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ABSTRACT

Chemical precipitation using magnesium salt is an effective technology for recovering
phosphorus and ammonium nitrogen from wastewater. Effects of pH, Mg/P ratio, stirring
rate, and seed crystal (5C) dosage on phosphate removal efficiency (PRE) and average parti-
cle diameter (APD) of precipitates were investigated for reject water from sludge thickening
and dewatering process in municipal wastewater treatment. Response surface methodology
was applied to understand the significance and the interactive effects of reaction factors.
The increases in Mg/P ratio, stirring rate, and SC dosage were in favor of phosphate
removal from reject water. pH is the dominant factor for phosphate removal by magnesium,
followed by Mg/P and stirring rate, while SC dosage has the least effect on PRE and APD.
Kinetic analysis showed that both pH regulation and SC addition could accelerate the reac-
tion rate. The optimum conditions were obtained at pH 10.4, Mg/P of 2.0, stirring rate of
150 rpm, and SC dosage of 26.7 mg/L, with PRE of 95.9%, APD of 104 um, and final mass
of precipitate of 936.3 mg/L. X-ray diffractometer analysis revealed that the increase in pH
resulted in the increase in crystallinity and the conversion of struvite to calcium
pyrophosphate, and the precipitates of reject water were struvite at pH < 10.5.

Keywords: Phosphorus removal; Reject water; Struvite; Sludge thickening and dewatering;
Response surface methodology

1. Introduction

Reject water from municipal wastewater treatment
is the liquid fraction produced in sludge thickening,
digestion and dewatering units, and contains high con-
centrations of nitrogen (N) and phosphate (P) [1,2].
Although the flow rate of reject water is small (<5% of
the total flow rate of influent wastewater) [3], it con-
tributes to 10-50% of N load and from 10 to 80% of P

*Corresponding author.

load entering the activated sludge tank [2]. Therefore,
effective treatment of reject water with high concentra-
tions of N and P is necessary to meet standards of nutri-
ent removal in wastewater treatment plants (WWTPs).
A successful method for nutrient removal from
wastewater is simultaneous precipitation of soluble
orthophosphate (PO; -P) and ammonium nitrogen
(NH;-N) in the form of struvite (MgNH,PO4-6H,0)
using magnesium salt [4]. The struvite method
has been applied to recover N and P from swine
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wastewater [5,6], coking wastewater [7], fertilizer
wastewater [8], landfill leachate [9,10], urine [11],
supernatant released from waste activated sludge
[12,13], industrial anaerobic effluents [14,15], etc. The
separation and recovery of struvite from reject water
have also been extensively addressed and already
implemented in full-scale WWTPs [16]. Nevertheless,
most studies focused on P removal from anaerobic
digester supernatant, but few on simultaneous N and
P recovery from supernatant after sludge thickening
and dewatering processes.

Although the influence of different parameters,
molar ratio of Mg dosage and the concentration of
phosphate in the reject water (Mg/P), mixing, pH,
temperature, seed crystal (5C), competitive ions, etc.
on phosphate removal by magnesium salt have been
investigated [17-22], detailed information on interac-
tion influence of process parameters on PO; -P
removal efficiency (PRE) and particle size of precipi-
tates was hardly found in the literature. This study
focused on the influence of process parameters on P
removal by magnesium salt in real reject water from
the centrifugal thickening and dewatering process.
The process parameters studied were pH, Mg/P, stir-
ring rate, and SC dosage. The kinetics of P removal by
struvite was also investigated. An experiment setup
was established to study the influence of these vari-
ables on PRE and average particle diameter (APD) of
precipitates crystal. The response surface methodology
(RSM) was employed to maximize PRE and APD of
precipitates crystal. The recovered precipitate was
examined to evaluate struvite quality and to prove the
presence of coprecipitate.

2. Materials and methods
2.1. Reject water

The reject water was taken from the centrifugal
thickening and dewatering process of Bailonggang
WWTP in Shanghai (China), which treats about
2,000,000 m3/d of municipal wastewater using anaero-
bic-anoxic-aerobic process. The reject water was
pre-sedimented for solid-liquid separation, and the
liquid supernatant was used as an influent for precip-
itation. The characteristics of the pre-sedimented reject

Table 1
Characterization of the reject water
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water are shown in Table 1. The magnesium sulfate
(MgSO,-7H,0) was used as magnesium source for
phosphate removal because of its high solubility
(71 g/100 ml at 20°C).

2.2. Batch tests and sampling

The batch tests were performed in a ZR4-6 Floc-
culator (Zhongrun Ltd, Shenzhen, China). Each ZR4-6
beaker was filled with 500 ml of reject water. The
addition of MgSO, solution was carried out under
continuous stirring at a faster speed for 2 min. Then,
the stirring rate was maintained at the consigned
value for 15min. The pH was recorded using an
HQ30d portable meter (Hach, USA). The precipitates
were washed with deionized water and dried in an
oven at 303 K that did not influence the nature of pre-
cipitates [5]. A mixed liquor sample of 30 ml was
taken for particle analysis at the terminal of stirring
period. After 30 min sedimentation, a 20 ml sample of
supernatant was collected from beakers for dissolved
compound analysis. In the test for analyzing phos-
phate removal kinetics by magnesium, the stirring
time was prolonged to 120 min, and a 20 ml sample of
supernatant was collected at presented intervals.

2.3. Analytical method

Concentrations of NH;-N and PO} -P were
measured according to standard methods [23]. The
precipitates were characterized by D8 Advance Powder
X-ray diffractometer (XRD) (40 kV, 40 mA, step size
0.1°, Bruker Ltd, Germany). The particle diameter of
precipitate was measured by SALD-2201 laser diffrac-
tion particle size analyzer (SHIMADZU, Japan).

2.4. Experimental design

Precipitation process for reject water treatment was
investigated by single factor and RSM experiment.
The statistical design of experiments is an efficient
procedure for planning experiments so that the data
obtained can be analyzed to yield valid and objective
conclusions. The experiments were designed against a
three-level full factorial trial, which required a total of

Index pH NH;-N (mg/L)

PO} -P (mg/L) Ca** (mg/L) Mg?* (mg/L)

Concentration 7.71 £0.18 272.10 + 28.93

94.62 + 10.25 94.61 = 7.09 19.04 + 1.82
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29 runs with five central points. Four process parame-
ters and selected ranges were determined: A, pH (Xj,
7-11); B, Mg/P (X,, 0.5-2.0); C, stirring rate (Xs,
10-150 rpm); and D, SC dosage (X4, 5-97 mg/L). The
experimental levels of each variable were lower limit,
median, and upper limit of the selected range. The
PRE was selected as the response variable of pollu-
tants removal because it is more sensitive than
NH; -N as the weight ratio of NH;-N and PO} -P is
224 in struvitee The APD was also selected as
response variable for the estimation of crystallinity.

2.5. Data evaluation

The RSM can be regarded as a collection of statisti-
cal and mathematical techniques useful for optimizing
objective functions. The methodology is based on
approximation of the objective function by a low-order
polynomial on a small sub-region of the domain.
Given a response variable Y and k factors, Xy, ... , X,
the main purpose of RSM is to find the combination
of factor levels to achieve the optimal response. For
computational convenience, the variables are usually
standardized to coded or design variables, xy, ... , Xk,
so that the design center is at the point (xy, ... , x) = 0.

The Box-Behnken modified plan uses a second-
order polynomial model to predict the ionic concentra-
tion values as a function of a combination of the process
parameters (pH, Mg/P, stirring rate, SC dosage).

4
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where Y is the predictive response. In this study, the
responses were predicted and used for the optimiza-
tion step. fy is the constant term, f; is the coefficient of
the linear parameters X; (A, B, C, D), Bij represents the
coefficients of the interaction parameters X; and X;,
and pf;; represents the coefficients of the quadratic
parameters X,2 (AA, BB, CC, and DD) which show the
quadratic dependence of the responses to a parameter.

2.6. Kinetics of phosphate removal by magnesium

As for the coprecipitation of phosphate, ammo-
nium, and magnesium, the reaction rate of phosphate
theoretically follows a third-order kinetic equation:

%:h(g—x)(b—x)(c—x) 2

where a (mol/L) is the initial dose of Mg2+, b (mol/L),
and ¢ (mol/L) refer to initial concentrations of NH; -N
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and PO} -P in the reject water, x (mol/L) is the
concentration of phosphate reacted, ks [L?/(mol® h)] is
the third-order kinetic constant, and t (h) is the reac-
tion time. In the reject water, the molar ratio of
NH,-N and PO] -P in the reject water was as high as
6.37, indicating b>>x in Eq. (2). Therefore, Eq. (2)
could be simplified as Eq. (3):

d
d—f = ksb(a — x)(c — x) 3)

Integration of the Eq. (3) gives:

a—x
In

—kt—In" @)
C

c—X

where k [L?/(mol® h)] is pseudo-second-order kinetic
rate constant and equals to ksb.

3. Results and discussion
3.1. Single factor experiments
3.1.1. Effect of pH on phosphate removal

Fig. 1(a) presents the effect of pH on PRE of reject
water at Mg/P ratio of 1.2 and stirring rate of
150 rpm. The PRE was increased from 2.3% at pH 6 to
92.3% at pH 10, and then decreased with further
increase in pH. When pH was below 8, no visible pre-
cipitates were observed, and the PRE was very low
(<15%). It was because the increase in H" concentra-
tion in the solution inhibited the struvite crystalliza-
tion [18]. When pH > 10, the formation of Mg3;(PO,),
occurred instead of struvite, which resulted in the
decrease in PRE. If the pH continued to rise, the PRE
was significantly decreased because of the generation
of Mg(OH),. Gadekar and Pullammanappallil [24]
showed that the pH maximizing struvite fraction in
the precipitate was dependent on the initial molar
ratio of ammonium, magnesium, and phosphate. At
equimolar ratio, the optimum pH was 8.5. When
ammonium was in excess, the optimum pH was 9.8,
and the precipitate was predominantly struvite. In
previous works concerning struvite precipitation of
swine wastewater, a wide range of the optimum pH
(8.0-10.5) [5,17,25] was reported.

3.1.2. Effect of initial Mg/P ratio on phosphate removal

In the reject water, low Mg/P molar ratio of 0.26
indicated that Mg was the limiting element for
struvite precipitation, and external Mg should be
dosed to enhance the degree of saturation [16].
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Fig. 1. Effect of pH (a), Mg/P ratio (b), stirring rate (c), and SC dosage (d) on phosphorus removal of reject water.

Fig. 1(b) illustrates the effect of initial Mg/P ratio on
PRE of reject water at pH of 9.0 and stirring rate of
150 rpm. The PRE increased from 0 at Mg/P =0 to
92.8% at Mg/P =2, and then maintained constant at
Mg/P >2.0. The results were consistent with Song
et al. [25], who also found that the PRE increased with
the increase in Mg/P molar ratio. Nevertheless, the
Mg/P ratio played an insignificant role on PRE with
Mg/P ratio higher than 1.4 (Fig. 1(b)) in this study,
which was within the reported range of 1.0-1.6
[26,27].

3.1.3. Effect of stirring rate on phosphate remouval

Fig. 1(c) illustrates the effect of stirring rate on PRE
of reject water at pH of 9.0 and Mg/P ratio of 1.2. The
PRE increased from 58.1% at stirring rate of 10 rpm to
74.2% at stirring rate of 150 rpm, indicating that the
stirring rate was not the main factor on PRE compared
to pH and Mg/P ratio. Nevertheless, the stirring rate
had a large influence on the formation of struvite,
especially on the particle size of precipitates. With stir-
ring rate increasing from 10 to 150 rpm, the APD
decreased from 117.8 to 39.8 um at pH of 9 and Mg/P
ratio of 1.25.

3.14. Effect of SC dosage on phosphate removal

SC-induced crystallization has been recognized as
an effective method to remove phosphate [19,20,28,29].
The pre-formed precipitate with APD of 40 pm was
added to the reject water as SC in this study. Fig. 1(d)
illustrates the effect of SC dosage on PRE of reject
water at pH of 8.0, Mg/P ratio of 1.2, and stirring rate
of 150 rpm. With SC dosage increasing from 5 to
97 mg/L, the PRE increased from 15.7 to 44.2% at pH
of 8.0. Furthermore, the addition of SC accelerated the
formation of precipitates, and the APD increased from
40.4 to 96.8 um with the SC dosage increasing from 5
to 97 mg/L.

3.2. Effect of pH and SC on phosphate removal kinetics

The changes of In[(a — x)/(c — x)] with time under
different conditions are shown in Fig. 2. The high
coefficients of determination (R > 0.95) in the fit curve
lend credibility to the simplified model (Eq. (4)). The
pseudo-second-order kinetic rate constant increased
from 0.41 to 0.72 h™" after the addition of SC at pH 7.
This showed that SC addition increased the apparent
reaction rate and shortened the time to reach
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3.0
= pH=7, 150 rpm, k=0.41 h™', R>=0.9595

250 pH=7,150 rpm+SC, k=0.72 h", R*=0.9552
A pH=9, 150 rpm, k=4.60 h'', R’=0.9917

1.5+

In[(a-x)/(c-x)]

0 20 40 60 80 100 120
t (min)

Fig. 2. The evolution of In(a —x)/(c — x) follows pseudo-
second-order kinetics.

equilibrium for precipitation. According to classical
homogeneous nucleation theory, the crystal nucleus
would grow into crystals only when the radius of
crystal nucleus is higher than the critical radius.
Therefore, SC addition of seeds as crystal nuclei
would accelerate crystal growth by removing the need
for the formation of crystal nuclei [20]. The k value
significantly enhanced by more than 10 times with pH
increasing from 7 to 9, suggesting that struvite crystal-
lization was greatly promoted with the increase in pH
at pH < 9.0 [18].

3.3. Response surface analysis

3.3.1. Phosphate removal is mainly influenced by pH
and stirring rate

The RSM analysis can assist in the understanding
and modeling of significant reaction factors and the
interactive effects of multiple variables on PRE and
APD from reject water by chemical precipitation. The
regression analysis suggested that the quadratic model
was the most appropriate one among all of the
polynomial models for the simulation of PRE. The
final empirical regression model in terms of coded fac-
tors for PRE was described as follows:

Ypre = 77.46 + 37.38A +2.11B + 7.05C + 3.10D
+2.96AB + 0.56AC + 0.60AD + 11.77BC
— 4.31BD — 0.070CD — 29.68A% — 7.76B>
—9.02C? — 0.83D? 5)

An analysis of variance (ANOVA) was further
applied to evaluate the significance and adequacy of
the model, and identify the complex relationship
between variables and responses. The reported
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Table 2
ANOVA for PRE and APD
Process Prob. > F? for Prob. > F for
parameters PRE APD
R? 0.9091 0.7487
Model <0.0001 0.0250
A: pH <0.0001(+)° 0.9359(-)
B: Mg/P 0.5873(+) 0.8594(+)
C: stirring rate 0.0844(+) 0.8230(+)
D: SC dosage 0.4283(+) 0.5928(-)
AB 0.6592(+) 0.0005(-)
AC 0.9333(+) 0.7917(-)
AD 0.9292(+) 0.7753(=)
BC 0.0950(+) 0.4283(+)
BD 0.5223(-) 0.6711(+)
CD 0.9917(-) 0.9112(-)
A2 <0.0001(-) 0.0031(+)
B? 0.1552(-) 0.0908(+)
C? 0.1024(-) 0.3154(-)
D? 0.8751(-) 0.4142(-)
Lack of fit 0.0565 0.2363

?A low probability F value (“Prob. > F”) less than 0.05 indicates
that model term is significant.

P(+) indicates a positive influence and (-) a negative influence on
the studied responses.

statistical results are summarized in Table 2. Based on
the lack of fit values (0.0565) and a very low Prob. > F
values (<0.0001) for both responses as presented in
Table 2, “Adeq Precision” measured the signal-
to-noise ratio and a ratio greater than 4 was consid-
ered desirable. The “Adeq Precision” ratio of 9.848
indicated an adequate signal. These showed that the
quadratic model could be used to navigate the design
space, and the good fitness and significance of the
regression models can be concluded [30]. The pH and
stirring rate were the dominant process parameters
which had a positive influence on PRE (Table 2). The
interaction between Mg/P and stirring rate was the
most significant.

Response surface plots were used to investigate
the interaction effect of two factors on the PRE.
Three-dimensional response surface plots of the pre-
dictive quadratic model for the PRE are shown in
Fig. 3(a)—(c). Fig. 3(a) and (b) demonstrates that at
lower pH level, the PRE was lower. U-shaped plots
suggested that a suitable pH could benefit PRE, which
was consistent with the results of single factor analy-
sis. Compared to pH, Mg/P and SC dosage almost
had no effect on phosphate removal. The reason was
that when Mg/P was 0.5, PRE was already high. At
low pH, SC addition will promote PRE. Fig. 3(c)
demonstrates that the stirring rate and Mg/P have
antagonistic effects on PRE. Lower PRE was yielded
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Fig. 3. Response surface plots for the combined effects on PRE (a-c) and APD (d-f): (a/d) stirring rate = 80 rpm,
SC dosage = 51 mg/L; (b/e) Mg/P = 1.25, stirring rate = 80 rpm; (c/f) pH 9.0, SC dosage = 51 mg/L.

in the region of low stirring rate and high Mg/P, or
high stirring rate and low Mg/P.

3.3.2. APD is mainly influenced by SC dosage

The final quadratic regression model in terms of
coded factors for APD was described as follows:

Yapp = 129.12 — 2.45A + 5.39B + 6.29C — 16.36D
— 232.36AB — 13.94AC — 15.07AD + 42.23BC
+22.45BD — 5.88CD + 145.01A% + 73.84B>
— 42.34C% — 34.21D?

(6)

The reported statistical results are summarized in
Table 2. Based on the lack of fit values (0.2363) and a
low Prob. > F values (0.0250) for both responses as
presented in Table 2, the “Adeq Precision” ratio of
7.426 indicated an adequate signal, good fitness, and
significance of the regression models. SC dosage was
the leading process parameter affecting the APD
(Table 2). Dosing the appropriate amount of SC could
help with particles growth, but excess SC was not in
favor of particles growth.

The response surface plots of the predictive quadra-
tic model for the APD are shown in Fig. 3(d)—(f).
Fig. 3(d) shows that pH and Mg/P have antagonistic
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effects on APD. Large precipitate particles (high APD)
were obtained in the region of low pH and high Mg/P,
or high pH and low Mg/P. Considering the PRE in
Fig. 3(a), the condition of high pH and low Mg/P ratio
could generate products with high APD and obtain
high PRE. Fig. 3(e) and (f) demonstrates that the com-
bined effects of Mg/P, stirring rate, and SC dosage
were not obvious.

3.3.3. Selection of optimal levels and estimation of
optimum response characteristics

The aim of the work was to maximize PRE and to
yield precipitates with largest particles. The predicted
optimal results for PRE were obtained using the pH of
10.4, Mg/P ratio of 2.0, stirring rate of 150 rpm, and
SC dosage of 26.7 mg/L, resulting in 95.9% (with 95%
confidence intervals of 89-104%) of PRE. The APD
under this condition was 104 pm. To verify the model
adequacy, these optimum values were checked experi-
mentally which resulted in 952 + 1.0% of PRE and
108 pm of APD by struvite precipitation. A good
correlation between these two results verified the
validity of the response model and the existence of an
optimal point.

Under the optimized conditions, the final mass of
harvested precipitates was 936.3 mg/L by deducting
SC dosage. According to phosphorus removal of the
reject water, the theoretical yield of MgNH,PO4-6H,O
was 713.8 mg/L, and thus the purity of harvested pre-
cipitates was 76.3%. The results indicated that organic
and impurity substances (i.e. calcium, carbonate) in
the reject water were coprecipitated with struvite.

3.4. XRD analysis of precipitates

XRD patterns of precipitates in Fig. 4 show that the
degree of crystallinity increased with pH rising from
8.5 to 11.5. Struvite formed at pH 8.5 although it was
poorly crystalline as indicated by struvite-derived
peaks (PDF#15-0762) (Fig. 4(a)). At pH 9.5, the precipi-
tate was also mainly struvite with higher degree of
crystallinity. The coexistence of struvite, Ca,P,0O;
(PDF#23-0871#), and Mgz(POy), (PDF#35-0134) was
observed at pH 10.5 (Fig. 4(c)). At pH 10.5, peaks of
struvite became weak, and new peaks at 31.6°, 45.3°,
and 56.3° appeared. These new peaks matched well
with Ca,P,0; (PDF#23-0871#). The increase in pH from
8.5 to 10.5 resulted in the partial conversion of struvite
to Mg;(POy), and Ca,P,0O; complexes. Zhou and Wu
[31] have shown that the precipitated crystal was
struvite, Mg3(POy4),, and MgHPO,-3H,0O at pH 10.12,
Mg/N/P =1.16/1/1.54. In Fig. 4(d), the peaks of stru-
vite and Mg3(POy4), which were related to magnesium
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Fig. 4. XRD patterns of precipitates obtained under differ-
ent pHs. Mg/P =1.2, 150 rpm). The peaks are labeled S,
struvite; C, calcium pyrophosphate (CayP,O7); and M,
magnesium phosphate (Mgs(PO,),).

disappeared, and chiefly the strong peaks associated
with Ca,P,0; appeared owing to the existence of Ca**
in the reject water. The studies of Le Corre et al. [32]
and Wang et al. [33] have indicated that the high Ca**
in the solutions could lead to the formation of calcium
phosphates, which would decrease the amount of stru-
vite and PRE. Hao et al. [34] also found that the Ca**
began to appear in the precipitate when pH > 8.5, and
with the increase in pH, Mg*" precipitated in the form
of Mg3(POy4), and Mg(OH),.

4. Conclusions

Effects of pH, Mg/P ratio, stirring rate, and SC
dosage on PRE, and the particle size of precipitates
were investigated for reject water from sludge thicken-
ing and dewatering process. RSM was applied to
assist in understanding the significance and the
interactive effects of reaction factors. The increases in
Mg /P ratio, stirring rate, and SC dosage were in favor
of phosphate removal from reject water, and adding
SC and increasing pH could shorten the time to reach
equilibrium. After the RSM optimization, the optimum
conditions were obtained at pH 10.4, Mg/P of 2.0, stir-
ring rate of 150 rpm, and SC dosage of 26.7 mg/L,
with PRE of 95.9%, APD of 104 um, and final mass of
precipitate of 936.3 mg/L. XRD analysis revealed that
the increase in pH resulted in the increase in crys-
tallinity and the conversion of struvite to calcium
pyrophosphate, and the precipitates of reject water
were struvite at pH < 10.5.
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