repeatabil-
ity over the original ferron method [42].

More studies on silica removal have been done on
aluminum salts than on PACI. Iler [43] discovered that
adsorption of even much less than a monolayer of alu-
minum ions on the surface of amorphous silica could
reduce the equilibrium solubility of silica. The removal
efficiency of colloidal silica by alumina is much higher
than that achieved with reactive silica [18]; ~1 mol of
AP’* results in removal of 40 mol of colloidal silica.
Many studies have shown the coagulation properties
of aluminum coagulants in the presence of silicic acid
in terms of flocculation efficiency and floc strength, as
well as their reaction mechanism and applicability
[44-48]. Negatively charged polymeric silicic acid
could combine with aluminum and its hydrolysis
products to form a hydrolyzed complex of silica—alu-
minum species that may enhance the bridge adsorp-
tion effect of polyaluminum silicate chloride [46].
Polymer silicic acid is more effective than is mono-
meric silicic acid in binding mononuclear aluminum,
as it forms soluble aluminosilicates [49]. Wang et al.
[50] proposed that such binding induces a significant
increase in levels of mononuclear aluminum and sol-
uble aluminum in water, thus affecting aluminum
speciation. Known mechanisms of coagulation are
mainly charge neutralization and sweep flocculation
[51]. Both explain desiliconization during flocculation,
although the former mechanism is not yet entirely
understood. A model for precipitation charge neutral-
ization [52] apparently applies to aluminum salt
coagulants. Wang et al. [53] proposed the process of
electrostatic patch coagulation (EPC) to interpret the
coagulation behavior of PACI enriched in positively
charged polymeric aluminum.

In the present work, continuous variations of major
species of silica and aluminum were investigated
using commercially available PACI and PACI synthe-
sized in our laboratory. The interaction among these
species apparently led to their lowered solubility. Sil-
ica removal is an important but not separate process
of coagulation; hence, the coagulation mechanism of
EPC was introduced to gain better insight into the
entire removal process.
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2. Materials and methods
2.1. Laboratory instruments and chemicals

An  ultraviolet spectrophotometer  (UV-8000,
Metash instrument Co., Ltd, China) and quartz cuv-
ettes were used for measurements on silica speciation
and aluminum speciation. pH values were determined
using an acidometer (PHS-3C, INESA Scientific Instru-
ment Co., Ltd, China). Coagulation experiments were
conducted with a six-joint heat-collection constant-
temperature magnetic stirrer (HJ-6, Changzhou ZOJE
Experimental Instruction Manufacturing Co., Ltd,
China). Vessels for reaction and storage consisting of
high-density polyethylene (HDPE) were used to avoid
contamination encountered with the use of glass
containers.

Aluminum chloride hexahydrate (AICl;-6H,0),
sodium hydroxide (NaOH), hydrochloric acid (HCI),
HF, oxalic acid (H,C,O4) and acetone (CH3;COCHj3;)
were of analytical grade. A stock solution of ammo-
nium molybdate was freshly prepared each day of the
experiment [31], and the ferron solution [42] for col-
orimetry was prepared every 5d. Double-deionized
water was used for both reagents. PACI containing
30% Al,O; was obtained from Shandong Taihe Water
Treatment Co., Ltd, China. PACI] synthesized in the
laboratory was prepared according to a procedure in
the literature [40]. Both PACI samples were used to
determine the effect of coagulation on silica removal.
Collosols of amorphous aluminum hydroxide at pH 7
were freshly prepared by immediate blending of a cer-
tain amount of AlCl;-6H,O and NaOH and then fil-
tered through 0.45-pm filters. Samples of heavy-oil
wastewater were provided by Liaohe Oil Field.

2.2. Experimental procedure

Batch coagulation experiments using magnetic stir-
rers (HJ-6) were conducted at 70°C, based on the
practical operating temperature of pilot plant in
Liaohe Oil Field. To initiate an experiment, a total
amount of 800 ml wastewater was equally divided
into four HDPE beakers, and 200 ml of pure water
with the same pH was prepared. After the above solu-
tion was rapidly heated to 70°C, the procedures were
as follows: Three parallel samples and the pure water
were stirred, respectively, at 200 rpm for 5 min after
coagulant addition, and then the timer was started till
the mixtures were settled for regularly sampling
within next 2 h. The rest wastewater sample was set
as blank experiment. Subsamples were drawn at
~2 cm below the liquid level and immediately ana-
lyzed. Initial speciation of aluminum was analyzed
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through the aforesaid pure water, and initial specia-
tion of silica was analyzed through the blank
wastewater. Every experiment was repeated more
than twice.

2.3. Analytical methods

Wastewater subsamples were filtered through
0.45-um filters to determine the concentration of sol-
uble silica that was equal to the total silica concentra-
tion (Sit, based on SiO,). It should be noted that in
this paper, soluble substances are defined as sub-
stances that could be detected in samples passed
through 0.45-pm filters. They may consist of monomer,
ions, oligomers, polymers, and small particles. Analy-
sis of Sit was carried out through the HF transforma-
tion method [38]. Concentrations of Si, (monomer and
dimer silica) and Si, (oligomer silica) were analyzed
by molybdate assay as follows: 40 ml of stock solution
of ammonium molybdate was added no more than
5 ml of sample solution in graduated glass tube, then
mixing with 2 ml of acetone and 2 ml of oxalic acid,
and the total volume diluted to 50 ml with double-
deionized water. Spectrophotometry was done at
410 nm, and color-development times were noted [31].
The absorbance recorded at 10 min and the subse-
quent increase in absorbance from 10 to 30 min were
assumed to be due to Si, and Si,, respectively. Si.
(polymer silica) could barely react with ammonium
molybdate to contribute absorbance within 30 min.
The concentration of Si. was obtained from the differ-
ence between Sit and the sum of Si, and Siy. Si, was
not detected throughout treatment of the wastewater
probably because of Ostwald ripening that led to the
disappearance of particles of intermediate size.

Similarly, the subsamples for analysis of total alu-
minum were filtered first. Then, filtered sample was
digested by the addition of NaOH and boiling as pre-
treatment. A total of 5.50 ml of ferron solution was
transferred into 25 ml graduated glass tube, then mix-
ing with less than 10 ml sample, and diluted to 25 ml
with double-deionized water. Spectrophotometry was
done at 366 nm, and the total aluminum concentration
(Aly) was calculated using the ultimate absorbance
when the monitored absorbance curve reached a pla-
teau [54,55]. This plateau, which is commonly reached
within 2 h, was attained when the increase in absor-
bance was <0.001 per 20 min. Aluminum speciation
was carried out through the modified ferron method:
Volumes of sample and ferron solution were selected
according to the determined Aly, such that the ferron/
total aluminum molar ratio was almost 50. The reac-
tion started upon mixing, and the absorbance was
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recorded every minute until aforesaid plateau was
reached. The absorbance recorded at 1 min and the
subsequent increase in absorbance up to the plateau
were assumed to be due to Al, and Al,, respectively.
The Al. concentration was obtained from the differ-
ence between Alr and the sum of Al, and Al,,.

To further characterize Al,, we obtained kinetic
constants (k values) for the reactions of the various
aluminum species with ferron. The absorbance-time
function could be fitted with a nonlinear dynamical
equation [42]:

Ar=a+b [l —exp (—kit)] + c[l — exp (—kzt)] ¢))

where A; is the absorbance at time t; a, b, and ¢ are
introduction coefficients. Two k values (k; and k»,
where k; > k) are constants that, respectively, describe
the rates of reaction of ferron reagent with the main
polymeric aluminum species that contain the relatively
soluble polynuclear species (Aly;) and the relatively
insoluble polynuclear species (Alyy). After a, b, ky, ¢,
and k, were obtained, the polymeric aluminum species
of Al could be identified from its k value.

3. Results and discussion

3.1. Changes in silica species during coagulation with
PACI

The traditional process of water treatment by aera-
tion, flotation, coagulation, filtration, and ion exchange
has been used for heavy-oil wastewater in Liaohe Oil
Field. Specialized techniques for silica removal have
not been used. At the reference dosage of PACI for
pilot plant treatment (~200 mg/I, based on PACI), the
total aluminum concentration was ~1.2 mmol/l. Thus,

Table 1
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we studied the coagulation of heavy-oil wastewater by
batch experiments using commercial PACl for 2 h.
Comparison of characteristics between treated and
untreated samples according to common water quality
standards showed that pollutants in wastewater pre-
cipitated and their concentrations decreased to accept-
able levels (Table 1). Levels of silica in water
decreased from 473.39 to 230.68 mg/l, although the
final level was still well above 50 mg/l. As subsequent
filtration and cation exchange have little impact on sil-
ica removal, excess silica in boiler water may be a
common and serious problem. Thus, it was necessary
to study a wide range of PACI dosages for removal of
silica.

Fig. 1 shows the effects of commercial PACl on
silica removal and the variation of silica species after
coagulation for 2 h. The silica concentration decreased
from 473.39 to 33.47 mg/l when the PACI dosage
increased from 0 to 5 mmol/l (based on aluminum
concentration). The Sit value decreased to 162.35 mg/1
when the PACI dosage increased from 0 to 1.5 mmol/],
corresponding to a removal efficiency of 65.7%
(removal efficiencies of 51.24 and 71.15% for Si, and
Si., respectively). Increasing the dosage to >2 mmol/I
appeared to have no significant effect. The Siy value
decreased to 45.57 mg/1 at a PACI dosage of 4 mmol/],
corresponding to a removal efficiency of 90.37%
(removal efficiencies of 80.96 and 94.12% for Si, and
Si,, respectively).

The results show that soluble silica and other
pollutants could be removed from water using PACL
The silica concentration further decreased to 50 mg/I
with the increase in PACI dosage to 4 mmol/l. Evi-
dently, commercial PACI had a greater effect on the
removal of Si. rather than that of Si,. For example,
treatment with a PAC dosage of 4 mmol/]l reduced

Characteristics of heavy-oil wastewater and standards for feed-water quality

Water quality standard
for heavy-oil wastewater
for reuse in steam boilers

[1,8]
Main parameters Before treatment After treatment China API (USA)
pH 8.39 7.92 7.5-11.0 7.0-12.0
Oil concentration (mg/1) 84.2 1.7 2.0 1.0
Suspended solid concentration (mg/1) 794 6.4 2.0 5.0
Silica concentration (mg/1) 473.39 230.68 50.0 150.0
Total iron concentration (mg/1) 0.07 0.02 0.05 0.1
Total alkalinity 1,774.2 972 2,000 2,000
Total hardness (mg/1) 52.1 8.1 0.1 1.0
Total dissolved solids concentration (mg/I) 3,683.6 2,396.4 7,000 7,000
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Fig. 1. Effect of commercial PACI on silica removal and
variation of silica species.
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various species of silica and aluminum hydrolysates
in the experiment.

3.2. Variation of silica and aluminum hydrolysates during
coagulation

Fig. 2 shows the changes in concentrations of vari-
ous species of silica and aluminum. These changes
occurred during coagulation with 4 mmol/l dosage of
commercial PACI within 2 h. The Si. content dropped
sharply within the first 30 min of reaction, slowed
down, and then finally stayed at a constant value after
1h. The Si, content continuously decreased within
2h, with the rate of decline slowing down after
30 min. Thus, the rate of decline in Si. content was lar-
ger than that of the decline in Si, content during the
first 60 min. Si, was the main silica species removed
during the last 60 min. Similarly, aluminum speciation
varied greatly during different coagulation periods.
Concentrations of Al, and Al. decreased markedly
during the first 30 min and then slowly declined
within 2 h. The Al, content dropped sharply 10 min
from the initial time, with the decline decreasing to an
efficiency of 60.62% and the rate of decline fluctuating
thereafter. The proportion of Al, to the total alu-
minum increased and then decreased, while that of
Al, varied in the opposite manner and that of Al
decreased slowly to a constant value.

0 30 60 90 120
100 T T T T T

—=—Si, %
80 —a— Si, %
——Si. %

60

20 +

Si speciation percentage, %

—o—Al, %
—a— Al %
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20} \

0 L L L L L
0 30 60 90 120
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Al speciation percentage, %

Fig. 2. Variation of silica and aluminum hydrolysates during coagulation with commercial PACI.
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Table 2
k values of dynamic parameters for different periods of
coagulation with Al,

t (min) ky (min™") ks (min™") R?

0 0.0492 0.0026 0.989
10 0.634 0.0513 0.991
30 0.751 0.0504 0.995
60 0.775 0.0481 0.987
120 0.834 0.834 0.993

Si. was the major silica species removed within the
first 10 min, while the major species of aluminum
hydrolysates were those of Al, and Al.. Si, and Si. con-
centrations markedly declined during 10 to 30 min
when the major species of aluminum hydrolysates were
Al, and Al hydrolysates. The rate of decline in Si, and
Si. concentrations was low for 30-60 min and corre-
sponded with that of Al, and Al. at the same time.
Within 60 to 120 min, the Si. content reached equilib-
rium, while the amounts of Si,, Al,, and Al. continued
to decrease slowly. These results imply that removal of
Si, and Si. mainly depended on their interaction with
Al, and Al.. The sharp decrease in Al content of the
water was probably due to rapid adsorption of nega-
tively charged, large, suspended particles. Neverthe-
less, it was also indispensable to take the complicated
interconversion and equilibria of various species of sil-
ica and aluminum hydrolysates into consideration. Al
composition appeared to vary according to the k value
from the nonlinear simulation equation (Eq. (1)), as
shown in Table 2. Values of k; and k, fluctuate about
0.744, 0.0497, and 0.0026, indicating that there were at
least three types of polynuclear species of aluminum
formed during 2h. Relatively insoluble Al
(k = 0.0026 min~"), which has higher molecular weight
[42], disappeared within 10 min. In contrast, the rela-
tively soluble polynuclear species of aluminum
(k = 0.744 min~ "), which was more soluble than the Aly;
(k = 0.0497 min™"), formed with an increasing propor-
tion of Al, between 10 and 120 min, and finally became
the dominant polynuclear species. Preformed Al, com-
prised polynuclear species such as Al;z and Algg [56],
which led to removal of suspended solids. However,
Al, detected after 10 min (higher k values) seemed to
form in situ mainly via self-hydrolysis, which led to a
low degree of polymerization and instability compared
with the preformed Al of PACL

3.3. Comparison of synthetic PACI samples with various
basicities

PACI coagulants with various basicities at identical
aluminum concentration were prepared and aged for
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a week at room temperature before use. Among the
prepared samples, PACI] products with basicity values
of 1.0, 2.2, and 2.5 (denoted as PACl,, PACl,,, and
PAClys, respectively) were selected, in which Al,, Aly,
and Al. were, respectively, dominant. The samples
were analyzed and compared (Fig. 3). Concentrations
of Al,, Aly, and Al. in PAClyy PACly,, and PAClys
reached 71.24, 70.08, and 67.59%, respectively. PACI
samples at a dosage of 4 mmol/] were used with sol-
uble silica for coagulation of heavy-oil wastewater for
2h.

As shown in Fig. 4, the removal efficiency for
major species of silica varied with aluminum specia-
tion of PACIL PACI with higher Al, content was more
efficient at Si. removal during coagulation. And more
efficient removal of Si, during coagulation was
obtained using PACI with higher Al. content. The Al,
content does not appear to have a correlation with the
silica removal data. As mentioned, the Al, content
was more related to coagulation and precipitation of
suspended insoluble particles. The detected Al, after
sharp decrease was either excess preformed Al, of
PACI or simple aluminum hydrolysates that were
newly formed.

The concentration of PACI species had an signifi-
cant effect on the removal speed of Si, and Si.. Silica
concentration declined quickly at first 60 min when
the aluminum species were relatively sufficient. How-
ever, when the initial active ingredients that refer to
both Al, and Al. of PACI were expended to a very
low value, the speed of silica removal became rather
slow. The decline of silica during 60 to 120 min should
due to the gradually deposited silica and the newly
converted Al, or Al. through the transformation of
aluminum species. The transformation of aluminum
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Fig. 4. Variation of silica and aluminum hydrolysates during coagulation with PACl;o, PACl,,, and PAClys.

species between Al,, Al,, and Al. was more likely to
be minor until in the late period during coagulation.
During coagulation, the pH value of treated wastewa-
ter ranged from 6.78 to 7.42, corresponding to a
speciation balance in which neutralized aluminum
hydroxide (Al) was dominant [57]. But the result
showed that Al. concentrations decreased rapidly
regardless of whether or not it was initially dominant.
Because the prepolymerized species of PACI are quite
stable in a broader pH ranges relative to alum [23].
Besides, the presence of silica would inhibit the
normal process of hydrolytic polymerization to form
aluminum hydroxide [50,58], thus also weakening the
transformation between these aluminum species.

3.4. Effect of aluminum salts and aluminum hydroxide on
silica removal

Fig. 5 shows the effects of aluminum chloride and
of preformed collosol of amorphous aluminum
hydroxide on silica removal, as well as the variation
of silica and of aluminum hydrolysate concentrations
during coagulation with Alr of 4 mmol/l. As Al, was
the dominant aluminum species when aluminum chlo-
ride was combined with wastewater, the Si. content
decreased sharply, while that of Si, decreased more

slowly. Levels of Al, and Al. were low throughout the
coagulation. Furthermore, the Al, concentration
slightly increased initially probably because of
hydrolysis of excess aluminum salts. Al. was the
dominant aluminum species in the collosol of amor-
phous aluminum hydroxide during the entire treat-
ment. Concentrations of Si, and Si. decreased at a
relatively moderate rate. During treatment with alu-
minum chloride, the rate of concentration decrease for
Si, increased rapidly, whereas that of the concentra-
tion decrease for Si. was slight. The amounts of Al,
and Al, were so low that they were almost
undetectable during coagulation with collosol of
amorphous aluminum hydroxide.

The effects of Al, and Al. in aluminum salt or
amorphous aluminum hydroxide on the removal of
Si. and Si,, respectively, were similar. This similarity
is consistent with the above conclusion that the use of
aluminum coagulant with high Al, content and alu-
minum coagulant with a high Al. content led to fast
and efficient removal of Si. and of Si, respectively.
An absorption-modification process can be introduced
to explain the mechanism of Si. removal using Al,,
and the mechanism of Si, removal using Al,, based on
previous research [43,59-61]. Aluminum ions could
absorb on amorphous silica surface and form
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Fig. 5. Variation of silica and aluminum hydrolysate concentrations during coagulation with aluminum chloride and with

amorphous aluminum hydroxide.

aluminosilicate sites, consequently preventing the
approach of hydroxyl ions, which promotes dissolu-
tion of silica [43]. Kuan and Hu [59] proposed the sur-
face precipitation mode to interpret the effect of
aluminum salts on the removal of silica, and sug-
gested that the formation of surface precipitate film
completely modify the surface properties of silica and
protect them against dissolution. The absorbed Al,
likely modified the surface of soluble Si., which
decreased the solubility and stability [60] of formed
admixture, so Si. could be easily removed from
wastewater. Si, removal together with Al. was also
consistent with the absorption-modification process.
Aluminosilicate sites and surface precipitate films
resulting from adsorption and deposition [61] of Si,
onto the surface of Al. decreased the solubility of
admixtures with Al that were modified by Si,.

3.5. Discussion

Soluble silica species dispersed in the heavy-oil
wastewater varied even when they were in the form
of Si, and Si.. The range of polymeric silica species
(Sip) varied widely, some of which contained thou-
sands of SiO, units and were effectively nanoparticles.
The wastewater contained various oils, complex

suspended soils, and numerous solutes. Hence, the
reaction of silica with aluminum hydrolysates in the
environment must be discussed. In this paper, sub-
stances in the wastewater are classified into three
forms: suspended solids with median particle diame-
ter of >045pum (including most impurities in
wastewater and precipitates after coagulation); col-
loidal particles that are retained in the water passed
through 0.45-um filters (these mainly contain Si. and
Al); and soluble monomers, ions, and oligomers,
which mostly comprise Si, and Al,.

Upon dispersion of PACl in wastewater, pre-
formed aluminum hydrolysates immediately reacted
with the all categories of substances in wastewater.
Al,, which is enriched in positive charges, rapidly
approached the negatively charged, suspended solids
and then formed positively charged patches on the
particle surfaces [62]. Electrostatic forces due to
interactions between patches on one particle and
naked surfaces of other particles caused the particles
to aggregate. Meanwhile, the interactions between Al,
and Si. and between Al. and Si, caused soluble silica
to become more insoluble and unstable, as mentioned.
Admixtures that formed between soluble silica and
aluminum hydrolysates gradually approached the pri-
mary aggregates with positively charged patches and
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then led to the growth of large and compact flocs [47],
which were essential for sedimentation. During coag-
ulation with continuous reaction and precipitation,
soluble silica was progressively removed from the
wastewater along with other substances. However,
interconversion and equilibria of various species of sil-
ica and aluminum hydrolysates were not thoroughly
analyzed. These require further studies.

4. Conclusion

PACI had significant effects on the removal of sol-
uble silica through reaction with aluminum hydroly-
sates. During coagulation of heavy-oil wastewater
using PACl at 4 mmol/]l, the silica concentration
decreased from 473.39 to 45.57 mg/l. Commercial
PACI, collosols of amorphous aluminum hydroxide,
aluminum salts, as well as PACIl synthesized in our
laboratory, were used for comparison. The use of
PACI with a higher Al, content and PACl with a
higher Al. content, respectively, led to faster and more
efficient removal of Si. and of Si,.

An absorption-modification process is proposed to
explain Si. and Si, modification with Al, and Al
respectively. A coagulation mechanism involving EPC
was introduced to explain the reaction of soluble silica
and other substances with PACI The results show the
potential of using excess PACI for simple and inex-
pensive removal of silica and other pollutants. This
method may be used to optimize treatment of heavy-
oil wastewater.
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