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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 [F@(SOy)3], aluminum sulfate [A/(SOy)3-18H,0] 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—2F
experiments were carried out until a maximum removal was observed through the experimental procession. Increases of greater than 30% were
found for the removal efficiencies of these three coagulants over the course of the experiments. Good removal efficiencies averaging at least
87.25% were obtained through the simplex procession. The orthophosphate removal efficiency was higher than that of total phosphorus for
each coagulant. The maximum removal efficiency of total phosphorus obtained from the optimization procedures for ferric sulfate, aluminum
sulfate and polyaluminum chloride was 87.3, 95.6 and 94.0%, respectively, and the minimum total phosphorus residual was 0.35, 0.12 and
0.16 mg/L, respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction water pollution. The dominant non-potable uses of freshwa-
ter include irrigation, industrial use, surface water replen-
The presence of phosphorus in wastewater is usuallyishment, and groundwater recharge, all of which could be
considered to be the limiting nutrient with respect to the augmented or replaced by reclaimed water with the appro-
eutrophication of water bodies. Removal of phosphorus priate level of treatment. In the future, reclaimed munici-
from wastewater can, therefore, be an effective method pal wastewater can be an important water resource but its
for the control of eutrophication in lakes and similar use must be carefully planned and regulated to prevent ad-
water bodies. Physical-chemical treatment processes ofverse effectf6—8]. Because activated sludge plants have been
coagulation—flocculation with aluminum or iron salts are relatively successful in removing nutrients biologically, co-
most commonly used for removal of phosphorus compoundsagulation of secondary effluent is usually the first step in
in raw sewage. several studies have been performed to deterthe wastewater reclamation process intended for reuse. Co-
mine the effectiveness of chemical coagulation, flocculation agulants are used to reduce phosphorus and other contam-
and precipitation in raw wastewater treatmgts). inants in the secondary effluent intended for re[8€l2].
Due to water resource shortage and socio-economic devel-Clark and Stephensdi2] provided guidance on the opti-
opment, China faces serious problems of water supply andmum conditions for removal of phosphorus compounds in
secondary effluent by using factorial design and simplex
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of flash mixing and other interfering substances. The effect coagulant was added under stirring. Rapid mix took place
of some of these factors on coagulation were already studiedfor 1 min at a speed of 200 rpm, followed by slow mix for
in several workg5,12,13] Ebeling et al[5] indicated that 30 min at 30 rpm. The settling period lasted for 30 min. Sam-
flocculation and mixing speed played only a minor role ples were then taken and analyzed for orthophosphate con-
in the removal efficiencies for both orthophosphates and centration and total phosphorus concentration. For each set
suspended solids. Recent research had identified chemicabf tests, a test consisting of secondary effluent without co-
type, chemical quantity added and pH as important factors in agulant addition was used. The pH was adjusted to the de-
coagulation—flocculation procegs?]. Before a real compar-  sirable level with the addition of 0.1 mol/L solutions of HCI
ison among coagulants can be made, the pH and coagulanbr NaOH.
dose need to be optimized. Therefore, an experimental Orthophosphate and total phosphorus were analyzed in
design methodology can be used to determine the optimumaccordance with the Standard Meth¢ti3]. Orthophosphate
conditions for each coagulant precipitation. The sequential was determined by spectrophotometric measurement after re-
simplex method is a strategy that rapidly and efficiently action with molybdate and sacorbic acid. Total phosphorus
locates the region of the optimum by varying all variables was converted to orthophosphate by digestion with sulfuric
simultaneously[12,14-17] The simplex method uses a acidand potassium persulfate. Allchemicals used in the study
logical algorithm of reflection, expansion, and contraction were analytical grade reagents.
rules to find the optimum with a small number of experiments
[14]. 2.2. Simplex methodology
The following investigation was aimed at determining the
optimum conditions of several coagulants for phosphorusre-  In this study, the experiments were carried out using
moval in a secondary effluent. A simplex design was used to modified simplex method14] to reach progressively the
optimize the experimental parameters. optimum response of a system within few experiments.
A modified simplex method14,19] allows the simplex to
converge more rapidly toward an optimum by expansion
2. Materials and methods or contraction along the line of reflection. Due to this
improvement, the required number of experiments can
The secondary effluent used in this study was taken from be decreased distinctlji6,20,21] The optimization was
Jizhuangzi sewage treatment plant in Tianjin, which is a typ- carried out for two parameters£2), pH and amount of
ical sewage treatment plant in northern China. It consists of coagulant added. We have defined a domain between 1 and
three commonly used main treatment steps: preliminary and5 for the dose ratio of coagulants, and between 5 and 9 for
final clarification and an aerator tank. The effluent charac- pH to avoid undesirable conditions. When an experiment
teristics, as measured during the course of this study, aredesign is outside of the boundary, a very poor response
summarized imable 1 is assigned to the design. The simplex then will calculate
The coagulants selected for the experiment were: ferric another experiment that will be within the allowable range of
sulfate [Fe(SQ4)3], aluminum sulfate [A}(SOy)3-18HQ] conditions.
and polyaluminum chloride (PAC, 28% #D3), prod-
ucts which have been used traditionally in coagulation—
flocculation processes applied to wastewaters. 3. Results and discussion

2.1. Experimental procedure and analysis Two important parameters of the process (pH and the
coagulant dose) were chosen for the optimization step using
The studies of coagulation—flocculation were undertaken Simplex methodology. The simplex plots of optimization
on a laboratory scale. Jar test coagulation procedure wagProcedures for ferric sulfate, aluminum sulfate and polyalu-
carried out, using a six paddle stirrer. In each of the tests, Minum chloride had been shownHig. 1, respectively. For

400 mL of secondary effluent was poured into the jar, and the €ach coagulant examined, 18-25 experiments were carried
out until a maximum removal was observed through the

Table 1 experimental procession.

Characteristics of secondary effluent The simplex method, with a small number of experiments
Parameter Range (18-25), determined the optimum conditions of ferric
oH 6.80—7.45 sulfate, aluminum sulfate and polyaluminum chloride for the
Turbidity (NTU) 2.1-6.0 removal of phosphorus in secondary effluent. The evolution
Total phosphorus (mg/L) 2.07-4.87 of the response during the experiments had been shown in
Orthophosphate (mg/L) 1.21-3.46 Figs. 2 and 3The removal efficiencies of orthophosphate
Ammonium nitrogen (mg/L) 26.6-52.3  gnd total phosphorus generally increased significantly over
Total nitrogen (mg/L) 41.6-113.2

the course of the experiments. Increases of greater than 30%

COD (mg/L 33.3-65.4
(') were seen for each of these three coagulants. The orthophos-
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Fig. 1. Plots of simplex methodology.
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Fig. 2. Evolution of the response of orthophosphate removal efficiencies.
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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 betweehigs. 2 and 3it 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 literatui@,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
for polyaluminum chloride (96.36% for orthophosphate and
93.97% for total phosphorus) at a dose ratio of 4.37:1 (Al:P)
and a pH of 5.4. The minimum total phosphorus residual
of aluminum sulfate and polyaluminum chloride was 0.12
and 0.16 mg/L. In accordance with previous findifg6],
aluminum sulfate appeared to have given slightly higher re-
movals as opposed to polyaluminum chloride.

After the optimization procedure, the removal efficiency
of ferric sulfate increased to 89.29% for orthophosphate and

phate removal efficiencies of ferric sulfate, aluminum sulfate 87.25% for total phosphorus, with a dose ratio of 2.95:1
and polyaluminum chloride were increased from 45.53 to (Fe:P) and a pH of 7.0. A comparison of these coagulants in-
89.29, 67.31 to 97.43 and 52.12 to 96.36%, respectively dicated that the optimum dose of ferric sulfate was lower than

(Fig. 2.
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Fig. 3. Evolution of the response of total phosphorus removal efficiencies.

the other two aluminum coagulants. Other research studies
had indicated that Fe(lll) was more effective than aluminum
in precipitation of phosphorus as indicated by the residual
phosphate in solution and the amount of phosphorus removed
per mol of coagulanft].

The optimum pH obtained from the simplex methodology
for aluminum sulfate, polyaluminum chloride and ferric sul-
fate were 6.3, 5.4 and 7.0, respectively, which were not in
agreement with the findings of previous resedfdj. Clark
and Stephensofi2] examined the effect of pH separately
because the pH levels had not changed significantly during
the optimization procedure, and they indicated that the natu-
ral pH of the secondary effluents (pH = 7.4) was optimum for
phosphorus removal with Fe(lll) and Al(lll). These findings
were not in accordance with other research stuffie$9].

Itis clear from the results detailed above that there remains
some problems about the optimization procedure and this
needs to be investigated further.
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Table 2

Optimum operating variables for maximum phosphorus removal

Coagulant pH (range 5-9) Coagulant addition Orthophosphate Total phosphorus Residual
(mol:mol) (range 1-5) removal (%) removal (%) 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 [4] M.I. Aguilar, J. Saez, M. Lloéns, A. Soler, J.F. Orawo, Nutrient re-

following conclusion can be drawn:

moval and sludge production in the coagulation—flocculation process,
Water Res. 36 (2002) 2910-2919.

[5] J.M. Ebeling, P.L. Sibrell, S.R. Ogden, S.T. Summerfelt, Evalua-
tion of chemical coagulation—flocculation aids for the removal of

Based on the results of the experiments in this study, the
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