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ABSTRACT

Poly (vinyl alcohol) (PVA)/alginate gel beads were fabricated to entrap ammonia-oxidizing
bacteria. The PVA/alginate gel beads were prepared in different conditions to investigate
the effects of the fabrication procedures on the mechanical strength and the initial ammonia-
oxidizing activity. For the mechanical strength, the optimal conditions were analyzed using
response surface analysis (RSA) considering the inter-correlated effects of the reaction times
of cross-linking and phosphorylation. For RSA, nine trials resulted in a partial cubic polyno-
mial equation, which best predicted the amount of residual debris after homogenization. In
the model, the optimum conditions of 3.5 h of cross-linking and 5.6 h of phosphorylation
were estimated to ensure the maximum mechanical strength. The initial ammonia-oxidizing
activity was significantly affected by the cross-linking due to the highly acidic environment
of pH 3.3, but it was not affected by the phosphorylation in pH 4.2. Batch experiments to
measure the bioactivity showed that only 34.0% of the initial activity survived the fabrication
procedure of the 4 h reaction in B(OH)3 in comparison to the 1 h reaction. The lower initial
ammonia-oxidizing activity contributed to the delayed acclimation period to achieve ammo-
nia removal of more than 1 kgN/m3 d, but the inhibitory effects were fully recovered in 5 d.

Keywords: Entrapment; PVA/alginate gel; Cross-linking; Phosphorylation; Response surface
analysis; Ammonia-oxidation; Acclimation period

1. Introduction

Immobilization has been widely used in biological
wastewater treatment processes to achieve a long solid

retention time. Especially for slowly growing
autotrophic nitrifying bacteria, a high concentration of
biomass can be maintained through immobilization
even at a high dilution rate. For biological processes,
two types of immobilization techniques have been
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utilized: the attached growth system (passive immobi-
lization) and physical entrapment within porous
matrices (active immobilization) [1].

For passive immobilization, supporting materials
such as polyurethane are applied generally as foam
carriers in the nitrification process [2]. The retention of
the nitrifying biofilm on a solid substratum, which is
supported by the binding forces between nitrifying
bacteria and a support material and by interaction
among cells, is affected by many factors. For example,
the formation of biofilm is regulated by the pH, the
ionic strength of the wastewater, the amount of extra-
cellular polymeric substances (EPS), and the physico-
chemical characteristics of the surface material [3,4].

In comparison, active immobilization offers a
rather simple methodology by physically locating
nitrifying bacteria in a polymeric gel matrix. The con-
ventional natural polymer used in the nitrification pro-
cess is alginate, which forms Ca-alginate gel when
sodium alginate is mixed with a CaCl2 solution [5].
However, alginate gel is susceptible to mechanical
destruction and biodegradation [6,7]. Therefore, nitrifi-
cation processes have adopted synthetic polymeric
gels such as poly (vinyl alcohol) (PVA) [8,9]. PVA is a
promising type of synthetic polymer for the entrap-
ment of nitrifying bacteria because it is cheap and
nontoxic to micro-organisms. In this study, the active
immobilization using PVA-B(OH)3 cross-linking was
applied to entrap ammonia-oxidizing bacteria (AOB).

PVA/alginate gel beads are formed by cross-linking
PVA with B(OH)3. Because PVA beads are sticky in the
B(OH)3 gelling solution, the agglomeration of PVA
beads during the gelatin period can be prevented by
the relatively rapid gelation of the Ca-alginate matrix
[10]. For a further enhancement of the mechanical
strength, phosphorylation in an orthophosphate solu-
tion was conducted with the PVA gel beads by the
addition of a phosphate functional group through ester-
ification of PVA [11]. Generally, an enhancement of the
mechanical strength is achieved by the extended reac-
tion time in the gelling solution with saturated B(OH)3
and a phosphorylating solution. However, long-term
incubation may have adverse effects on the bioactivity
due to the destruction of the cell membrane and unbal-
anced metabolism which arise possibly due to the
acidic environments of the solutions typically used [11].
AOB and nitrite-oxidizing bacteria (NOB) are responsi-
ble for the nitrification. The performance of the nitrifica-
tion largely depends on the AOB activity because
ammonia-oxidation is the rate-limiting step. AOB are
sensitive to environmental conditions of pH, tempera-
ture, and toxic chemicals [12–14] and susceptible to
washout due to their low growth rate of 2 d−1, which is
equivalent to a doubling time of 8 h [15,16]. Therefore,

the initial activity of AOB is critical for the successful
start-up of the nitrification process and it is meaningful
to monitor the initial activity of AOB according to the
fabrication conditions of PVA/alginate gel beads.

Despite the wide application of the PVA-B(OH)3
method followed by phosphorylation, little informa-
tion is available about the systematic optimization of
the cross-linking reaction time in B(OH)3 solution and
the phosphorylation reaction time in orthophosphate
solution and about the consequent reduction in the
initial ammonia-oxidizing activity. For this reason, the
aim of the present study was to evaluate the optimum
conditions for the best mechanical strength of PVA/
alginate gel beads using the statistical optimization
approach (multi-fitting) of response surface analysis
(RSA). The initial ammonia-oxidizing activity was sub-
sequently investigated in batch and continuous nitrify-
ing reactors.

2. Experimental

2.1. Entrapment of AOB

Fig. 1 shows a schematic flow of the fabrication
process for the preparation of the PVA/alginate gel
beads used here. 250ml/L of solution containing
15.0% PVA (w/v) (with a polymerization degree
of 2000, Wako, Japan) and 2.0% of sodium alginate
(w/v) (Showa, Japan) was autoclaved at 121˚C for
30min. After cooling to 40˚C, one portion of the con-
centrated inoculum was slowly added into the PVA/
alginate solution. The resulting mixture was added to
a solution of saturated B(OH)3 and 1% of CaCl2 (w/v)
(pH 3.3 in 25˚C) to form spherical beads. The beads
were kept in the B(OH)3-CaCl2 solution for at least
1 h. Then, the beads were transferred to a 0.5M ortho-
phosphate solution (KH2PO4) (pH 4.2 in 25˚C) and
immersed for at least 1 h. The reactions in saturated B
(OH)3 and 1% CaCl2 (w/v) (Step 5 in Fig. 1) and in
0.5M KH2PO4 (Step 6 in Fig. 1) were extended for the
statistical optimization of the mechanical strength.
Finally, the fabricated PVA/alginate gel beads were
washed with a large amount of distilled water and
stored at 4˚C before use.

2.2. Statistical optimization of the mechanical strength of
PVA/alginate beads

The dependent variable representing the mechani-
cal strength of the PVA/alginate gel beads was the
total chemical oxygen demand (TCOD). The TCOD
level is caused by residual debris in the solution after
the homogenization. The high intensity rotor–stator
dispersing head (model no. S10N-19G, steel) of the
homogenizer (IKA, T10 Basic, Germany) was
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submerged in a 100ml beaker containing 100 beads
and 40ml of distilled water. The dispersing head
destroyed parts of the PVA/alginate gel matrix at a
rotating intensity of 10,000 rpm. Due to the high
mechanical strength and the elasticity of the gel
matrix, the homogenizer produced only small frag-
ments and the whole structure of the gel beads was
maintained. Then, 2ml of the solution was immedi-
ately collected for the TCOD measurement. The TCOD
was determined with a digestion solution kit for COD
(Lot A2245, HACH, Germany) and a HACH 5000
spectrophotometer. Various reaction periods of 1, 2, 4,
13, and 25 h were applied in Steps 5 and 6 in Fig. 1 to
test the feasibility of the enhancement of the mechani-
cal strength. The measurement was triplicated for the
feasibility test.

RSA was applied to analyze and to optimize the
factors that affect the mechanical strength of the
PVA/alginate gel beads associated with simultaneous
changes in the incubation time in B(OH)3-CaCl2 and
KH2PO4. A sequential procedure of collecting the data,
estimating the polynomials (Eq. (1)), and checking the
adequacy of the model was used [17].

ga ¼ C0 þ
Xn

i¼1

aixiþ
Xn

i¼1

aiix
2
iþ

X

i

X

j

aijxixj; i\j (1)

Here, ηα is the measured TCOD value of the residual
debris after homogenization (mg/L), xk is the indepen-
dent variable k (1 = incubation time in B(OH)3 and
CaCl2; 2 = incubation time in KH2PO4), C0 is the
regression constant, and αk denotes the regression
coefficient of the independent variable k. The least
squares method was used to estimate the parameters
in the appropriate polynomials (Eq. (1)). The experi-
mental conditions for RSA were designed based on
the central composite cube (CCC) design [18]. The cen-
tral conditions of the incubation times were set based
on the feasibility test. This type of design was used to
minimize the number of trials needed to obtain statis-
tically significant results. The experiment and the mea-
surement were performed once under each
experimental condition for RSA except for the central
condition (triplicate measurements).

Nine trials were run to approximate the response
of the mechanical strength. Because significant effects
of cross-linking and phosphorylation were identified
with reaction times of 2 and 4 h (see Section 3.1), a
broader range from 1.4 to 5.6 h was applied to the
RSA (Table 1). The basic condition for the center point
was 3.5 h (Trial 5 in Table 1).

2.3. Inoculum

Nitrifying bacteria were enriched in a moving bed
biofilm reactor which was inoculated with conven-
tional activated sludge from a wastewater treatment
plant receiving sewage from a metropolitan city. The
enrichment process showed a total nitrogen removal
of approximately 95% at a total nitrogen loading rate
(NLR) of 2.0 kgN/m3 d (data not shown). The nitrify-
ing biofilm was manually detached from the carriers
into the bulk liquid and centrifuged for 30min at
13,000 rpm. The nitrifying bacteria were agglomerated
to form a biofilm on the carriers. Thus, the agglomer-
ated nitrifying biofilm was homogenized before the
entrapment process.

2.4. Evaluation of the ammonia-oxidizing activity

Batch experiments were conducted to assay the ini-
tial bioactivity of AOB immobilized in the PVA/alginate
gel beads. For these experiments, possible toxic effects of
individual reaction times of the cross-linking and phos-
phorylation steps were examined by varying one factor
at a time while keeping the other factor at a constant

Step 1: 250 mL of PVA/alginate solution
15.0% (w/v) PVA

2.0% (w/v) sodium alginate

Step 2: Autoclave at 121˚C for 30 min

Step 3: Cool to 40˚C

Step 4: Mix with 250 mL of inoculum

Step 5: Drop into saturated B(OH)3 and 1% 
CaCl2 (1–25 h)

Step 6: Harden in 0.5 M KH2PO4 (1–25 h)

Step 7: Rinse with distilled water

PVA/alginate-immobilization beads 
(3~4 mm in diameter)

Fig. 1. Entrapment of nitrifying bacteria by means of
PVA/alginate entrapment.
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level of 1 h. The concentrations of volatile suspended
solids (VSS) of the inoculum were from 2173.3 to
3228.4mg/L. To compare the initial bioactivity in differ-
ent conditions, the NHþ

4 -N removal rates in a series of
batch experiments were normalized by the VSS concen-
tration in the PVA/alginate gel beads, i.e. specific
ammonia-oxidizing activity [mg-N/mg-VSS d]. The total
reaction volume was 75ml with 100 beads in a 100ml
flask. For the effective diffusion of oxygen into the
growth medium, vigorous mixing at 250 rpm was
applied in a shaking incubator at 35˚C. The NHþ

4 -N
removal rate was calculated based on the reduction of
the NHþ

4 -N concentration after 2 d. For the analysis of
NHþ

4 -N, samples were prepared by filtering through a
0.45 μm syringe filter. The NHþ

4 -N concentration was
measured by a Kjeldahl nitrogen analysis (Kjeltec 1035,
Sweden).

To evaluate the effects of different bead prepara-
tion conditions on the acclimation period of continu-
ous nitrifying reactors, the NHþ

4 -N removal
performance was monitored. Fig. 2 shows a schematic
of the continuous nitrifying bioreactor used in
this study. Nitrifying sludge in the amount of
2876.3 mg-VSS/L was immobilized in the PVA/algi-
nate gel beads. The airlift reactor used here had a total
working volume of 0.5 L. The gel beads of 0.15 L were
added to continuous nitrifying bioreactors (a packing
ratio of 30% v/v). A water jacket was utilized to main-
tain the reactor temperature at 35˚C. The influent was
fed by a peristaltic pump. The pH was not controlled
or monitored because the drop of pH was prevented
by adding sufficient alkalinity at a molar ratio of
NHþ

4 -N/HCO�
3 -C = 1:2 in this study [19]. The reactor

was wrapped with aluminum foil to maintain a dark
condition. Because active immobilization systems for
the nitrification are applicable within a wide range of
hydraulic retention time (HRT) between 2.5 and 35 h

[20], HRT was fixed at 4.17 h in this study. The
NHþ

4 -N concentration in the influent was increased
according to the AOB activity. Air was provided at an
intensity of 2 L/min.

The composition of the medium was the
modification of the medium described by van de Graaf
et al. [21]. For both the batch and continuous
experiments, the basal medium consisted of 6mg-P/L
of KH2PO4, 12mg-Mg/L of MgSO4·7H2O, 48mg-Ca/L
of CaCl2·2H2O, 1ml/L of trace element solution I, and
1ml/L of trace element solution II. Trace element
solution I was composed of 5 g/L EDTA and
5 g/L FeSO4·7H2O. Trace element solution II was
composed of 5 g/L EDTA, 0.43 g/L ZnSO4·7H2O,
0.24 g/L CoCl2·6H2O, 0.99 g/L MnCl2·4H2O, 0.25 g/L
CuSO4·5H2O, 0.22 g/L Na2MoO4·2H2O, 0.19 g/L NiCl2·
6H2O, 0.21 g/L Na2SeO4·10H2O, and 0.014 g/L H3BO3.
NHþ

4 -N and HCO�
3 -C were added to the basal medium

in the required amounts in the forms of (NH4)2SO4 and
NaHCO3, respectively.

3. Results and discussion

3.1. Mechanical strength enhancement of PVA/alginate gel
beads

Because measurements of the mechanical strength
using homogenization tools have not been conducted
with PVA/alginate gel, basic experiments to assess the
effects of the two parameters of the incubation times
in the cross-linking solution and in the phosphoryla-
tion solution were conducted. The effects of the reac-
tion time in saturated B(OH)3 and 1% CaCl2 (w/v)
(Step 5 in Fig. 1) on the mechanical strength of the
PVA/alginate gel beads were investigated. The PVA/
alginate gel beads were fabricated without the inocu-
lum to avoid the interference of TCOD measurement
by the AOB cell debris and the EPS excreted by AOB.

Table 1
Experimental design and observed TCOD concentration derived by the residual debris after homogenization

Trial

Reaction time (h)
Responses

Cross-linking Phosphorylation TCOD (mg/L)

Linear design 1 2.0 2.0 171
2 5.0 2.0 152
3 2.0 5.0 148
4 5.0 5.0 115
5* 3.5 3.5 166.3 ± 3.06

Quadratic and partial-cubic design 6 5.6 3.5 116
7 1.4 3.5 201
8 3.5 5.6 101
9 3.5 1.4 187

*The center point was repeated three times.
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PVA/alginate gel beads were prepared at various
cross-linking reaction times of 1, 2, 4, 13, and 25 h fol-
lowed by phosphorylation in 0.5M KH2PO4 for 1 h.
The additional cross-linking reaction in B(OH)3 and
CaCl2 significantly enhances the mechanical strength
of PVA/alginate beads. A sharp reduction of the
residual debris of PVA/alginate gel beads, as pro-
duced by homogenization, was observed at reaction
times of 2 and 4 h (Fig. 3(a)). The 13 and 25 h reactions
exhibited little difference in the production of residual
debris in terms of the TCOD compared to the 4 h con-
dition.

PVA/alginate gel beads without inoculum fabri-
cated in the B(OH)3 and CaCl2 solution for 1 h were
phosphorylated with different reaction times in 0.5M
KH2PO4 (Step 6 in Fig. 1) (Fig. 3(b)). The extended
phosphorylation exhibited the drastic increase in the
mechanical strength with reaction times of 2 and 4 h.
Phosphorylation reactions of 12 and 24 h resulted in
an insignificant improvement in the mechanical
strength compared to the 4 h condition.

It was concluded that cross-linking for 4 h in satu-
rated B(OH)3 and 1% CaCl2 (w/v) followed by phos-
phorylation for 4 h in 0.5M KH2PO4 would result in

the best mechanical strength assuming that the two
reactions are independent. However, the total reaction
time for cross-linking by B(OH)3 and CaCl2 and phos-
phorylation by KH2PO4 may be shorter or longer than
8 h for the best mechanical strength if the cross-linking
and phosphorylation affect each other. The inter-
correlated effects of the cross-linking and the phos-
phorylation were verified and the optimal conditions
for the mechanical strength were estimated using a
CCC design and RSA.

3.2. RSA of the mechanical strength

Stepwise changes of 1.5 h from the center point
were initially applied for a first-order model,
ηi = β0 + β1x1 + β2x2 (Trials 1–5 in Table 1). The follow-
ing model was generated for the concentration of the
residual TCOD in the solution after the homogeniza-
tion process.

gresidual TCOD ¼ 155� 8:67x1 � 10:0x2 (2)

In this equation, ηi is the concentration of i pro-
duced (mg/L, where i = residual TCOD) and xj is the

Fig. 2. Schematic of the nitrification bioreactor used in this study.
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corresponding variable term (j = reaction times for
cross-linking (h) and phosphorylation (h) in order).
The first-order model resulted in a significant p-value
of the lack-of-fit for the residual TCOD at the 2.5% α
level, whereas the regression coefficient was not sig-
nificant at the 10% α level. Thus, four trials of the
stepwise changes of 2.1 h (1.5 h × 21/2) from the center
point were run to fit the second and partial cubic
order regressions (Trials 6–9 in Table 1). To find the
optimum condition for the lowest level of TCOD pro-
duction, a quadratic model was tested with Eq. (3).

gresidual TCOD ¼ 166� 14:4x1 � 15:2x2 � 1:56x1x2 � 2:29x21
� 5:58x22

(3)

Here, ηαi is the concentration of the residual TCOD
produced with model ai (ai = quadratic and partial
cubic models in order). The regression coefficient for
the quadratic model (Eq. (3)) was improved to the

2.5% α level compared to the first-order regression,
but it exhibited a significant p-value of the lack-of-fit
for the residual TCOD at the 2.5% α level.

Therefore, the partial cubic model was tested by
adding the terms of x1

2x2 and x1x2
2 (Eq. (4)). Only the

partial cubic model adequately fit the response surface
with an insignificant p-value of the lake of fit and the
significant regression coefficient at the 0.5% α level
(p-value, 0.0024). The R2 and the adjusted R2 values
are 0.99 and 0.98, respectively. Therefore, the partial
cubic model was selected to describe the response
surface of the residual TCOD within this region and
to find the optimum conditions. Three- and two-
dimensional response surfaces of the partial cubic
model with corresponding estimated optimums, the
lowest and the greatest production of residual TCOD,
are shown in Fig. 4(a) and (b), respectively.

gresidual TCOD ¼ 166� 29:2x1 � 20:5x2 � 1:56x1x2 � 2:29x21
� 5:58x22 þ 4:66x21x2 þ 5:14x1x

2
2

(4)

The conditions that minimize the production of resid-
ual TCOD were calculated for the partial cubic model
(Eq. (4)). The optimum conditions were 3.5 h for cross-
linking and 5.6 h for phosphorylation which are the
identical conditions of Trial 8 in Table 1. The pre-
dicted model output under the optimum conditions
was 98.6 mg/L in terms of the residual TCOD which
was close to the observed value of 101mg/L. A fur-
ther inspection of the coefficients of the model (Eq.
(4)) for possible two-way interactions among the inde-
pendent variables showed that the interaction term of
x1x2 was not significant. The inter-correlated effects on
the response were significant only for the interaction
terms of x1

2x2 and x1x2
2; they were found to be inter-

dependent at the 5% α level (p-values of 0.0149 and
0.0113, respectively). This interaction can be seen in
the form of an elongated ellipse on the response sur-
face (Fig. 4(b)). The rounded ridge starting from the
conditions of x1 of 1.4 h and x2 of 3.5 h is positioned
diagonally on the plot to the upper right. The steepest
ascent to the upper right (the solid line in Fig. 4(b))
results in a drastic decrease in the residual TCOD
while the gentlest ascent (the dashed line in Fig. 4(b))
to the lower right makes an insignificant contribution
to the decrease in the response.

3.3. The effects of cross-linking and phosphorylation on the
ammonia-oxidizing activity

For an effective wastewater treatment, immobilized
micro-organisms have to survive their fabrication
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Fig. 3. The effects of (a) the gelling solution and (b) the
phosphorylation on the mechanical strength of PVA/
alginate beads.
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procedure. Thus, possible toxic effects of the cross-
linking and phosphorylation steps on the bioactivity
of ammonia-oxidation were examined (Fig. 5). The
nitrifying sludge was immobilized in the PVA/algi-
nate beads under different reaction times of cross-
linking and phosphorylation.

A decrease in the initial ammonia-oxidizing activity
according to the reaction time of the cross-linking step
in B(OH)3 and CaCl2 was observed, whereas the

phosphorylation step had insignificant effects on the
initial level of bioactivity. It was expected that AOB are
tolerable to pH 4.2 during a period of 1–25 h in an
orthophosphate solution. However, the low pH of 3.3
caused by the high concentration of B(OH)3 resulted in
serious cell damage of AOB. In comparison to the reac-
tion of 1 h in the cross-linking solution, 2 and 4 h incu-
bation periods led to the reduction of the initial
ammonia-oxidizing activity to 44.6 and 34.0%, respec-
tively. However, the exact mechanism for the severe
inhibition of ammonia-oxidizing activity by B(OH)3 is
unclear.

The inhibitory effects of B(OH)3 could be pre-
vented through applying shorter reaction times rang-
ing from 10min to 2 h in saturated B(OH)3 compared
to the conventional period of 24 h [11]. However, the
shorter reaction time results in the expense of lower-
ing the mechanical strength as described above. Thus,
the initial ammonia-oxidizing activity may recover by
repeated incubations in favorable conditions or with
continuous cultivation with a high dilution rate which
maintains the exponential growth rate of the AOB;
Leenen et al. [6] demonstrated the recovery and/or
the regrowth of AOB, that was completely inhibited
by B(OH)3, in appropriate growth media. To evaluate
the regrowth of AOB, whose activity was partially
inhibited by saturated B(OH)3 in this study, operation
in continuous nitrifying reactors was carried out.

3.4. Acclimation period of the nitrification process

The acclimation period is a critical factor for the
implementation of full-scale wastewater treatment

(a)

(b)

Fig. 4. The projection of the response surface for the resid-
ual TCOD produced by the homogenization of the phos-
phorylated PVA/alginate gel bead in (a) three- and (b)
two-dimensional contour plots.
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processes. The growth rate is proportional to the
amount of inoculum and its viability. Thus, it was
hypothesized that a reactor containing the PVA/
alginate gel beads that were fabricated with the opti-
mized and extended incubation times (Trial 8 in
Table 1), would exhibit a longer acclimation period
due to the inhibitory effects on the cell viability of
AOB (Reactor 2 in Fig. 6). For a comparison, PVA/algi-
nate gel beads which underwent 1 h of cross-linking
and 5.6 h of phosphorylation were applied in a the
parallel continuous nitrifying reactor (Reactor 1 in
Fig. 6) under the same conditions of a low HRT of
4.17 h and NHþ

4 -N concentrations ranging 204.8–
574.6mg/L in the influent. The initial activity levels of
the PVA/alginate gel beads were 15.9 and 4.95mg-N/
mg-VSS d for Reactors 1 and 2, respectively.

In Phase I, a constant NLR of 1.18 kgN/m3 d was
applied between days 1 and 15 (Fig. 6). After 8 d,
gradual increases in the NHþ

4 -N removal rates were
observed for both Reactor 1 and Reactor 2. The
increase in the NHþ

4 -N removal rate of Reactor 2 was
less steep than that of Reactor 1; thus, a longer period
was required for Reactor 1 to achieve more than
1.0 kgN/m3 d. Accordingly, it was concluded that the
lower cell viability as affected by the reaction time in
B(OH)3 resulted in a longer acclimation period. The
inhibition of the ammonia-oxidizing activity by the
extended reaction in B(OH)3 of Reactor 2 was over-
come to the degree of Reactor 1 in 5 d (i.e. days 8–13
in Fig. 6). To test the maximum treatability of the two
reactors, the NHþ

4 -N concentration in the influent was
gradually increased for 6 d in Phase II. The maximum
NHþ

4 -N removal rates were identical at 2.8 kgN/m3 d
for the two reactors.

4. Conclusions

The optimal conditions to enhance the mechanical
strength of PVA/alginate gel beads were investigated
to entrap AOB. Significant effects of an extended incu-
bation period in cross-linking agents of saturated B
(OH)3 and 1% CaCl2 (w/v) and a phosphorylation
agent of 0.5M KH2PO4 on the mechanical strength of
PVA/alginate gel beads were identified in one-factor-
at-a-time experiments. The optimal reaction time for
each step was identical, at 4 h. However, a combina-
tion of the CCC design and RSA for the two parame-
ters of cross-linking and phosphorylation reactions
revealed an interdependent relationship based on the
mathematical modeling of a partial cubic polynomial
equation, which demonstrated optimal conditions of
3.5 and 5.6 h, respectively. The mechanical strength
was the first priority, but the effects of the optimal
fabrication conditions on ammonia-oxidizing activity
were carefully evaluated for the stable operation of
nitrifying processes. According to the initial ammonia-
oxidizing activity of nitrifying sludge immobilized in
the beads, saturated B(OH)3 contributed to the severe
inhibition of bioactivity by exhibiting 34.0% of the ini-
tial activity for a 4 h reaction in comparison to a 1 h
reaction. In contrast, the phosphorylation step had an
insignificant effect on the initial bioactivity. Finally,
due to the lower bioactivity caused by the extended
reaction time in the cross-linking agents for the opti-
mum mechanical strength, the acclimation period in a
continuous nitrifying reactor was delayed to achieve
process performance of more than 1 kgN/m3 d. On
the other hand, the findings that the inhibitory effects
was fully recovered in 5 d and that identical maxi-
mum treatability levels were exhibited compared to
the conditions for the minimum mechanical strength
imply that the optimized fabrication method for the
best mechanical strength is feasible for implementation
with continuous nitrification processes.
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