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Abstract

Enhanced concentrations of phosphorus entering the aquatic systems have been linked with eutrophication and its associated problems.
Jar tests were applied to a secondary effluent in order to determine optimal conditions for coagulation. The coagulants studied were ferric
sulfate [Fe2(SO4)3], aluminum sulfate [Al2(SO4)3·18H2O] and polyaluminum chloride (PAC). The experiments were carried out using simplex
research technique to determine the optimum conditions of these coagulants for phosphorus removal. For each coagulant examined, 18–25
experiments were carried out until a maximum removal was observed through the experimental procession. Increases of greater than 30% were
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ound for the removal efficiencies of these three coagulants over the course of the experiments. Good removal efficiencies avera
7.25% were obtained through the simplex procession. The orthophosphate removal efficiency was higher than that of total pho
ach coagulant. The maximum removal efficiency of total phosphorus obtained from the optimization procedures for ferric sulfate,
ulfate and polyaluminum chloride was 87.3, 95.6 and 94.0%, respectively, and the minimum total phosphorus residual was 0.3
.16 mg/L, respectively.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The presence of phosphorus in wastewater is usually
onsidered to be the limiting nutrient with respect to the
utrophication of water bodies. Removal of phosphorus

rom wastewater can, therefore, be an effective method
or the control of eutrophication in lakes and similar
ater bodies. Physical–chemical treatment processes of
oagulation–flocculation with aluminum or iron salts are
ost commonly used for removal of phosphorus compounds

n raw sewage. several studies have been performed to deter-
ine the effectiveness of chemical coagulation, flocculation
nd precipitation in raw wastewater treatment[1–5].

Due to water resource shortage and socio-economic devel-
pment, China faces serious problems of water supply and
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water pollution. The dominant non-potable uses of fresh
ter include irrigation, industrial use, surface water rep
ishment, and groundwater recharge, all of which coul
augmented or replaced by reclaimed water with the ap
priate level of treatment. In the future, reclaimed mun
pal wastewater can be an important water resource b
use must be carefully planned and regulated to preven
verse effects[6–8]. Because activated sludge plants have b
relatively successful in removing nutrients biologically,
agulation of secondary effluent is usually the first ste
the wastewater reclamation process intended for reuse
agulants are used to reduce phosphorus and other co
inants in the secondary effluent intended for reuse[9–12].
Clark and Stephenson[12] provided guidance on the op
mum conditions for removal of phosphorus compound
secondary effluent by using factorial design and sim
design.

There are many factors affecting the phosphorus rem
performance, such as pH, alkalinity, coagulant dose, s
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of flash mixing and other interfering substances. The effect
of some of these factors on coagulation were already studied
in several works[5,12,13]. Ebeling et al.[5] indicated that
flocculation and mixing speed played only a minor role
in the removal efficiencies for both orthophosphates and
suspended solids. Recent research had identified chemical
type, chemical quantity added and pH as important factors in
coagulation–flocculation process[12]. Before a real compar-
ison among coagulants can be made, the pH and coagulant
dose need to be optimized. Therefore, an experimental
design methodology can be used to determine the optimum
conditions for each coagulant precipitation. The sequential
simplex method is a strategy that rapidly and efficiently
locates the region of the optimum by varying all variables
simultaneously[12,14–17]. The simplex method uses a
logical algorithm of reflection, expansion, and contraction
rules to find the optimum with a small number of experiments
[14].

The following investigation was aimed at determining the
optimum conditions of several coagulants for phosphorus re-
moval in a secondary effluent. A simplex design was used to
optimize the experimental parameters.

2. Materials and methods
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coagulant was added under stirring. Rapid mix took place
for 1 min at a speed of 200 rpm, followed by slow mix for
30 min at 30 rpm. The settling period lasted for 30 min. Sam-
ples were then taken and analyzed for orthophosphate con-
centration and total phosphorus concentration. For each set
of tests, a test consisting of secondary effluent without co-
agulant addition was used. The pH was adjusted to the de-
sirable level with the addition of 0.1 mol/L solutions of HCl
or NaOH.

Orthophosphate and total phosphorus were analyzed in
accordance with the Standard Methods[18]. Orthophosphate
was determined by spectrophotometric measurement after re-
action with molybdate and sacorbic acid. Total phosphorus
was converted to orthophosphate by digestion with sulfuric
acid and potassium persulfate. All chemicals used in the study
were analytical grade reagents.

2.2. Simplex methodology

In this study, the experiments were carried out using
modified simplex method[14] to reach progressively the
optimum response of a system within few experiments.
A modified simplex method[14,19] allows the simplex to
converge more rapidly toward an optimum by expansion
or contraction along the line of reflection. Due to this
improvement, the required number of experiments can
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The secondary effluent used in this study was taken
izhuangzi sewage treatment plant in Tianjin, which is a
cal sewage treatment plant in northern China. It consis
hree commonly used main treatment steps: preliminary
nal clarification and an aerator tank. The effluent cha
eristics, as measured during the course of this study
ummarized inTable 1.

The coagulants selected for the experiment were: f
ulfate [Fe2(SO4)3], aluminum sulfate [Al2(SO4)3·18H2O]
nd polyaluminum chloride (PAC, 28% Al2O3), prod-
cts which have been used traditionally in coagulat
occulation processes applied to wastewaters.

.1. Experimental procedure and analysis

The studies of coagulation–flocculation were underta
n a laboratory scale. Jar test coagulation procedure
arried out, using a six paddle stirrer. In each of the t
00 mL of secondary effluent was poured into the jar, an

able 1
haracteristics of secondary effluent

arameter Range

H 6.80–7.45
urbidity (NTU) 2.1–6.0
otal phosphorus (mg/L) 2.07–4.87
rthophosphate (mg/L) 1.21–3.46
mmonium nitrogen (mg/L) 26.6–52.3
otal nitrogen (mg/L) 41.6–113.
OD (mg/L) 33.3–65.4
e decreased distinctly[16,20,21]. The optimization wa
arried out for two parameters (n= 2), pH and amount o
oagulant added. We have defined a domain between
for the dose ratio of coagulants, and between 5 and

H to avoid undesirable conditions. When an experim
esign is outside of the boundary, a very poor resp

s assigned to the design. The simplex then will calcu
nother experiment that will be within the allowable rang
onditions.

. Results and discussion

Two important parameters of the process (pH and
oagulant dose) were chosen for the optimization step
implex methodology. The simplex plots of optimizat
rocedures for ferric sulfate, aluminum sulfate and poly
inum chloride had been shown inFig. 1, respectively. Fo
ach coagulant examined, 18–25 experiments were c
ut until a maximum removal was observed through
xperimental procession.

The simplex method, with a small number of experim
18–25), determined the optimum conditions of fe
ulfate, aluminum sulfate and polyaluminum chloride for
emoval of phosphorus in secondary effluent. The evolu
f the response during the experiments had been sho
igs. 2 and 3. The removal efficiencies of orthophosph
nd total phosphorus generally increased significantly

he course of the experiments. Increases of greater than
ere seen for each of these three coagulants. The ortho
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Fig. 1. Plots of simplex methodology.

Fig. 2. Evolution of the response of orthophosphate removal efficiencies.

phate removal efficiencies of ferric sulfate, aluminum sulfate
and polyaluminum chloride were increased from 45.53 to
89.29, 67.31 to 97.43 and 52.12 to 96.36%, respectively
(Fig. 2).

Fig. 3. Evolution of the response of total phosphorus removal efficiencies.

As is shown inFig. 3, the greatest improvement was ob-
tained with polyaluminum chloride, which started with a total
phosphorus removal efficiency of 52.90% and finished with
removal efficiency of 93.97%. The removal efficiencies of
total phosphorus increased from 48.58 to 87.25% for ferric
sulfate, and from 64.99 to 95.60% for aluminum sulfate.

In comparison betweenFigs. 2 and 3, it is showed that
the orthophosphate removal efficiency was higher than the
removal efficiency of total phosphorus for each coagulant.
The result showed that the coagulants mainly removed the
orthophosphate fraction of the phosphorus present in the
secondary effluent. This is in agreement with similar re-
sults reported in the literature[2,4], and can be explained
that the phosphorus in form of orthophosphate is removed
by precipitation of phosphate with the metal ion, while
the total phosphorus is removed by a complicated combi-
nation of interaction and adsorption with the flocculated
particles.

The optimum conditions of each coagulant were presented
in Table 2. Good removal efficiencies of total phosphorus av-
eraging at least 89.29% were obtained through the simplex
procession. The maximum removal efficiency was reached
at a pH of 6.3 and at the dose ratio of aluminum sulfate was
4.13:1 (Al:P). Maximum removal efficiency observed on the
experimental domain was 97.43% for orthophosphate and
95.60% for total phosphorus. The best results were obtained
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or polyaluminum chloride (96.36% for orthophosphate
3.97% for total phosphorus) at a dose ratio of 4.37:1 (A
nd a pH of 5.4. The minimum total phosphorus resi
f aluminum sulfate and polyaluminum chloride was 0
nd 0.16 mg/L. In accordance with previous findings[10],
luminum sulfate appeared to have given slightly highe
ovals as opposed to polyaluminum chloride.
After the optimization procedure, the removal efficie

f ferric sulfate increased to 89.29% for orthophosphate
7.25% for total phosphorus, with a dose ratio of 2.9
Fe:P) and a pH of 7.0. A comparison of these coagulan
icated that the optimum dose of ferric sulfate was lower

he other two aluminum coagulants. Other research st
ad indicated that Fe(III) was more effective than alumin

n precipitation of phosphorus as indicated by the resi
hosphate in solution and the amount of phosphorus rem
er mol of coagulant[1].

The optimum pH obtained from the simplex methodol
or aluminum sulfate, polyaluminum chloride and ferric s
ate were 6.3, 5.4 and 7.0, respectively, which were n
greement with the findings of previous research[12]. Clark
nd Stephenson[12] examined the effect of pH separat
ecause the pH levels had not changed significantly d

he optimization procedure, and they indicated that the n
al pH of the secondary effluents (pH = 7.4) was optimum
hosphorus removal with Fe(III) and Al(III). These findin
ere not in accordance with other research studies[2,4,9].

t is clear from the results detailed above that there rem
ome problems about the optimization procedure and
eeds to be investigated further.
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Table 2
Optimum operating variables for maximum phosphorus removal

Coagulant pH (range 5–9) Coagulant addition
(mol:mol) (range 1–5)

Orthophosphate
removal (%)

Total phosphorus
removal (%)

Residual
phosphorus (mg/L)

Aluminum sulfate 6.3 4.13 97.43 95.60 0.12
Polyaluminum chloride 5.4 4.37 96.36 93.97 0.16
Ferric sulfate 7.0 2.95 89.29 87.25 0.35

4. Conclusions

Based on the results of the experiments in this study, the
following conclusion can be drawn:

• Coagulation with aluminum or iron salts is a highly effec-
tive method for the removal of phosphorus from secondary
effluent. The minimum total phosphorus residual of ferric
sulfate, aluminum sulfate and polyaluminum chloride was
0.35, 0.12 and 0.16 mg/L, respectively.

• As a general conclusion, the simplex method, with a small
number of experiments (18–25), determined the optimum
conditions of these coagulants for phosphorus removal.
The simplex method was able to improve phosphorus re-
moval efficiencies by at least 30% for each of these three
coagulants.

• The orthophosphate removal efficiency was higher than the
removal efficiency of total phosphorus for each coagulant.
The result showed that the coagulants mainly removed the
orthophosphate fraction of the phosphorus present in the
secondary effluent.

• The maximum removal efficiency of total phosphorus ob-
tained from the optimization procedures of ferric sulfate,
aluminum sulfate and polyaluminum chloride was 87.25,
95.60 and 93.97%, respectively.
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