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ABSTRACT

Struvite crystallization has been widely studied for phosphate removal and recovery from
aqueous systems. In this study, struvite crystallization was carried out in a fluidized-bed
reactor. Multivariate optimization was conducted using Box-Behnken design (BBD) with
influent pH, influent phosphate concentration, and Mg/P molar ratio as independent vari-
ables. The output variables comprised total and dissolved phosphate concentrations, ammo-
nium and magnesium concentrations, and fines concentrations. Experimental values of the
total phosphate and dissolved phosphate concentrations ranged from 25.6 to 109.4 mg/L
and from 7.6 to 39.3mg/L, respectively, while the fines concentration varied from 5.2 to
101.6 mg/L. Quadratic mathematical models describing the response behavior of experimen-
tal BBD data were generated for total phosphate, dissolved phosphate, and fines concentra-
tion. The model p-values (<0.0001) were significant and their lack-of-fit p-values (>0.05)
were insignificant. Numerical optimization of process parameters was conducted to mini-
mize total and dissolved phosphate, ammonium and magnesium concentrations, and fines
concentration in the effluent. At influent phosphate concentration of 300 mg/L, the results
converged to a set of operating conditions: pH 9.5 and Mg/P =1.3. The close agreement
between the data from the validation experiment and the model-predicted values (relative
error < 10%) indicates the robustness of the models.
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1. Introduction

The release of nutrients (nitrogen and phosphorus)
into recipient waters accelerates the deterioration of
water resources [1]. These nutrients, mainly in the
form of ammonium and phosphates, abound in waste-
water effluents of livestock raising, farming, food and
beverage industry, semiconductor manufacturing, and
dairy industry [2,3]. Unlike nitrogen, phosphorus is a
nonrenewable resource. The current 40 million tons
per annum extraction rate of phosphate rocks as P,Os
would eventually deplete the approximately 7,000 mil-
lion tons of economically viable phosphate reserves
[4]. At present, nutrient pollution management is no
longer limited to safeguarding water bodies from
eutrophication but also extends to recovering nitrogen
and phosphorus from nutrient-rich wastewaters [5].

Magnesium  ammonium  phosphate  (MAP,
MgNH,PO,-6H,0, struvite) crystallization is a proven
technology for nutrient removal and recovery [6-17].
MAP precipitation has been applied in treating human
urine [10,11], fertilizer wastewater [12,13], swine
wastewater [14,15], semiconductor wastewater [3,9,16],
and municipal landfill leachate [17].

The overall performance of struvite crystallization
is a function of supersaturation, pH, and concentration
of reactants [18]. Optimization of process parameters
during struvite crystallization can maximize nutrient
recovery from nutrient-rich wastewater and minimize
nutrient concentration in the treated effluent. For the
multivariable struvite crystallization system, the con-
ventional one-factor-at-a-time strategy is inappropriate
because the results do not account for the interaction
effects between parameters and the large number of
runs required makes this technique costly and time-
consuming [19,20]. These problems, however, can be
addressed by the application of response surface
methodology (RSM), a system of mathematical and
statistical strategies based on the fit of a polynomial
equation to experimental data [19].

The Box-Behnken design (BBD) is a standard
experimental design in RSM [19]. BBD combines 2k
factorials with incomplete block design resulting in a
spherical design. The number of experiments required
(N) for BBD is given by Eq. (1) [20,21] where the num-
ber of variables and the number of center points are
represented by k and C, respectively.

N = 2k(k — 1) + G (1)

The aim of the present study was to optimize phos-
phate removal and recovery during struvite-seeded
MAP crystallization in a fluidized-bed reactor using

BBD. Design-Expert software version 7.0 (Stat-Ease,
Inc., Minneapolis, USA) was used to determine the
appropriate model for the system, identify significant
process parameters and their interactions, and find the
optimal operating conditions of fluidized-bed phos-
phate crystallization.

2. Methodology
2.1. Chemicals and seed material synthesis

Phosphate solution was prepared from KH,PO,
(99%, Panreac) crystals and the precipitant solution
was prepared from NH4Cl (99.8%, Merck) powder
and MgCl,-6H,O (99%, Panreac) crystals using reverse
osmosis (RO) water.

MAP seed crystals were synthesized in a semi-
batch process. In a 5-L glass vessel, the phosphate
solution and the precipitant solution containing 0.370
M MgCl, and 0.555M NH4Cl were mixed at 300 rpm.
Both the phosphate and the precipitant solutions were
introduced into the reactor at 1.7 mL/min using peri-
staltic pumps (Masterflex 7518-00, Cole-Parmer). The
pH of the reaction zone was maintained at pH 8.5 by
the addition of NaOH (99%, Merck) or HCl (30%,
Merck). Solution pH was monitored by a pH/ORP
transmitter (PC-310, Shin Shiang Tech Instruments
Co., Ltd) The recovered solids were dried at 37°C for
two days and characterized by scanning electron
microscopy and X-ray diffraction spectroscopy prior
to fluidized-bed crystallization (FBC) experiments.

2.2. Analytical methods

Spectrophotometric analyses of inorganic phos-
phate ions and ammonium ions were carried out
using a UV-vis spectrophotometer (Genesys 20,
Thermo Spectronic). Phosphate ion concentration was
determined using phosphomolybdenum blue method
at 698nm [22] while ammonium ion concentration
was determined by forming an ammonium phenolate
complex (indophenol blue method) at 640nm [23].
Magnesium ion concentration was measured using an
atomic absorption spectrophotometer (AAnalyst 200,
Perkin Elmer).

2.3. Reactor set-up and struvite crystallization experiments

A 1.35 L cylindrical glass reactor (Fig. 1) with inlet,
outlet, and recirculating sections was used as MAP
crystallizer. The FBC column was equipped with a
pH/ORP meter, a recirculation pump, and two
reagent dosing pumps.

The reactor was filled with RO water prior to the
addition of 75-840 um seed crystals. The pH of the
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Fig. 1. FBC set-up.

Table 1
Design of experiment for the FBC of struvite

Levels
Factors Symbol -1 0 +1
Influent pH A 9.0 95 100
Initial phosphate conc. (mg/L) B 100 300 500
Mg /P molar ratio C 1.0 15 20

precipitant solution and that of the phosphate solution
were adjusted before dosing at 6.0 mL/min. The sys-
tem operated at ambient temperature of 25°C. Samples
were taken from the recirculating liquid at predeter-
mined time intervals. Filtered (using 0.45pm mem-
brane) and unfiltered samples were mixed with 30 puL
concentrated HNO; (65%, Merck) prior to phosphate
analyses.

The effects of influent pH, influent phosphate con-
centration and Mg/P molar ratio on residual phos-
phate, magnesium and ammonium concentrations,
and fine crystal (<53 pm) concentration were evaluated
using BBD. The coded and actual levels of the inde-
pendent variables are shown in Table 1.

3. Results and discussion

In every FBC run, fresh RO water, seed crystals,
and reagents are introduced into the fluidized bed
reactor. The stabilization of the mixture, where the net
change of concentration is negligible, was only
attained experimentally after the 4th hour. The com-
plete conditions and responses of the 17 BBD experi-
mental runs, inclusive of 5 replicates at the center
point, are shown in Table 2. Each BBD data point in
Table 2 is the average of ion concentration values,

taken every hour from the 4th to 11th hour of
continuous fluidization. The total phosphate (sum of
dissolved phosphate and fine crystal concentration)
and dissolved phosphate concentrations ranged from
25.6 to 109.4mg/L and from 7.6 to 39.3 mg/L, respec-
tively, while fines concentration varied from 5.2 to
101.6 mg/L. The highest total phosphate and fines
concentrations were obtained at pH 10.0, 500 mg/L
PO3~, and Mg/P=15. The best response for phos-
phate (low total and dissolved phosphate concentra-
tion) and low fines concentrations were observed at
pH 9.5, 300mg/L PO;~, and Mg/P=1.5 and pH 9.0,
300mg/L PO;-, and Mg/P=1.0, respectively. High
pH and high reagent concentration values promote
spontaneous homogeneous crystallization [18] as
struvite crystallization reaction in Eq. (2) shifts to the
production of more MAP crystals. On the other hand,
low pH and low reagent concentration values foster
low conversion and crystal growth. Intermediate pH
and intermediate reagent concentration values will
counterbalance conversion and nucleation.

Mg*" + HPO;™ + NHj + OH™ + 6H,O
— MgNH4PO4 -6H,O + H,O 2)

3.1. Modeling of the responses

The response behavior of experimental data from
BBD can be described by mathematical models. The
main effects model shown in Eq. (3) [19,20] describes
the most important effects of the parameters under
consideration. The terms R, fy, f; X, and & pertain to
the response, a constant, the coefficients of the linear
parameters, the variables, and the random error or
noise to the response, respectively.

The factor interactions (FI) model in Eq. (4) [19,20]
integrates the coefficients of the interaction parameters
- Bij for X; and X; for i <j into Eq. (3).

R=Bo+> PoXi+ Y BiXiXj+e )

The general second-order model in Eq. (5) [19,20]
incorporates the coefficients of the quadratic factors -
Bij for i <j into Eq. (4). This model is used when either
main effects model or FI model prove to be inade-
quate to represent experimental data.

R=Py+ > BoXi+ > BiXiXj+ > BXi+e ®)
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Table 2
Design of experiment showing actual factors and response values
Response

Influent Mg/P Total Dissolved  Fines Total Dissolved  Total Dissolved

PO}~ molar PO;- PO;- conc. NHy NHy Mg Mgt
Run pH (mg/L) ratio (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 9.5 500 1.0 52.8 26.8 26.0 105.6 99.8 8.2 6.4
2 9.5 500 2.0 82.0 7.6 744 88.0 76.3 136.3 115.9
3 10.0 300 1.0 85.2 33.3 51.4 739 63.4 18.9 3.2
4 10.0 300 2.0 78.8 12.7 66.1 84.5 73.9 103.4 57.0
5 9.0 300 1.0 445 39.3 52 102.1 95.1 9.8 8.9
6 9.0 300 2.0 60.8 13.7 47.2 95.1 70.4 92.0 88.9
7 9.0 100 1.5 524 27.2 252 62.2 59.9 19.5 15.8
8 9.0 500 1.5 80.4 14.1 66.3 129.1 105.6 74.2 62.0
9 10.0 100 1.5 69.1 24.0 45.2 37.6 35.2 21.6 9.8
10 95 300 1.5 25.6 9.8 15.7 73.9 62.4 46.7 45.7
11 9.5 100 2.0 42.3 15.9 264 50.5 50.5 26.2 24.3
12 10.0 500 1.5 109.4 7.8 101.6 93.9 70.4 111.1 59.7
13 95 100 1.0 44.1 37.9 6.3 37.6 34.0 7.6 6.8
14 95 300 1.5 29.0 11.1 17.9 739 59.9 43.0 41.5
15 95 300 1.5 34.8 11.5 234 66.9 52.8 40.5 40.2
16 95 300 1.5 28.2 12.9 15.3 739 56.3 38.7 38.0
17 95 300 1.5 26.4 13.7 12.7 70.4 59.9 37.7 36.5
In this study, quadratic models were suggested by
Design-Expert software for all three responses: total Crines = 17.01 +15.044 + 20.66B + 152'64C + 3'823AB
phosphate concentration, dissolved phosphate concen- — 6.80AC +-7.06BC + 25.88A" 4-16.66B
tration, and fines concentration. Low standard devia- —0.42C2 (8
tion values (<5.4) and R> values closer to unity
(>0.9820) for all models (Table 3) confirm that the where
models are accurate. The model equations for total
phosphate' concentration‘ (Cp), dissolv?d phosphate X, —95 X, — 300 X,—15
concentration (Cp), and fines concentration (Crines) are A = ~05 B= 500 C= —05

shown in Egs. (6)—(8), respectively. The coded factors
A, B, and C in these equations correspond to variables
X;, X5, and X3 which denote actual values of influent
pH, influent phosphate concentration, and Mg/P
molar ratio, respectively. The levels (-1, 0, +1) of the
coded factors A, B, and C can be obtained by substi-
tuting the numerical values of Xj, X5, and X; into the
respective definitions.

Cr = 28.79 + 13.05A + 14.59B + 4.66C + 3.07AB
— 5.69AC + 7.76BC + 30.54A% + 18.49B% + 8.01C?

(6)

Cp = 11.77 — 1.98A — 6.07B — 11.0C — 0.75AB + 1.08AC
+0.70BC + 4.66A% + 1.82B% — 8.44C>

@)

The appropriateness of a model can be further verified
by normal plots, residual analysis, the main and inter-
action effects, the contour plot, and the analysis of
variance (ANOVA) statistics. In ANOVA, the error
from the model (residual error) is compared with the
error from the results of replicated experiments (cen-
tral points). The non-agreement of experimental data
with the predicted values will result in a significant
lack of fit [19].

In this study, ANOVA results for the response sur-
face quadratic models are shown in Tables 4-6. The
model F-values obtained for total phosphate concen-
tration, dissolved phosphate concentration, and fines
concentrations were 46.9, 50.8, and 44.8, respectively.
The model p-values (<0.0001) and lack-of-fit p-values
(>0.05) for all quadratic models indicate that all
quadratic models are significant and their lack-of-fit
values are insignificant [24]. Although most terms in
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Table 3
Model summary statistics

Source Std. deviation rR? Adjusted R* Predicted R*

Total phosphate

Linear 22.69 0.3262 0.1707 —0.0554

2F1 25.06 0.3673 —0.0123 —0.7746

Quadratic 4.81 0.9837 0.9627 0.8160 Suggested
Cubic 3.65 0.9946 0.9786 Aliased
Dissolved phosphate

Linear 6.03 0.7321 0.6703 0.5788

2FI 6.82 0.7372 0.5795 0.2300

Quadratic 1.95 0.9849 0.9656 0.8336 Suggested
Cubic 1.51 0.9948 0.9793 Aliased
Fines concentration

Linear 19.33 0.5966 0.5035 0.3181

2FI 21.01 0.6334 0.4134 —0.2080

Quadratic 5.42 0.9829 0.9610 0.8042 Suggested
Cubic 4.02 0.9946 0.9786 Aliased
Table 4

ANOVA for total phosphate

Source Sum of squares daf Mean square F-value p-value Prob. >F
Model 9767.13 9 1085.24 46.85 <0.0001 Significant
A-Influent pH 1362.68 1 1362.68 58.83 0.0001 Significant
B-Influent PO}~ conc. 1702.36 1 1702.36 73.49 <0.0001 Significant
C-Mg/P molar ratio 173.82 1 173.82 7.50 0.0289 Significant

AB 37.82 1 37.82 1.63 0.2421

AC 129.62 1 129.62 5.60 0.0499 Significant

BC 240.87 1 240.87 10.40 0.0146 Significant

A? 3926.03 1 3926.03 169.48 <0.0001 Significant

B? 1440.00 1 1440.00 62.16 0.0001 Significant

c? 270.20 1 270.20 11.66 0.0112 Significant
Residual 162.15 7 23.16

Lack of fit 108.97 3 36.32 2.73 0.1781 Not significant
Pure error 53.18 4 13.30

Cor total 9929.28 16

the quadratic models (Tables 4-6) are significant, the
term AB is not significant for both total phosphate
concentration (Table 4) and fines concentration
(Table 6), and can be reduced in Egs. (6) and (8) to
improve the models. Likewise, C* for fines concentra-
tion (Table 6) and all parameter interaction terms and
B? for dissolved phosphate concentration (Table 5) can
be simplified.

Consistent with the results of ANOVA statistics,
the model equations for total phosphate concentration
and fines concentration show that all three parameters
taken singly (A, B, and C) have positive effects on the
response. The influent phosphate concentration,

having the largest coefficient of (14.59) and (20.66) for
total phosphate concentration and fines concentration,
respectively, exerts the greatest influence on the
response. For the dissolved phosphate model equa-
tion, the negative coefficients of the main parameters
indicate an inverse relationship with the response var-
iable.

The high correlation between experimental data
and software-generated predicted values based on
Egs. (6)—(8) is evident in Fig. 2 Actual data points are
clustered close to the diagonal line (predicted values)
confirming the robustness of the quadratic models for
total phosphate concentration, dissolved phosphate
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Table 5
ANOVA for dissolved residual phosphate
Source Sum of squares daf Mean square F-value p-value Prob. > F
Model 1740.84 9 193.43 50.83 <0.0001 Significant
A-Influent pH 31.24 1 31.24 8.21 0.0242 Significant
B-Influent PO}~ conc. 295.00 1 295.00 77.52 <0.0001 Significant
C-Mg/P molar ratio 967.78 1 967.78 254.32 <0.0001 Significant
AB 2.28 1 2.28 0.60 0.4624
AC 4.69 1 4.69 1.23 0.3037
BC 1.99 1 1.99 0.52 0.4932
A? 91.60 1 91.60 24.07 0.0017 Significant
B? 13.90 1 13.90 3.65 0.0976
c? 300.23 1 300.23 78.90 <0.0001 Significant
Residual 26.64 7 3.81
Lack of fit 17.49 3 5.83 2.55 0.1937 Not significant
Pure error 9.14 4 2.29
Cor total 1767.48 16
Table 6
ANOVA for fines concentration
Source Sum of squares daf Mean square F-value p-value Prob. > F
Model 11833.47 9 1314.83 44.77 <0.0001 Significant
A-Influent pH 1809.91 1 1809.91 61.63 0.0001 Significant
B-Influent PO}~ conc. 3414.27 1 3414.27 116.25 <0.0001 Significant
C-Mg/P molar ratio 1958.13 1 1958.13 66.67 <0.0001 Significant
AB 58.60 1 58.60 2.00 0.2007
AC 184.96 1 184.96 6.30 0.0404 Significant
BC 199.09 1 199.09 6.78 0.0352 Significant
A? 2820.70 1 2820.70 96.04 <0.0001 Significant
B? 1169.04 1 1169.04 39.80 0.0004 Significant
c? 0.74 1 0.74 0.03 0.8782
Residual 205.59 7 29.37
Lack of fit 141.05 3 47.02 291 0.1641 Not significant
Pure error 64.54 4 16.13
Cor total 12039.06 16

concentration, and fines concentration. The relative
magnitudes of actual data points are indicated by a
color coding scheme. Blue and red colored data points
have the lowest and highest numerical values, respec-
tively. Other colors within the visible light spectrum
correspond to intermediate concentrations.

3.2. Response surface analysis

The dependence of total phosphate concentration
on influent pH, influent phosphate concentration, and
Mg/P molar ratio is shown in Fig. 3. These 3D
response surface plots and 2D contour plots allow for
the optimization of the predicted model equation by

visual inspection. From Fig. 3, the highest phosphate
removal can be achieved between pH 9.1 and 9.6. This
range is within the optimum pH of 9-10 reported by
Lee et al. [25]. Phosphate removal by FBC improved
with an increase in pH from pH 9.0 but declined
beyond pH 9.6. At high pH, ammonium ions are con-
verted to ammonia and are released from the system
in gaseous form. In addition, the precipitation of Mg
(OH), will commence at high pH and compete with
MAP formation [26]. In Fig. 3, the highest phosphate
removal can be achieved between 100 and 300 mg/L
influent phosphate concentration and Mg/P molar
ratio between 1 and 2. The saturation index of the
solution with respect to MAP precipitates increases
with phosphate concentration thereby enhancing the
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Fig. 2. Distribution of experimentally determined data and model-predicted values of (a) total phosphate (b) dissolved

phosphate, and (c) fines concentration.

probability of spontaneous nucleation [27]. Low Mg/P
molar ratio prevents the formation of fine crystals but
it also lowers the ability of the system to remove
phosphate. On the other hand, high Mg/P molar ratio
increases the total phosphate concentration due to the
formation of fines. In a study on struvite precipitation
at varying Mg/P molar ratio, Hirasawa et al. [26]
reported that, at Mg/P =4, fine crystals are formed
together with needle-like crystals.

3.3. Numerical optimization and model validation

Numerical optimization of the predicted model
equation can be carried out using the desirability func-
tion shown in Eq. (9) [20,21] where (d)) is the desirabil-
ity of the response and () is the number of responses
in the measure.

D= (dy x dy x ds,---,d,)"/" = (Hdi> 9
i1
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The desirability function provides the setting of
operating parameters that can generate the specified
performance level of one or more responses. The val-
ues of this function lie between 0 and 1 with 1 being
the maximum or the goal. Each parameter setting may
be changed to either minimum, maximum, in range,
etc. thus effecting subsequent changes to the goal attri-
butes [20,21]. The built-in desirability function in the
Design-Expert 7 software was used to compute the
optimum values for the independent variables based
on predetermined set goals for numerical optimiza-
tion. Setting influent pH in range, initial phosphate
concentration at 300mg/L, and minimizing Mg/P
molar ratio and all other response variables (Table 7)
resulted in optimum operating conditions of 9.5, 300
mg/L, and 1.3 for pH, influent phosphate concentra-
tion, and Mg/P, respectively. A separate FBC run was

Table 7

Set goals and solution for numerical optimization
Name Goal Solution
Independent variables

Influent pH Is in range 9.5
Initial phosphate conc. (mg/L)  Equal to 300.0 300
Mg /P molar ratio Minimize 1.3
Response variables

Total PO~ (mg/L) Minimize 29.1
Dissolved PO}~ (mg/L) Minimize 17.3
Fines concentration (mg/L) Minimize 11.8
Total NH (mg/L) Minimize 71.7
Dissolved NH; (mg/L) Minimize 59.9
Total Mg** (mg/L) Minimize 26.5
Dissolved Mg** (mg/L) Minimize 25.8

M.D.G. de Luna et al. | Desalination and Water Treatment 55 (2015) 496-505

conducted using the predicted optimum conditions to
validate the results of numerical optimization. The
outcome of the verification experiment accounted for
the hourly concentrations of individual ions from the
4th to the 11th hour of continuous FBC. Table 8 shows
the average values of ion concentrations and the errors
relative to the values predicted by numerical optimiza-
tion. Close agreement is found between the verified
and the predicted values. Less than 4% relative error
was obtained for phosphate and fines concentrations.
While higher relative errors were obtained for ammo-
nium and magnesium concentrations, the values (less
than 10%) remain statistically acceptable.

4. Conclusion

Multivariate optimization of struvite-seeded MAP
crystallization in a fluidized-bed reactor was carried out
using BBD. Setting total and dissolved phosphate,
ammonium and magnesium concentrations, and fines
concentration in the effluent to minimum, the numerical
optimization of process conditions resulted in influent
pH of 9.5, 300 mg/L influent phosphate concentration,
and Mg/P molar ratio of 1.3. The results of the valida-
tion experiment at optimum conditions gave less than
10% error from the model-predicted values indicating
that the models were robust and insensitive to noise.
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Table 8
Experimental values of the responses in verifying the model

Total PO~  Dissolved Total NHf  Dissolved Total Mg**  Dissolved Fines conc.
Time (h) (mg/L) PO} (mg/L)  (mg/L) NH; (mg/L)  (mg/L) Mg®* (mg/L)  (mg/L)
4 29.2 18.5 105.6 70.4 31.6 27.8 10.7
5 28.8 18.5 91.6 73.9 32.4 28.9 10.3
6 29.0 18.1 77.5 63.4 28.6 28.3 10.9
7 28.4 17.7 73.9 66.9 26.4 26.1 10.9
8 28.8 17.3 77.5 70.4 27.8 26.1 11.5
9 29.2 175 66.9 63.4 29.4 26.7 11.7
10 29.4 17.1 73.9 59.9 28.6 29.7 12.3
11 29.6 16.7 70.4 56.3 26.9 26.1 129
Mean 29.1 17.7 79.7 65.6 29.0 27.4 114
Error (%) 0.21 2.02 9.99 8.68 8.60 6.01 3.68
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