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of F− and organic matter under different coagulant doses and pH conditions were investi-
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and 25.4%, respectively; when the dosage is 10 mmol/L, the TOC removal rates of FeCl3 and

gated. The results show that the highest removal rates of F− by AlCl3 and FeCl3 are 94.4%
Coagulation

AlCl3 reach 20.4% and 34.7%, respectively. Therefore, the removal rate of F− by AlCl3 is higher

Coking wastewater

than that of FeCl3 , but the removal rate of organic matter by FeCl3 is relatively higher. The

Fluoride

addition of Ca2+ can promote the removal of F− , but the removal rate of organic matter

Organic matter

decreases. In addition, by investigating the effects of different pH and Fe–Al ratio on the
removal rate, the removal effect of adding FeCl3 and AlCl3 at the same time was discussed.
The results show that the most suitable working condition for the removal of organic matter
and F− is that the pH is 6.5 and the molar ratio of Al/Fe is 8:2. Overall, the removal mechanism of F− and organic matter in coking wastewater by FeCl3 and AlCl3 was explored in this
study. The experimental results can provide reference for the advanced treatment of coking
wastewater.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Water is one of the resources that people rely on to survive
on the earth. Agricultural, industrial and household uses consume a large amount of water resources every day, while
excessive water use, water pollution, climate change, population growth and other reasons aggravate the shortage of
water resources. About a quarter of the world’s population
is facing water shortages. Therefore, it is high time to take
∗

some measures to alleviate the water shortage (WHO, 2008;
Salman, 2005). Coking wastewater is a typical kind of industrial wastewater and approximately 0.3 billion tons coking
wastewater are generated per year in China, where the coal
is an important energy source (Na et al., 2017). The composition of coking wastewater is very complex and toxic, including highly concentrated fluoride, as well as refractory organic matters such as phenol, benzene, nitrogen heterocyclic
compounds (e.g., quinoline, pyridine, and indole), and polycyclic aromatic hydrocarbons (Bai et al., 2011; Yang et al., 2013;
Tang et al., 2015). Activated sludge system, such as anoxic/oxic
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(A/O) or anaerobic/anoxic/oxic (A2 /O) processes, is the dominant biological process in China for coking wastewater treatment because of its low cost, simple operation and maintenance (Bai et al., 2011; Ou et al., 2014). However, due to
the existence of inhibitory organic matters, the COD of effluent cannot meet the national discharge standard of coking wastewater (GB16171-2012). Therefore, advanced treatment of biologically treated coking wastewater (BTCW) is urgently needed. Hitherto, conventional coagulation and precipitation process (Li et al., 2018b; Zhang et al., 2009), adsorption (Yang et al., 2013), advanced oxidation technologies
(Chu et al., 2012; Du et al., 2013; Zhu et al., 2009), membrane
filtration (Jin et al., 2013; Li et al., 2016) as well as the combination of these methods (Wang et al., 2019) are proposed.
Among aforementioned process, coagulation and precipitation is featured with easy operation and high efficiency at low
cost. For example, zero valence iron can remove more COD
than ferric sulfate and improve the biodegradability of coking wastewater by coagulation, precipitation and oxidation–
reduction (Lai et al., 2007). An integrated treatment combined coagulation by polymeric ferric sulfate and adsorption by polyamidoamine-modified powdered activated carbon achieved 85.3% COD removal (Li et al., 2018b). Another
study found that pre-coagulation with poly-aluminum chloride was effective for significantly reducing the contaminant
level in BTCW and thus alleviated the membrane fouling in
the post membrane distillation (Li et al., 2016). Recently, some
researchers have developed a new multi-stage peroxide coagulation process based on graphene modified graphite felt
cathode, which has a high removal rate of COD, phenol and
ammonia nitrogen in coking wastewater, so as to significantly
improve the biodegradability of coking wastewater (Ren et al.,
2019).
On the other hand, fluoride, paralleling with arsenic and nitrate, is regarded as one of the contaminants of water for human consumption by the World Health Organization (WHO)
that causes large-scale health problems (Library, 2006). Fluoride releases to groundwater via geological weathering of various minerals such as fluorite, biotite etc. However, human
activity is a more important source of fluoride contamination. In addition to coking wastewater, industries including
glass and ceramic production, semiconductor manufacturing,
electro-plating discharge wastewater containing with fluoride
concentrations higher than natural water, ranging from ten to
thousands of mg/L. It is known that the ingestion of fluoride
within a narrow concentration range is beneficial to human
health, which can lower the rate of dental caries, particularly
among children. Nonetheless, excessive exposure to fluoride
leads to various diseases such as osteoporosis, arthritis, brittle
bones, cancer, infertility, brain damage, Alzheimer syndrome,
and thyroid disorder (Alhassan et al., 2020). In view of the
toxic effect of fluoride on human health, some countries impose their own effluent discharge standard (EDS) for fluoridecontaining wastewater. The United States Environmental Protection Agency (US EPA) mandates a limit of 13 mg/L for the
glass manufacturing industry, and WHO recommends that
the fluoride concentration in drinking water should below
1.5 mg/L.
The methods to remove fluoride from wastewater include
ion exchange, adsorption, chemical precipitation by calcium,
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magnesium or aluminum, eletrodialysis process, and membrane process. Ion-exchange can remove fluoride up to 90%–
95% but it is mostly dependent on the use of resins and the
regeneration of resin is still a challenging issue. Fluoride by
adsorption is widely investigated, Bhatnagar et al. (2011) reviewed the potential of various adsorbents (e.g. metal oxides,
carbon-based adsorbents, natural materials, bio-sorbents etc.)
for fluoride removal from water and wastewater. When using
metal oxides as adsorbents, inner-sphere complex forming
species (sulphate, phosphate) showed negative effects on fluoride adsorption while outer-sphere complex forming species
(chloride, nitrate) improved the fluoride removal efficiency
slightly. However, the adsorption rate and narrow pH range of
adsorbents sometimes limit their application. The removal capacity by different types of natural clays for fluoride was studied by Ramdani et al. (2010). The results show that the chemically activated montmorillonite without calcium has good adsorption rate and fluoride removal effect. Jin et al. studied
amorphous alumina modified expanded graphite (Al2 O3 /EG)
composite using facile solution method at 450 °C as a medium
for 2 hr to remove the fluoride ions (Jin et al., 2015). When the
pH range is 3–7, the adsorption capacity of the adsorbent is
1.18 mg/g. The study further pointed out that since the adsorption of fluorine is not affected by the pH of the aqueous solution, this high-efficiency adsorption rate is possible
Recently, a study using Al-La and Fe-La composites embedded onto the cellulose/graphene hybrids for fluoride adsorption (Guo et al., 2019). The results suggested that Al-La@CG
hybrids exhibit higher selectivity and satisfactory affinity towards fluoride in coexisting phosphate/fluoride system, but
suffer from more negative effect by humic acid (HA) surroundings than Fe-La@CG hybrids. As for chemical precipitation,
the optimal pH for fluoride uptake by calcium is 9–10. However, the major drawback is the very fine CaF2 precipitates
are difficult to settle, so that other treatments such as addition of seed materials (Aldaco et al., 2007) or membrane
filtration (Damtie et al., 2019) are needed to achieve better
solid separation from water. Magnesium salts as the precipitator exhibited a superior settleability with respect to fluoride removal when compared with the calcium salts. The fluoride removal is favored at low pH, while at high pH, magnesium tend to precipitate with NH4 + and PO4 3− to form struvite
(MgNH4 PO4 •6H2 O) (Huang et al., 2017; Ryu et al., 2008). In addition, some studies have shown that the use of Alamine336 and
tributyl phosphate as a mixed complexing extractant greatly
improves the removal of fluorine in high-fluorine wastewater. Moreover, the mixed extractant has good reusability while
maintaining high extraction rate of fluorine, but its cost also
needs to be considered (Li et al., 2019). According to reports, coagulation is also a simple and effective method to treat industrial wastewater (Gong et al., 2012). Aluminum salt and iron
salt are used as conventional coagulants to treat wastewater,
which may face the problem of large dosage or low removal
rate (Li et al., 2018a). However, there are few reports on the use
of aluminum-iron composite coagulant for the removal of fluorine and organic matter in coking wastewater, so research in
this area is necessary. In addition, common influencing factors
of coagulation include coagulant dosage, pH, temperature, hydraulic stirring speed, etc. (Sillanpaa et al., 2018). Taking into
account the cost and convenience of treating coking wastew-
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ater, the two most important factors, the dosage and pH, are
investigated in this research.
Overall, both organic matters and fluoride can be removed by coagulation/precipitation using Al-based or Febased regents. High concentration of organic matters in coking wastewater will inhibit the removal of fluoride. Here, we
explore the removal of both fluoride and organic matters in
coking wastewater by Al-based or Fe-based coagulant. The effects of pH and the addition of Ca2+ are also investigated. By
studying the effect of the ratio of coupling dosing coagulants
and pH conditions on the removal effect, the synergistic coagulation of FeCl3 and AlCl3 was achieved to remove fluorine and
refractory organics in coking wastewater. This provides some
ideas for the treatment of industrial fluorine-containing coking wastewater.

1.

Methods and materials

1.1.

Coking wastewater sample and reagents

The coking wastewater was effluent from activated sludge
process of a coking wastewater treatment plant, and the water
quality indexes are as following: UV254 4.29±0.15 cm−1 , TOC
98.3±6.2 mg/L, C (F− ) 95.3±9.5 mg/L, and pH 8.05±0.10. Water
samples were stored at 4 °C, and were restored to room temperature (˜25 °C) before use.
Aluminum chloride (AlCl3 , Fisons, >99.0%) and ferric chloride (FeCl3 , Fisons, >97.0%) (analytical reagent) are adopted
for coagulation here, and stock solutions were prepared using deionized (DI) water at a concentration of 0.1 mol/L, and
renewed every two weeks. CaCl2 from Sinopharm Chemical
Reagent Co., Ltd. was also used in some experimental batches.
Prior to coagulation, the pH of raw water was adjusted via the
addition of 0.1 mol/L HCl or NaOH.

1.2.

Coagulation experiments

At room temperature (25±1 °C), stirring the original aqueous
solution at 200 r/min for 60 sec; then adding different concentrations of coagulant and 0.1 mol/L HCl or NaOH to adjust
the pH of the original water; after that, the stirring rate was
adjusted to 50 r/min and lasted for 20 min; after settlement
for 30 min the supernatant and flocs were collected for subsequent detection. In Al/Fe combined experiments, AlCl3 and
FeCl3 were added simultaneously. All the test were carried out
at 25±1 °C in order to avoid undesirable effects on the coagulation process arising from temperature fluctuations as reported
elsewhere (Gregory and Nelson, 1986), and all the supernatant
samples were filtered with 0.22 μm microfiltration membrane.

1.3.

and then placed it in a cold water bath, slowly adding 6 mol/L
NaOH while constantly stirring to make the pH reach 5.0–5.5,
and subsequently diluted the solution to 1 L. After filtered
through a 0.22 μm filter membrane, 2.5 mL supernatant was
added to 37.5 mL of deionized water, and then 10 mL of TISAB
II was added. The mixture was stirred evenly on the magnetic
stirrer, and the electrical potential was measured with the Fselection electrode. The F− concentration was determined by
the previously measured electrical potential- F− concentration standard curve.
In order to determine the molecular weight (MW) distribution of UV active substances in water samples during treatment, SEC equipped with UV254 absorbance detection device was used. The SEC was performed using a HPLC system
(Perkin Elmer, USA), consists of a BIOSEP-SEC-S3000 column
(Phenomenex, UK) (7.8 mm × 300 mm), a Series 200 pump, and
a Security Guard column fixed with a GFC-3000 disc 4 mm (ID).
10 mmol/L sodium acetate (Aldrich, USA) was used as the mobile phase, and the flow rate was set at 1 mL/min. The injection volume of water samples was 100 μL and the UV/Visible
detector operated at a wavelength of 254 nm with autosampler. Prior to operation, the mobile phase was purged at a volumetric flow rate of 2 mL/min in order to clear any residual and wash the column of any contaminants. Polystyrene
sulfonate (PSS) standards (American Polymer Standard Corp.,
USA) of molecular weights 33,500, 14,900, 6530, and 1100 Da
were employed to calibrate the relationship between compound MW and peak retention time. Before SEC injection, the
sample should be diluted 20 times and filtered with a 0.22 microfiltration membrane.
Organic matters in the sample which were analyzed by
Fourier Transform Infrared Spectroscopy (FT-IR, Spectrum
TWO, PerkinElmer, USA) with Quest ATR Accessory after being freeze-dried. UV absorbance at the wavelength of 254 nm
(UV254 ) and DOC were determined by an ultraviolet/visible
spectrometer (UV-2600, Shimadzu, Japan) and total organic
carbon (TOC) analyzer (TOC-VCPH, Shimadzu, Japan) respectively. The 3D excitation-emission matrix (EEM) fluorescence
spectra of the samples were characterized by EEM fluorescence spectroscopy (F-4600, HITACHI, Japan). The samples
were diluted 200 times before EEM test, and the fluorescence
spectrum of coking wastewater is shown in the supporting
information (Appendix A Fig. S1). The residual aluminum
and iron concentration, were analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Optima
8300, Perkinelmer, USA), and the samples needed to be digested by microwave (Multiwave PRO) before measured with
ICP.

2.

Results and discussion

2.1.

Removal of fluoride by AlCl3 and FeCl3

Analytical approaches

The F− concentration is measured by the F− electrode selection method (Liebman and Ponikvar, 2005). The total ionic
strength buffer TISAB II was prepared according to the Methods of Examination of Water and Wastewater (Teng et al.,
2009). Briefly, 57 mL glacial acetic acid, 58 g sodium chloride
and 4.0 g CDTA (cyclohexlane dinitrilo tetraacetic acid) were
added into 500 mL deionized water, stirring until it dissolved,

In the coagulation experiment, AlCl3 and FeCl3 were used to
study the performance of F− removal by different coagulants.
As shown in Fig. 1, with the dosage from 1 to 20 mmol/L, the
removal rate of F− by AlCl3 was much higher for FeCl3 , and
the F− concentration of the raw water dropped from 92.0 to
5.30 mg/L (Appendix A Fig. S2), and the highest fluorine re-
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F- removal efficiencies (%)

100

used to analyze the flocs obtained by Al3+ coagulation, and
the results were shown in Fig. 2d. Among them, the peak at
3374 cm−1 indicates intermolecular hydrogen bonding, and
the peak near 1624 cm−1 indicates the bending vibration of the
H–O–H bond angle of weakly adsorbed water molecules; the
peaks at 1100 cm−1 and 556 cm−1 represent Al–O–H bending
vibration and Al–O stretching vibration, respectively (Liu et al.,
2017), and their strength increases with the increase of the coagulant dosage. In Fig. 2e, another important observation is
that the peak intensity of the bands at 1402 cm−1 significantly
diminished after coagulation, which clearly indicates some organics containing S=O groups were removed with the increase
of aluminum dosage (Spielbauer et al., 1996). The stretching
vibration of C–O occurred at 1160 cm−1 (Asemani and Rabbani, 2020), which disappeared when the additive amount
reached 20 mmol/L.
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Fig. 1 – F− removal efficiencies for two coagulants with
different dosages.

2.3.
Effect of Ca2+ on the removal of fluoride and organic
matter by coagulation
moval rate was 94.4% when the AlCl3 dosage was 20 mmol/L.
However, for FeCl3 , the highest F− removal rate was only 25.4%.
The possible reaction mechanism is: when Al3+ and Fe3+ are
added to water, they will be hydrolyzed to form metal hydroxides; metal hydroxides can adsorb F− in coking wastewater
through coulomb attraction or ligand exchange; for metal ions
M, when pH < pHpzc , both coulomb attraction and ligand exchange are existed, and the reaction descripted in Eqs. (1) and
((2)) will occur. When pH > pHpzc , the main principle of adsorption is ligand exchange, that is, Eq. (3).
MOH2 + + F− = MOH2 + -F−

(1)

MOH2 + -F− = MF + H2 O

(2)

MOH + F− = MF + OH−

(3)

The pHpzc of metallic aluminum is higher than that of
metallic iron. Therefore, the F− removal rate of AlCl3 is higher
than that of FeCl3 at neutral pH. This conclusion is consistent
with the results of previous studies (Vinati et al., 2015). Moreover, previous studies suggested that F− can form AlFn (n=1–
6) complexes with Al3+ , and further form tertiary complexes
Al(OH)m Fn (m +n≤4) (Yu et al., 2016).

2.2.

Removal of organic matters by AlCl3 and FeCl3

Both Al3+ and Fe3+ can remove organic matter from raw water through coagulation. Fig. 2a shows the TOC removal after
coagulation with different dosages of AlCl3 and FeCl3 . It can
be seen from Fig. 2 that FeCl3 has a better removal efficiency
on organic matter than AlCl3 . Specifically, Fig. 2b and c shows
the molecular mass distribution of organic matter in the solution after treatment with different concentrations of AlCl3
and FeCl3 . It can be seen from the figure that the two coagulants can effectively remove organic matter with a molecular mass of 1000 to 10,000 Da. As the dosage of coagulant
increased, the concentration of the residual organic matter
in the solution decreased. When the dosage of the two coagulants was 10 mmol/L, FeCl3 removed more macromolecular organic matter (1000–10,000 Da) than AlCl3 . FT-IR was

Ca2+ precipitation is often used in industry to remove F− from
wastewater (Islam and Patel, 2007), so the influence of Ca2+
on the coagulation efficiency is also investigated. Fig. 3a has
shown the changed of TOC concentration and F− concentration in the solution when different concentrations of Ca2+
were added to the 10 mmol/L AlCl3 coagulation system. Ca2+
can remove fluorine by combining with F− to form calcium fluoride precipitate. The reaction process was shown in Eq. (4).
Ca2+ + 2F− → CaF2

(4)

When 1 mmol/L Ca2+ was added, the F− concentration decreased from 18.57 to 9.36 mg/L, which was closed to the solubility of CaF2 in water (the solubility of CaF2 at 20 °C is 17 mg/L,
The solubility of F− is 8 mg/L) (Venditti et al., 2018). However,
the addition of 1 mmol/L Ca2+ increased the TOC concentration from 73.9 to 87.5 mg/L, and the results of MW distribution
also showed that Ca2+ would affect the removal efficiency of
organic matters (Fig. 3b). As can be seen from Fig. 3c, when the
Ca2+ dosage was 0.5 mmol/L, it promoted the removal of aromatic content in AlCl3 coagulation, but with the increase of
its dosage, it inhibited the removal of aromatic content. The
reasons may from two aspects: (1) Ca2+ complexes with organic matter, which reduces the coagulation efficiency of the
coagulant on organic matter; (2) The principle of coagulation
of AlCl3 under neutral conditions is the net and sweeping.
The amorphous hydroxide particles formed by the hydrolysis
of AlCl3 gather together to form flocs, which absorb solubility and small particles of impurities in water (Yu et al., 2012);
the active sites of –OH and –OH2 on the surface of the flocs
play an important role in the growth of flocs (Yu et al., 2016).
However, because the CaF2 particles are very small, they may
be adsorbed to the surface of the flocs to occupy part of the
active sites, resulting in a decrease in the removal rate of organic matter. At the same time, we also did an experiment in
which FeCl3 was used as a coagulant and treated with Ca2+ .
The experimental results obtained were different from those
of AlCl3 . When the dosage of FeCl3 coagulant was 10 mmol/L,
as the dosage of Ca2+ increased, it did not have a good effect
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Fig. 2 – The removal of organic matters in coking wastewater: (a–f) F− removal efficiencies for two coagulants with different
dosages (a); molecular weight distribution of water samples treated with different dosages of AlCl3 (b) and FeCl3 (c); (d) FT-IR
of flocs at different AlCl3 dosing amounts; (e) FT-IR of supernatant after coagulation.
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Fig. 4 – Removal of fluoride and organic compounds from coking wastewater under different Al/Fe ratios without pH
adjustment: (a–f) Residual fluorine ion concentration and TOC concentration of samples were added at different Al/Fe ratios
(a); (b) The molecular weight distribution of organics in the solution after coagulation under different Al/Fe dosing ratios; (c)
SUVA254 was obtained after the samples were treated with coagulants with different Al/Fe ratios; (d) Normalized
excitation-emission area volumes of samples treated with coagulants of different Al/Fe; (e) FT-IR spectra of flocs with
different Al/Fe ratios; (f) The initial pH of the solution at different Al/Fe ratios.

on the removal of fluorine and organic matter (Appendix A Fig.
S3).

2.4.
Effect of Al/Fe compound ratio on the removal of
fluoride and organic matter
The effect of Al/Fe dosing ratio on coagulation is shown in
Fig. 4. Considering that the organic removal performance of
FeCl3 is better than that of AlCl3 , and the raw material cost
is also lower, the use of FeCl3 and AlCl3 compound coagulant

for coagulation in the large-scale treatment of coking wastewater may be more efficient and economical. Therefore, the
influence of the Al/Fe dosing ratio on the coagulation effect
was further studied. The total dosage of FeCl3 and AlCl3 were
10 mmol/L. It can be seen from Fig. 4a that when the proportion of FeCl3 rose from 0 to 100%, the TOC of the solution after
coagulation droped from 71.1 to 64.2 mg/L, while the F− concentration rose from 7.65 to 88.86 mg/L. When the proportion
of FeCl3 did not exceed 50%, the F− concentration remained in
a low range. This result is consistent with the conclusion that

8

journal of environmental sciences 110 (2021) 2–11

AlCl3 has a higher fluorine removal efficiency, and FeCl3 has a
higher removal efficiency of organic matter. Fig. 4b shows that
the concentration of organic matter in the solution decreases
with the increase of FeCl3 dosage.
As summarized in Fig. 4c, SUVA254 first decreased then
increased with increasing FeCl3 proportion, and the lowest
SUVA254 was reached at Al/Fe ratio of 8:2. In order to study the
influence of different coagulant ratios on the fluorescenceresponsive substances in the samples, different samples
were processed by fluorescence integration according to the
method of a previous research (Coble, 1996). Five components
of normalized excitation and emission area volumes were
obtained: components 1 and 2 represent two types protein
material, component 3 is hydrophobic acid, component 4 and
5 represent soluble microbial by-product-like and humic acidlike, respectively (Chen et al., 2003). Based on the normalized
excitation-emission area volumes from Fig. 4d, the composition distribution of the sample was not greatly affected
after the sample was treated with different proportions of
aluminum-iron coagulant. When the ratio of Al/Fe decreased
from 10:0 to 5:5, the removal rate of the five components
decreased gradually. However, the removal rate of the five
components increased gradually as the ratio of Al/Fe further
decreased (from 5:5 to 0:10). The trend of TOC in Fig. 4a is
opposite to that in Fig. 4d, especially when the ratio reaches
5:5, which may be due to the fact that part of the organic
matter removed by coagulation has no fluorescence response
at this ratio.
When the Al/Fe dosing ratio decreased, the Al–O peak at
556 cm−1 in the FT-IR spectrum of the floc gradually disappeared (Fig. 4e), while the characteristic peak of Fe–O–H bending vibration was at 710 cm−1 , At the same time, the intensity
of another characteristic peak at 1072 cm−1 also increased, indicating that as the proportion of FeCl3 increased, the formation of iron flocs also increased. In addition, the peaks near
3300, 2996, and 2894 cm−1 in the spectrum correspond to different hydroxyl functional groups on the surface of the floc
(Weckler and Lutz, 1998). As the proportion of FeCl3 increased,
the intensity of these peaks gradually increased, indicating
that Fe hydrolysates form more hydrogen and oxygen active
groups than Al hydrolysates (Jin et al., 2020), which explained
why FeCl3 had a higher organic removal efficiency.
It was worth noting that the initial pH of the solution
changed greatly with the Al/Fe dosing ratio (Fig. 4f), and the
pH decreased as the proportion of FeCl3 increased. This was
due to the hydrolysis of Fe, which was more severe than Al,
therefore causing greater decrease of pH (Li et al., 2021). In order to examine the effect of pH on the coagulation efficiency,
after adding different proportions of compound coagulants,
the pH values of all different samples were adjusted to 6.5.
The results are shown in Fig. 5. When the proportion of FeCl3
increased from 0% to 100% and TOC decreased from 74.79 to
65.98 mg/L, while the concentration of F− increased from 12.51
to 72.25 mg/L (Fig. 5a). The molecular weight distribution results also showed that the removal efficiency of organic matter increased as the proportion of FeCl3 increased (Fig. 5b). Although the overall change trend was similar to that in Fig. 4,
when the AlCl3 dosage was in the range of 5–10 mmol/L, the F−
concentration was higher than that without pH adjustment.
This indicates that pH has a greater influence on the F− concentration after coagulation.

2.5.
Effect of pH on coagulation by Al/Fe combined
coagulant
pH is an important factor affecting the coagulation effect.
Properly adjusting the pH can improve the removal rate of Al
and Fe to organic matter. Among them, the removal effect of
aluminum is best at around pH 6, because Al is present in
the form of Al13 when the pH reaches 5.5 (Zhao et al., 2008).
When the pH is close to neutral, Fe coagulation has the best
effect in removing organic matter, and the removal rate of Fe
is higher than that of Al under the best conditions (Yan et al.,
2009). In previous reports, the effect of pH on the combined
coagulation of Al and Fe is rarely mentioned. Therefore, in order to further investigate the influence of pH on the coagulation of iron and aluminum compound, the Al/Fe dosing ratio was controlled at 8:2, and the initial pH was changed to
analyze the efficiency of coagulation to remove organic matter and fluorine. It can be seen from Fig. 6a that pH has little effect on TOC, and the results of the molecular weight
distribution of organic matter showed that the removal efficiency of macromolecular organic matter (5000–10,000 Da)
was higher at low pH (Fig. 6b). This indicates that the macromolecular organic matter in the coking wastewater is mainly
removed through the electrical neutralization mechanism. In
addition, under low pH conditions, the F− concentration in the
solution is lower. Studies have shown that under the conditions of low pH and high F− concentration, the formation of
soluble Al-F complexes may reduce the removal efficiency of
fluorine (Mitrovic and Milacic, 2000). Therefore, it was speculated that the higher removal rate of F− at low pH was due
to the fact that F− complexes with Al3+ to form Al-F substance, and the F− in this part of the complex stated of Al-F
cannot be detected by fluoride electrode. Therefore, the actual removal rate of F− removal by coagulation was lower than
the observed removal rate. To confirm this conjecture, ICP-OES
was used to measure the concentration of Al3+ and Fe3+ in
the solution after the coagulation reaction under different pH
conditions.
According to the results of Fig. 6c, the concentration of
residual aluminum in the acidic solution was significantly
higher than that under neutral conditions, indicating that
most of the Al existed in the form of soluble Al-F complexes.
The concentration of residual iron in the solution decreased
as the pH increased, but it always remained in a lower range.
Therefore, although the apparent F− concentration in the solution was low under acidic conditions, the actual removal
rate of F− was overestimated due to the presence of Al-F. Considering the results of F− concentration and remaining Al3+
concentration, the optimal pH for coagulation treatment of
coking wastewater is determined to be 6.5. At this pH, the remaining Al3+ concentration is low, and thus less Al-F complexes were formed, and the actual F− removal rate is close
to the detected F− removal rate. Under lower pH conditions,
the apparent F− concentration in the solution after treatment
is lower, but it exists in the form of Al-F. It was reported by
many studies that at low pH and high fluoride concentrations,
fluorine-aluminum complexes dominate (Gong et al., 2012).
Therefore, it has not been completely removed from the solution.
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Fig. 5 – Effect of Al/Fe ratio on coagulation at pH 6.5: (a–b) Concentrations of fluoride and TOC at different Al/Fe dosing ratios
(a); (b) Molecular weight distribution of organic matters in the solution after coagulation under different Al/Fe dosing ratios.

Fig. 6 – Effect of pH on coagulation by Al/Fe combined coagulant: (a–c) The concentrations of fluoride and TOC under
different pH conditions (a); (b) Molecular weight distribution of organic matter in solution after coagulation under different
pH conditions; (c) The concentration of residual aluminum and iron in the solution after the sample was coagulated under
different pH conditions.

3.

Conclusion

The main conclusions of this work are: (1) AlCl3 has a higher
pHpzc than FeCl3 . Therefore, under neutral conditions, the
ability of AlCl3 to complex with fluorine is better than FeCl3 ;
however, FeCl3 has more hydroxyl active groups on the surface, which is better than AlCl3 at removing organic matter. (2)
Ca2+ can enhance the removal of F− by forming CaF2 precipitate when using Al as coagulant. However, in coking wastewater with a high concentration of organic matter, the use of
Ca2+ to remove fluoride may be restricted. On the one hand,
Ca2+ will complex with organic matter and affect coagulation
removal efficiency. On the other hand, CaF2 particles will occupy the active sites on the surface of flocs, which will adversely affect the removal of organic matter. (3) Al/Fe compound coagulation can improve the removal of organic matter
and F− . The most suitable Al/Fe dosing ratio is 8:2, and the pH
is 6.5. Under acidic conditions, F− and Al form a soluble Al-F
complex, which leads to a decrease in the actual removal rate
of F− . In addition, we adopted the treatment method by coupling dosing FeCl3 and AlCl3 , which has more advantages than
other methods of treating industrial wastewater. For example,
it is faster and more effective than membrane separation tech-

nology, and more cost-effective than advanced oxidation process.
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