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ABSTRACT

A novel composite inorganic polyaluminum ferric chloride (PAFC) coagulant was prepared
from Bayer red mud and was usable for wastewater treatment. The reaction parameters
affecting the PAFC coagulant performance such as the type of alkali used as the polymeriza-
tion adjuster, pH, reaction temperature, and reaction time were examined in this study. The
structure and morphology of the product were characterized by infrared spectra (FTIR),
X-ray diffraction, and scanning electron microscopy. The optimized conditions for prepara-
tion were decided as using Ca(AlO,), and NaOH together as the polymerization adjuster to
reach a pH value of 2.47 with the mixture being kept at 80°C for 6h. Furthermore, the
coagulation performance of the PAFC coagulant was tested in real wastewater samples of
pretreated oily sewage and printing and dyeing wastewater. The prepared PAFC coagulant
outperformed commercially available PAC coagulant.

Keywords: Bayer red mud; Composite coagulant; Polyaluminum ferric chloride; Wastewater

treatment

1. Introduction

Polyaluminum ferric chloride (PAFC) is among the
most efficient inorganic coagulant. It possesses the
advantage of the presence of both Al and Fe poly-
mers, and thus overcome the problems associated
with the individual coagulants such as generating
small flocs under slow mixing speed, high residual Al
concentration, and the increase in residual color in
treated water, etc. [1]. The raw materials for the prep-
aration of the PAFC basically are pyrite mine dregs,
coal gangue, high iron bauxite, and calcium alumi-
nates, etc. [2]. It has been proved that the distribution
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and transformation of Fe-Al species differ in coagu-
lants and thus its wastewater treatment performance
often vary with the synthesis conditions. It is essential
that the preparative conditions of PAFC coagulant are
optimized for a specific method [3-5].

Bayer red mud is a solid waste residue from the
aluminum industry formed during the alkaline extrac-
tion of alumina from bauxite by the Bayer process. It
mainly contains fine particles including hematite
(Fe;O3), goethite (a-FeOOH), boehmite (y-AIOOH),
titania (TiO,), quartz (S5i0O,), sodalite (NasAl;35i301,Cl),
gypsum (CaSO42H,0), and a minor presence of cal-
cite (CaCO3), whewellite (CaC,04-H,0), and gibbsite
(AI(OH)3) [6]. In addition, it also contains burning
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alkali ingredient and trace other nonferrous metals.
Red mud is highly alkaline with a pH usually ranging
from 10 to 13 [7-9]. For every ton of alumina pro-
duced, approximately one to two tons (dry weight) of
bauxite residues are generated [6]. The corrosive nat-
ure of the red mud and its enormous quantities (90
million tons yearly worldwide [10]) caused significant
ecological problems and considerable negative envi-
ronmental effects [11]. Thus, disposing or utilization
of red mud is of environmental and economic signifi-
cance [12-14]. However, comprehensive utilization of
red mud is still a worldwide problem. Traditional
utilizations of red mud include its use as building
materials, soil amendments, and in landscaping.
Recently, much attention has been paid to exploring
red mud as coagulant for wastewater treatment [11].
Though red mud as a porous material is able to
adsorb various contaminants from water, its transfor-
mation to high-performance high value-added
coagulant with a comprehensive waste removal
capability is still challenging.

Here, we report a novel strategy for the preparation
of high-performance PAFC coagulant for wastewater
treatment from red mud by employing the high amount
of Al and Fe elements contained in red mud. The pre-
parative conditions were optimized for the maximal
performance of PAFC. Furthermore, the performance of
PAFC was evaluated in real wastewater samples
including pretreated oily sewage and printing and dye-
ing wastewater.

2. Experimental details
2.1. Materials and instruments

All the chemical reagents used in the experiments
were analytic grade except calcium aluminate (Ca
(AlO,),), which was of technical grade. All the solutions
were prepared with deionized water. Bayer red mud
used in this study was provided from Shandong Wei-
giao aluminum & electricity Co. Ltd., Shandong, China.

The water samples used in this study was simu-
lated water which was employed in the process of
optimizing the performance of the PAFC coagulant,
and real wastewater samples including oily wastewa-
ter, and printing and dyeing wastewater. The simu-
lated water was made by diatomite, the turbidity was
350NTU. The oily water was obtained from Liaohe
Petroleum Exploration Bureau of China, and the COD
of which is 534mg/L and the turbidity is 124 NTU.
The printing and dyeing wastewater was obtained
from Lanyan Group Co. Ltd.; the COD of which was
1,366 mg/L and the turbidity was 3.8 NTU.
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SGZ-2 turbidmeter, Shanghai Yuefeng Instruments
& Meters Co., Ltd. Export Department, was employed
to measure turbidity; UV765 UV-visible spectrometer,
produced by Shanghai Precision &  Scientific
Instrument CO., Ltd., was used to measure absor-
bance to determine the amount of (Fe-Al),, (Fe-Al),
and (Fe-Al).. COD was measured by 5B-6 COD reac-
tor and CODCr (potassium dichromate as oxidant),
Lian-Hua Tech. Co., China; pH values were deter-
mined by pH500 meter, CLEAN, USA.

2.2. Preparation of polyaluminum ferric chloride from red
mud

PAFC was prepared from the Bayer red mud fol-
lowing two steps.

* Acid leaching

Bayer red mud was leached with 30% hydrochloric
acid to obtain a solution containing ferric and alumi-
num cations. 100g of Bayer red mud and 300 mL of
30% hydrochloric acid were added into a three-neck
round-bottom flask. The mixture was stirred at 100°C
for 2h, cooled down to room temperature, and fil-
trated. The solid residue was washed with 150mL
water. The mother liquor and washing liquor were
collected and mixed. The obtained solution contained
aluminum of 0.546mol/L, ferric of 0.725mol/L, and
other metal ions with much lower concentrations.

* Polymerization

The ferric and aluminum cations in the solution
were polymerized with alkali to obtain the coagulant.
100mL of the mixed solution obtained in acid leach-
ing step was first added to a three-neck flask and
placed in an electrically heated constant- temperature
oil-bath at atmospheric pressures. Secondly, varied
amounts of alkali were added into the three-neck
flask, and the pH values were regulated in the range
2.20-2.66. Reaction temperatures were elevated up to
100°C with stirring for 2-12h and cooled down to
room temperature. A liquid PAFC coagulant with red-
dish-brown color was obtained. The optimized param-
eter for the preparation of PAFC were determined as
using NaOH and Ca(AlO,), together (1.5g Ca(AlO,),
and 12g NaOH) as the polymerization adjuster
(alkali), and the mixture was kept at a pH value of
2.47 at 80°C for 6h. When the influence of a single
parameter of the reaction conditions was studied by
varying it in a range, the other parameters were
adopted as the above-mentioned optimized values.
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The analysis of the physical-chemical parameter of
the new coagulant following the Chinese standard
method (GB 14591-2006 & GB 15892-2003) showed
that the pH (1% water solution), density, and the
concentration of total iron and aluminum (mass frac-
tion) were 2.20-2.66, 1.20—1.34g/cm3, and 10-13%,
respectively.

2.3. Ferron analysis

In order to classify the aqueous Fe-Al species, a
ferron-complexation timed spectrophotometric
method was used based on the standard adsorption
curves of the reaction between polyaluminum ferric
chloride and the ferron reagent (8-hydroxy-7-iodo-
quinoline-5-sulphonic  acid). The Fe-Al species
were artificially classified as (Fe-Al),, (Fe-Al), and
(Fe-Al)., which represented their different extent of
hydrolysis and polymerization. (Fe-Al), species were
defined as free ion and mononuclear hydride-hydro-
xyl complex. (Fe-Al), species were composed of
polynuclear complexes, and were the most effective
components as coagulants. We take the amount of
(Fe-Al), as an indicator of the effectiveness of the
coagulant. (Fe-Al). species were composed of poly-
mer of higher molecular weight. The measurements
were performed on an UV-visible spectrometer and
the absorbance of the reaction solutions at 362nm
was measured at predetermined time intervals. The
absorbance observed within the first minute of
the experiment corresponded to the (Fe-Al), species.
When the absorbance finally ended in a plateau, the
absorbance was considered as an indicator of the
amount of the (Fe-Al), species. (Fe-Al). values were
calculated by subtracting (Fe-Al), and (Fe-Al), from
the known total Fe-Al content. A more detailed
description of this method was provided in the
previous study [15].

2.4. Performance of the produced coagulant in testing water
samples

Coagulation tests were performed by using simu-
lated water and real wastewater samples. All coagu-
lation tests were conducted in 100mL beakers using
a magnetic stirring apparatus. 100mL of the test
water was placed in a beaker and stirred rapidly at
200rpm for 2min after adding the coagulant at
room temperature, followed by slow stirring at
40rpm for 2min and sedimentation for 10min.
Then, a supernatant sample was taken at 1.0cm
below the surface of the test water for turbidity and
COD measurement.
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2.5. Characterization of the coagulant

PAFC solution was dehydrated at —50°C using
LGJ-10D vacuum freeze drier to make powder sample
for structure and morphology analysis. X-ray
diffraction (XRD) were measured for the determination
of crystalline phases in solid coagulants using D/max-
rA X-ray diffractometer with Cu K radiation in the 20
range of 3-80° at a scan rate of 8°/min. The solid coag-
ulants were analyzed by FT-IR with the Perkin Elmer
spectrum 100 FT-IR spectrophotometer and potassium
bromide pellet method. The spectra were scanned in
the range of 4,000-500cm'. The morphologies of the
coagulants were analyzed by Hitachi S-4800 high-reso-
lution ice-emission scanning electron microscopy.

3. Results and discussion
3.1. Preparation of the PAFC coagulant

The red mud as obtained was composed mainly of
Fe, Al, Si, and Na oxides, as indicated by the results
of chemical analysis of raw Bayer red mud which are
given in Table 1.

During the acid leaching step, ferric chloride and
aluminum chloride were obtained as the main target-
ing products, and calcium chloride and sodium chlo-
ride were obtained as by-products. The chemical
reactions during the process of acid leaching step are
illustrated in formula 1-4. In this leaching process,
titanium dioxide and silica dioxide remained insoluble
as solid. Then, in the polymerizing step, the acidity of
the solution was neutralized, and with the increase of
the pH value, hydrolyzation of Fe(Ill) and AI(II) took
place, as illustrated in formula 5-6. As a step further,
with the polymerization of hydroxyl, copolymerized
polyaluminum ferric chloride species took form, as
illustrated in formula 7.

AL,O3; + 6HCl — 2AICI; + 3H,O (1)
FEZO:; + 6HCl — 2FECI3 + 3H20 (2)
Table 1

Average composition of bayer red mud used (% by wt.)
Constituent % (W/wW)
ALO; 24.37
Fe203 25.75
SiO, 24.03
Na,O 10.02
CaO 227

TiO, 1.20




7648

CaO + 2HCI — CaCl, + H,O (3)
Na,O + 2HCI — 2NaCl + H,0 (4)
2AICL; + nH,0 — AL(OH),Cl, , +nCl” +nH" (5)
2FeCl; + mH,0 — Fey(OH), Cl._ +mCl™ + mH*  (6)

xAL(OH),Cl; , + yFe,(OH),Cl, .

- Alszez!/(OH)x;1+ymC1(jx79m+6y7ym (7)

In the process of polymerization, the choice of
alkali, the pH value, the reaction temperature, and the
reaction time significantly influenced the performance
of the coagulant. Thus, influences of these factors
were carefully studied in order to provide detailed
information in the producing process of the coagulant.
The residue turbidity of simulated water sample and
the percentage of (Fe-Al), were measured as indica-
tors of effectiveness of the coagulant to optimize the
preparative conditions. The residue turbidity and
COD were followed as indicators of effectiveness of
the coagulant in real wastewater samples.

3.1.1. The choice of alkali

Alkali was added in the mixture obtained by acid
leaching, in order to neutralize the solution and
induce hydrolysis and polymerization of ferric and
aluminum ions. NaOH and Ca(AlO,), were chosen as
the candidate alkalis. NaOH was highly reactive but it
was also of higher price. Ca(AlO,), also displayed
alkali character. The dosage of Ca(AlO,), would not
only adjust the basicity of the solution, but also would
provide extra source of aluminum and thus contribute
to the effect. But the reaction rate of Ca(AlO,),with
the acidic mixture was slow [16]. So, we decided to
use Ca(AlO,), and NaOH together (1.5g Ca(AlO,),
and 1.2g NaOH were added to the 100mL mixed
solution) as the polymerization adjuster to prepare
PAFC and achieved higher coagulant performance
compared with using either one of the component by
itself as the polymerization adjuster, as indicated in
Fig. 1.

Fig. 1 shows the effect of different alkalis on resid-
ual turbidity. It indicates that using Ca(AlO,), and
NaOH together as the polymerization adjuster was
better than using NaOH or Ca(AlO,), on turbidity
removal; and using Ca(AlO,), was better than using
NaOH. Till the dosage of the coagulant was increased
to 40mg/L, the residue turbidity decreased accord-
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Fig. 1. The effect of different alkalis on residual turbidity.

ingly with the increase of coagulant dosage. When the
dosages of the coagulant were higher than 60mg/L,
the residue turbidity increased with increased amount
of coagulant. But for every dosage applied, the effect
of using Ca(AlO,), and NaOH together as the poly-
merization adjuster was better than using either alkali
alone. The main reason for this could be attributed to
the fact that adding of Ca(AlO,), improved the con-
tent of aluminum and the adding of NaOH improved
product quality.

3.1.2. The effect of pH

In order to study in detail the effect of pH, the pH
values of the reaction mixture were systematically
adjusted in the range 2.20-2.70, while keeping other
parameters as provided in the experimental section.
The coagulation performance and Fe—Al species distri-
butions of PAFC coagulants prepared at different pH
are shown in Fig. 2. As seen from Fig. 2(a), pH had
important influence on turbidity removal efficiency of
the PAFC coagulant [17]. The residue turbidity
decreased as the pH values increased from 2.20 to
2.47, followed by an increase till pH value reached
2.70. The best performance for the coagulant occurred
at pH value 2.47.

As can be seen from Fig. 2(b), pH also had impor-
tant influence on Fe-Al species distribution of PAFS.
In pH ranges lower than 2.47, the amount of (Fe-Al),
species increased with the increase of pH and maxi-
mized at pH value 2.47. In pH ranges higher than
2.47, the amount of (Fe-Al), species decreased with
the increase of pH and the amount of (Fe—-Al). species
increased. At the optimum condition at pH 2.47, the
optimum species distribution was (Fe-Al), of 30.1%,
(Fe-Al)y, of 45.5%, and (Fe-Al). of 24.4%. The fact that
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Fig. 2. Effect of pH on (a) turbidity removal and (b) Fe-Al
species distribution of PAFC.

the residue turbidity of the sample hit the bottom at
the pH value where (Fe-Al), species maximized dem-
onstrated the effectiveness of the (Fe-Al), species in
removing turbidity. This is consistent with previous
literatures.

3.1.3. The effect of reaction temperature

In order to study the effect of reaction tempera-
ture, other parameters for the preparation of PAFC
were kept constant as provided in the experimental
section while varying the reaction temperatures from
20 to 100°C. The coagulation performance and Fe-Al
species distribution of different PAFC coagulants
prepared at different reaction temperatures are
shown in Fig. 3. As seen from Fig. 3(a), turbidity
removal efficiency increased with the increase of
reaction temperature from 20 to 80°C, followed by
no obvious change till the reaction temperature
reached 100°C. As seen from Fig. 3(b), the content
of (Fe-Al), species and (Fe-Al). species also
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Fig. 3. Effect of reaction temperature on (a) turbidity
removal and (b) Fe-Al species distribution of PAFC.

increased with the increase of reaction temperature
from 20 to 80°C, followed by no obvious increase
with further elevation of the reaction temperatures.
As seen from experimental data, the reaction tem-
perature affected the effect of the coagulant, because
it affected reaction rate and extent [1,18,19]. Gener-
ally, higher reaction temperature could facilitate the
hydrolysis of ferric and aluminum, transforming
more (Fe-Al), species into (Fe-Al), species and (Fe-
Al). species. But on the other hand, overheating of
the reaction mixture (reaction temperature >80°C)
had little effect enhancing the reaction extent, lead-
ing to a waste of energy. Therefore, optimum reac-
tion temperature for the preparation of the PAFC
coagulant was decided as 80°C.

3.1.4. The effect of reaction time

In order to study the effect of reaction time,
other parameters were kept constant as in the exper-
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imental section while the reaction time was varied
from 0 to 12h. The coagulation performance and
Fe-Al species distribution of different PAFC coagu-
lants prepared at different reaction time are shown
in Fig. 4. As seen from Fig. 4(a), turbidity removal
efficiency increased with the increase of reaction
time (from 0 to 6h), followed by decrease after the
reaction time was longer than 6h. The turbidity
removal efficiency of the coagulant with a reaction
time of 6h was the highest. Fig. 4(b) shows that the
content of (Fe-Al), species increased with the
increase of reaction time (from 0 to 6h), followed
by decrease after the reaction time was longer than
6h. In the whole range of reaction time, the content
of (Fe-Al). species increased with the increase of
reaction time and the content of (Fe-Al), species
decreased with the increase of reaction time. The
main reason for such phenomena was that the Fe-
Al species underwent polymerization first to form
the most effective component (Fe-Al), and then
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Fig. 4. (a) Effect of aging time on turbidity removal and (b)
Fe-Al species distribution of PAFC.
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would transform to (Fe-Al). with an inferior turbid-
ity removal effect with the increase of the reaction
time [20,21]. The more the (Fe-Al), species, the bet-
ter the performance. In 6h, the turbidity removal
efficiency was the highest. Therefore, the optimum
reaction time for the preparation of the PAFC coag-
ulant was determined as 6h.

3.2. Structure and morphology analysis of the final
coagulant product

The final product following the optimized pre-
parative conditions were analyzed with XRD, IR,
and scanning electron microscopy (SEM) to obtain
detailed structural and morphological information.
Fig. 5 illustrates the XRD patterns of solid PAFC
samples and the analysis results showed that the
NaCl and AICl; were present in the sample. The
signals of FeCl; were absent and, in addition, there
were peaks at 20 values of 18.4° 29.8°, 66.4°, and
75.5° that could not be assigned to a specific com-
pound. These results indicated that some ions such
as Fe’* and AI’* might have been polymerized into
a new compound which was excluded in the XRD
card or did not give a standard molecular formula.
This speculation suggested that PAFC contained
new chemical species rather than a simple mixture
of the raw materials, and was consistent with the
chemical transformation that took place during the
preparative process of the coagulant.

The possible chemical bonds in PAFC were
investigated by the FTIR spectra and were compared
with industrial grade PAC coagulant (Fig. 6). The
two samples showed similar FIIR spectra. Both
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Fig. 5. XRD pattern for the PAFC coagulant.
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spectra exhibited a broad absorption peaks in the
range of 3,200-3,650 cm ™' (3,390cm ™! for PAFC and
3,430cm ! for PAC), which could be assigned to the
stretching vibrations of ~-OH groups. The peaks in
the range of 1,600-1,700cm™! (1,628 cm™! for PAFC
and 1,636cm™ ' PAC) were attributed to the bending
vibrations of water absorbed, polymerized, and crys-
tallized in the coagulant. The industrial grade PAC
was not a pure substance, which contains iron ions.
The peak at 1,098cm ' for PAFC and the peak
1,000cm ™" for PAC were attributed to the asymmet-
ric stretching vibration of Fe-OH-Fe or Al-OH-Al
[22]; furthermore, there were two peaks at 778 cm ™!
and 640cm™' for PAFC and two peaks at 770cm '
and 578cm™! for PAC, which were attributed to
bending vibrations of Fe-OH and Al-OH, respec-
tively [23].

The morphologies of the prepared PAFC coagu-
lant in the micrometer range were observed with
SEM (Fig. 7(a) and (b)). The PAFC coagulant
prepared from red mud displayed rough surfaces
covered with ridges and wrinkles. Compared with
the relatively much smoother surface of commercial
PAC coagulant (Fig. 7(c) and (d)), the rough sur-
face morphology of the prepared PAFC coagulant
might result from a larger extent of dehydration
during the preparation of the SEM sample in
vacuum.

Fig. 7. SEM images of (a,b) the PAFC coagulant and (c,d) the commercially available PAC coagulant.
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3.3. Application of the coagulant in pretreated oily sewage
and printing and dyeing wastewater

3.3.1. Application of the coagulant in oily sewage

In order to investigate the coagulation performance
of the new coagulant, it was applied in the treatment
of pretreated oily sewage and compared with conven-
tional PAC coagulant. The result of the comparison of
the performance of the PAFC coagulant and conven-
tional PAC coagulant are presented in Fig. 8. As
shown in Fig. 8, the residual turbidity and COD value
first decreased and then increased with the increase of
coagulant doses in the range 0-100mg/L and had the
minimum value when the coagulant dose was 60 mg/L.
The turbidity and COD removal effect of PAFC were
better than PAC when the coagulant doses were the
same in the treatment of pretreated oily sewage.
Therefore, at the same turbidity removal and
COD removal level, the consumption of the PAFC
coagulant was much less than PAC. The treatment
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Fig. 8. Effect of coagulant dose on (a) turbidity removal

and (b) COD removal for pretreated oily sewage.

results proved that the PAFC coagulant could be
effectively used for the treatment of pretreated oily
sewage.

3.3.2. Application of the coagulant in printing and
dyeing wastewater

In order to prove that the advanced performance
of the prepared PAFC was universal in treating dif-
ferent kinds of wastewater, we also evaluated its
coagulation performance in printing and dyeing
wastewater and compared it with conventional PAC
coagulant. The performance of the complex coagulant
at different dosages for turbidity and COD removal
are presented in Fig. 9. Fig. 9 shows that with the
increase of the dosage of PAFC till 800mg/L, residue
turbidity and residue COD decreased, indicating
enhancement of turbidity and COD removal effect.
With a dosage larger than 800mg/L, both the resi-
due turbidity and residue COD increased with
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Fig. 9. Effect of coagulant dose on (a) turbidity removal
and (b) COD removal for printing and dyeing wastewater.
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increased dosages of PAFC coagulant. This curve
implied that the optimal dosage of PAFC coagulant
was 800mg/L for the printing and dyeing wastewa-
ter. And with this optimal dosage, the residue tur-
bidity lower than 5 NTU and residue COD lower
than 100mg/L could be achieved. Both minimal
value of reside turbidity and residue COD achieved
by PAFC were obviously smaller than the values
achieved with conventional PAC coagulant, indicat-
ing the advanced performance of the prepared PAFC
coagulant compared with the conventional PAC
coagulant.

4. Conclusion

In this research, the preparation of PAFC coagu-
lant from red mud with advanced performance com-
pared with conventional PAC coagulant was
achieved. Reaction conditions including the choice of
polymerization adjuster (alkali), the pH value, the
reaction temperature, and reaction time were thor-
oughly studied to optimize the performance of the
prepared coagulant. The optimized parameters to pre-
pare PAFC coagulant were decided as using Ca
(AlO,), and NaOH together as polymerization adjus-
ter, reaction pH value as 2.47, reaction temperature as
80°C, and reaction time as 6h, respectively. The per-
formance tested with real samples of oily sewage and
printing and dyeing wastewater showed that the pre-
pared PAFC outperformed the conventional PAC
coagulant at almost every dosage applied.
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