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ABSTRACT

Coagulants addition to a bioreactor is a widely used technology for improving phosphorus
removal. As a common and low-cost coagulant, poly-aluminum chloride (PAC) may be
widely used for wastewater treatment. In this article, the impacts of PAC on activated
sludge and the treatment efficiency of sequencing batch reactor were investigated over 100
d for domestic wastewater treatment. Parameters of chemical oxygen demand (COD), nitro-
gen, phosphorus, MLSS, oxygen uptake rate (OUR), and dehydrogenase activity (DHA)
were used to assess the activated sludge performance. The addition of 40 mg PAC/L (R2)
enhanced phosphorus removal from 73.3% in control with zero PAC (R1) to 92.4% due to
simultaneous chemical precipitation. PAC addition improved COD removal slightly and
did not affect the removal efficiency of nitrogen. The average removal efficiency of COD of
the reactor increased slightly from 86.2 to 89.6% by PAC addition. In R1, TN removal was
in the range from 86.3 to 90.8%. Nitrogen removal efficiency remained unaffected (slightly
dropped) during simultaneous precipitation in R2 and was in the range from 84.5 to 86.8%.
The average inhibition rate of DHA and OUR was 32.1 and 55.3%, respectively. PAC addi-
tion gave proof to the increase of MLSS by some 40%. Results obtained from the present
work confirmed that PAC addition, despite the toxicity and inhibition on micro-organisms,
favored phosphorus removal in wastewater treatment.
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1. Introduction

Coagulants addition to a bioreactor, known as
simultaneous chemical precipitation, is a widely used
technology for controlling phosphorus discharge in
wastewater treatment plant effluent [1]. Phosphorus
removal is normally implemented by dosing metal
salts (Fe2+, Fe3+, and Al3+). Numerous substances have
been used as simultaneous coagulants, including ferric

chloride, ferric sulfate, ferrous sulfate, and alum [2–5].
Fe salt is effective, but the wastewater should be
supplemented with dicarbonate as a result of a drop
of pH to values not compatible with the normal
metabolic activity of activated sludge [6].

As a common coagulant widely used in drinking
water treatment, poly-aluminum chloride (PAC) was
reported in only few literatures for wastewater treat-
ment. PAC addition to laboratory-scale mesophilic
activated sludge processes treating diluted molasses
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wastewater was investigated [7]. Treatment of simu-
lated dairy wastewater by PAC for high chemical oxy-
gen demand (COD) removal was reported [8]. PAC
was applied as a conditioner for waste activated
sludge prior to its dewatering and drying [9].

Investigating the biological effects of aluminum has
become a major focus of aquatic research [10]. Alum
doses above 60 mg/L had toxic effect on the autotroph-
ic bacteria with significant reduction in ammonia oxida-
tion and total Kjeldahl nitrogen (TKN) removal in a
cloth-media membrane bioreactor [5]. Alum caused
inhibitory effects to the system at soluble concentrations
of approximately 400 mg/L and above in a slaughter-
house wastewater treatment plant [11]. Techniques for
the measurement of biomass activity, including oxygen
uptake rate (OUR) and dehydrogenase activity (DHA)
test [12], have been widely employed in biological
water and wastewater treatment processes. Moreover,
2,3,5-triphenyl tetrazolium chloride (TTC)–DHA test is
a very typical and sensitive methodology for quantifica-
tion of biomass activity of activated sludge [13].

In the present paper, PAC addition was investi-
gated for the treatment of synthetic domestic wastewa-
ter in a sequencing batch reactor (SBR) in terms of their
COD, total nitrogen (TN), ammonia nitrogen (NHþ

4 -N),
and total phosphorus (TP) removal efficiency. Parame-
ters of OUR and DHA were used to assess the activated
sludge performance on the other part. The effect of
PAC on micro-organisms present in activated sludge
was assessed by a respirometric technique (OUR) and
by the 2,3,5-TTC–DHA test in the SBR.

2. Materials and methods

2.1. Batch experiment

The experiment extended for 100 d using two labo-
ratory-scale SBRs (R1 and R2), with 10 L working vol-
ume and 8 L effective volume, with mixing and
aeration equipment. R2 was used as a test system
while the R1 served as control. Reactors were operated
with a cycle time of 12 h with 180 min non-aerated and
500 min aerated periods, followed by 30 min of set-
tling, and 10 min decantation. Two liter water was dis-
charged during each cycle. The oxygen concentrations
during the aerobic treatment were maintained at
2–3 mg/L. The synthetic wastewater containing
sodium acetate, ammonium chloride, and potassium
dihydrogen phosphate was pumped into the reactor in
the first 5 min of the anaerobic treatment. In order to
keep constant the wastewater quality and to favor the
research on the characteristics of sludge, wastewater
characteristics in the reactor at the beginning of the
cycle were shown in Table 1.

The SBRs were inoculated with activated sludge,
which had been taken from the secondary sedimenta-
tion tank of a domestic wastewater treatment plant
and washed 4–6 times, with the initial sludge concen-
tration (MLSS) of 2,000 mg/L. The reactors were oper-
ated in anaerobic–aerobic mode as mentioned. After
15 d or so, MLSS maintained at 5,000–6,000 mg/L, and
the removal of COD and TN were stabilized. Then,
PAC (28% Al2O3, Zhongrun Water Industry Technol-
ogy Development Co. Ltd., Shenzhen 518057, China)
was added into R2 immediately after feeding. The
dosage of PAC was determined as 40 mg/L according
to jar tests. The solids’ retention time was maintained
at about 30 d. The pH in the system fluctuated
between 6.8 and 7.5 without alkalis supplemented.
The sludge and liquid samples were taken
simultaneously and tested every 3 d.

2.2. Analytical methods

COD, TN, ammonia nitrogen (NHþ
4 -N), TP, and

MLSS of the samples were determined according to
the Standard Methods [14]. Water pH was measured
by an 828 Orion pH meter, while dissolved oxygen
(DO) and water temperature were measured with
YSI550A DO meter. OUR was measured as procedures
[15]. TTC–DHA was determined as described by the
method of Ryssovnielsen [16,17] using 2,3,5-TTC. One
unit of activity is defined as 1 μmol of triphenylforma-
zan produced per hour.

3. Results and discussion

3.1. Sludge concentration and OUR variation

As shown in Fig. 1(A), the average MLSS of R1
and R2 were 5.66 and 7.85 g/L, respectively, and PAC
addition gave proof to the increase of MLSS by some
40%. It was suggested that the alumina hydroxide pre-
cipitates have properties which enmeshed colloidal
organic material, and thus, contributing directly to an
increase of sludge in the reactor. By adding PAC,
sludge particles rapidly aggregated into large flocs
due to bridging, charge neutralization, and hydrolysis
products of Al3+ [18]. It has been shown that sludge
settling rates increase with increasing floc size, and
that sludge with a greater proportion of small particles
tend to bind more water than sludge with a large pro-
portion of large particles [19]. Therefore, PAC addition
favors floc size increase, settling rate [8] as well as
sludge produce.

Oxygen utilization rate gives an indication of
microbial activity because micro-organisms convert O2

to CO2 during biodegradation of organic matter. The
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average OUR of R1 was 10.8 mg O2/(g MLSS h) while
the average OUR of R2 was 4.8 mg O2/(g MLSS h)
(Fig. 1(B)). The PAC addition reduced OUR by 55.3%.
A comparison of iron and aluminum ions shows that
Al3+ has a bigger impact on OUR than Fe3+ [19]. PAC
addition has a sharp impact on OUR decrease.

3.2. DHA variation

DHA variation of activated sludge in R1 and R2 is
reflected in Fig. 1(C). It indicated that fluctuation of
DHA was stable, and that DHA had a trend to con-
tinue growing. The average value of DHA was 34.1
and 23.2 units/(gMLSS) in R1 and R2, respectively.
The PAC addition reduced DHA by 32.1%.

The drop of DHA can be result from the produce
of inert complex of Al with ATP [20] and the
energy-dependent efflux of Al [21]. The activity of
micro-organisms is weakened because of the ATP
consumptions. Al severely impedes the ability of the
soil microbe Pseudomonas fluorescens to perform
oxidative phosphorylation [22]. Moreover, aluminum
addition favors flocs aggregation and sludge growth
[18], preventing the absorption and degradation of
nutrient for micro-organisms.

3.3. COD removal

Results of COD variations over the study period
are presented in Fig. 2. The average removal efficiency
of COD of the reactor increased slightly from 86.2 to
89.6% by PAC addition. Although Al leads to flocs
aggregation and hinders the adsorption of organics,
the hydrolysis of Al3+ can absorb organic matters.
Hydrolyzing coagulants can be used to remove dis-
solved natural organic matter from water through
adsorption of organic matter on amorphous hydroxide
precipitate [23].

This result is compared with other work of PAC
addition for wastewater treatment. A dosage of
500 mg/L PAC was used for the sole coagulation–
flocculation method for the treatment of pulp and
paper mill wastewater, which gives 91.3% of COD
reduction [24]. Similarly, 300 mg/L PAC gives 69.2%

COD removal efficiency in 30 min for the treatment of
dairy wastewater [8].

3.4. N removal

As depicted in Fig. 3, PAC addition showed no
obvious effect in both TN (Fig. 3(A)) and NHþ

4 -N
(Fig. 3(B)) removal. In R1, TN removal was in the
range from 86.3 to 90.8%. Nitrogen removal efficiency
remained unaffected (slightly dropped) during simul-
taneous precipitation in R2 and was in the range from
84.5 to 86.8%. The effluent concentrations of N con-
stantly stayed at a low level. Under circumstances of
adequate organic supply and DO, NHþ

4 -N could be
transformed to nitrates or nitrites by nitrifying bacte-
ria. Although inhibition of aluminum salt on ammo-
nia-oxidizing bacteria (AOB) was dominantly
observed in the nitrification process [1], 40 mg/L PAC
addition to SBR over 100 d had no evident impact of
N removal. This could be explained that more micro-
organisms can compensate for slight inhibition, as R2
had more micro-organisms than R1.

A similar conclusion can be drawn out as for the
ferric and ferrous iron salts addition to activated
sludge for wastewater treatment. Although the activity
of AOB was found to be affected by the accumulation
of Fe relating products into the sludge, Fe2+ or Fe3+

addition (0.446 mM) did not affect the NHþ
4 -N

removal efficiency in the laboratory reactors [25]. It
was reported that the addition of FeSO4·7H2O to a lab-
oratory scale anoxic/oxic reactor had no effect on the
nitrogen removal efficiency, which varied from 78 to
85% [26].

3.5. P removal

Although inhibition of aluminum salt on biological
phosphorus release and uptake processes was
significant [1]; PAC addition significantly enhanced P
removal. The average P removal efficiency of R2 was
92.4%, which was only 73.3% in the control (Fig. 4).
This indicated that the effect of chemical precipitation
was important. A dosage of 40 mg/L PAC
(Al:P = 1.36:1, molar ratio) achieved effluent TP in the
range of 0.15–0.56 mg/L.

Table 1
Characteristics of the wastewater

Parameters COD (mg/L) TN (mg/L) TP (mg/L) pH (-)

Value 283.1–320.9 26.8–31.6 4.8–5.2 6.8–7.2

2378 B. Ji et al. / Desalination and Water Treatment 54 (2015) 2376–2381



Experiments of a higher molar ratio dosage of iron
salts were conducted for simultaneous TP removal.
Using ferrous sulfate (Fe:P = 2.1:1, molar ratio) could
achieve effluent TP in the range from 0.5 to 1.0 mg/L
[26]. The application of different doses of ferric

chloride (Fe:P = 1.5–2.3:1, molar ratio) to the aeration
basin of an activated sludge reactor achieved total P
removal higher than 90% [2]. This indicated PAC was
better chemical in simultaneous chemical precipitation
for phosphorus removal.

Fig. 1. Variations of sludge characteristics: (A) MLSS;
(B) OUR; and (C) DHA.

Fig. 2. Variations of COD.

Fig. 3. Variations of nitrogen: (A) TN and (B) ammonia
nitrogen.
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3.6. Sludge disposal

The surplus sludge is usually buried as a waste
material in landfills. As the domestic sludge contains
no other toxic materials but high concentrations of
aluminum, it may be buried in the area of aluminum
mine. The sludge can also be used as a raw material
to build concrete blocks using of stabilization/solidifi-
cation process [27]. More methods need to be
exploited to cope with the sludge containing
aluminum and phosphorus.

4. Conclusion

In this article, PAC (28% Al2O3) was investigated
for wastewater treatment in a SBR to treat domestic
wastewater over 100 d. COD, nitrogen, phosphorus,
MLSS, OUR, and DHA were tested to assess the acti-
vated sludge performance. PAC addition (40 mg/L,
0.22 mM Al3+) to a SBR over 100 d showed permanent
effluent quality. The addition of PAC enhanced MLSS
growth by some 40%. While OUR and DHA were
reduced by 55.3 and 32.1%, respectively. Despite the
impact on activated sludge, the N removal efficiency
was not affected. PAC addition slightly improved
COD removal, and enhanced phosphorus removal lar-
gely by simultaneous chemical precipitation.
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[7] J. Suvilampi, A. Lehtomäki, J. Rintala, Comparative
study of laboratory-scale thermophilic and mesophilic
activated sludge processes, Water Res. 39 (2005)
741–750.

[8] J.P. Kushwaha, V. Chandra Srivastava, I.D. Mall,
Treatment of dairy wastewater by inorganic coagu-
lants: Parametric and disposal studies, Water Res. 44
(2010) 5867–5874.

[9] B. Peeters, R. Dewil, L. Vernimmen, B. Van den
Bogaert, I.Y. Smets, Addition of poly-aluminum chlo-
ride (PAC) to waste activated sludge to mitigate the
negative effects of its sticky phase in dewatering-
drying operations, Water Res. 47 (2013) 3600–3609.

[10] R.W. Gensemer, R.C. Playle, The bioavailability and
toxicity of aluminum in aquatic environments, Crit.
Rev. Env. Sci. Technol. 29 (1999) 315–450.

[11] N.Z. Al-Mutairi, Coagulant toxicity and effectiveness
in a slaughterhouse wastewater treatment plant, Eco-
toxicol. Environ. Saf. 65 (2006) 74–83.

[12] A. Caravelli, L. Giannuzzi, N. Zaritzky, Effect of chlorine
on filamentous microorganisms present in activated
sludge as evaluated by respirometry and INT-dehydro-
genase activity, Water Res. 38 (2004) 2395–2405.

[13] V. Lazarova, J. Manem, Biofilm characterization and
activity analysis in water and wastewater treatment,
Water Res. 29 (1995) 2227–2245.

[14] APHA-AWWA, Standard Methods for the Examina-
tion of Water and Wastewater, American Public
Health Association, Washington, DC, 2005.

[15] R. Ganesh, G. Balaji, R.A. Ramanujam, Biodegradation
of tannery wastewater using sequencing batch reactor
—Respirometric assessment, Bioresour. Technol. 97
(2006) 1815–1821.

[16] H. Ryssovnielsen, Measurement of the inhibition of
respiration in activated sludge by a modified determi-
nation of the TTC-dehydrogenase activity, Water Res.
9 (1975) 1179–1185.

Fig. 4. Variations of TP.

2380 B. Ji et al. / Desalination and Water Treatment 54 (2015) 2376–2381



[17] K. Watanabe, M. Miyashita, S. Harayama, Starvation
improves survival of bacteria introduced into acti-
vated sludge, Appl. Environ. Microbiol. 66 (2000)
3905–3910.

[18] M. Niu, W. Zhang, D. Wang, Y. Chen, R. Chen,
Correlation of physicochemical properties and sludge
dewaterability under chemical conditioning using
inorganic coagulants, Bioresour. Technol. 144 (2013)
337–343.

[19] E.J. Lees, B. Noble, R. Hewitt, S.A. Parsons, The
impact of residual coagulant on the respiration rate
and sludge characteristics of an activated microbial
biomass, Process Saf. Environ. Prot. 79 (2001)
283–290.

[20] J.E. Amonette, C.K. Russell, K.A. Carosino, N.L.
Robinson, J.T. Ho, Toxicity of Al to Desulfovibrio
desulfuricans, Appl. Environ. Microbiol. 69 (2003)
4057–4066.

[21] F.S. Beris, L. De Smet, H. Karaoglu, S. Canakci, J. Van
Beeumen, A.O. Belduz, The ATPase activity of the
G2alt gene encoding an aluminium tolerance protein
from Anoxybacillus gonensis G2, J. Microbiol. 49 (2011)
641–650.

[22] D. Chenier, R. Beriault, R. Mailloux, M. Baquie,
G. Abramia, J. Lemire, V. Appanna, Involvement of
fumarase C and NADH Oxidase in metabolic

adaptation of Pseudomonas fluorescens cells evoked by
aluminum and gallium toxicity, Appl. Environ.
Microbiol. 74 (2008) 3977–3984.

[23] J. Duan, J. Gregory, Coagulation by hydrolysing metal
salts, Adv. Colloid Interface Sci. 100–102 (2003)
475–502.

[24] A.L. Ahmad, S.S. Wong, T.T. Teng, A. Zuhairi,
Improvement of alum and PACl coagulation by
polyacrylamides (PAMs) for the treatment of pulp
and paper mill wastewater, Chem. Eng. J. 137 (2008)
510–517.

[25] I. Oikonomidis, L.J. Burrows, C.M. Carliell-Marquet,
Mode of action of ferric and ferrous iron salts in acti-
vated sludge, J. Chem. Technol. Biotechnol. 85 (2010)
1067–1076.

[26] J.R. Banu, K. Do, I. Yeom, Effect of ferrous sulphate
on nitrification during simultaneous phosphorus
removal from domestic wastewater using a laboratory
scale anoxic/oxic reactor, World J. Microbiol. Biotech-
nol. 24 (2008) 2981–2986.

[27] M.A. Silva, L. Mater, M.M. Souza-Sierra, A.X. Corrêa,
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