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Abstract In this study, we developed a novel technique for

preparing polyvinyl alcohol (PVA) hydrogel as an immobi-

lizing matrix by the addition of sodium bicarbonate. This

resulted in an increase in the specific surface area of PVA_

sodium bicarbonate (PVA_SB) hydrogel beads to

65.23 m2 g-1 hydrogel beads, which was approximately 85

and 14 % higher than those of normal PVA and PVA_sodium

alginate (PVA_SA) hydrogel beads, respectively. The De value

of PVA_SB hydrogel beads was calculated as

7.49 9 10-4 cm2 s-1, which was similar to the De of PVA_SA

hydrogel beads but nearly 38 % higher than that of the normal

PVA hydrogel beads. After immobilization with nitrifying

biomass, the oxygen uptake rate and the ammonium oxidation

rate of nitrifying biomass entrapped in PVA_SB hydrogel

beads were determined to be 19.53 mg O2 g MLVSS-1 h-1

and 10.59 mg N g MLVSS-1 h-1, which were 49 and 43 %

higher than those of normal PVA hydrogel beads, respectively.

Scanning electron microscopy observation of the PVA_SB

hydrogel beads demonstrated relatively higher specific surface

area and revealed loose microstructure that was considered to

provide large spaces for microbial growth. This kind of struc-

ture was also considered beneficial for reducing mass transfer

resistance and increasing pollutant uptake.

Keywords Microbial immobilization � Entrapment

carrier � Ammonium oxidation rate � Modification of PVA

hydrogel beads

Introduction

Polyvinyl alcohol (PVA) possesses useful chemical char-

acteristics such as hydrophilicity, relatively large surface

area and resistance to oxidation. In particular, PVA

hydrogel beads are harmless and nontoxic to biomass, so

PVA is a suitable carrier material to immobilize biomass

for different application. Due to these properties mentioned

above, PVA has been applied in many aspects, such as the

fermentation process (Bezbradica et al. 2007), food

industry (Lei et al. 2011; Tripathi et al. 2009), medicine

industry (Puppi et al. 2011), chemical engineering industry

(Chirizzi et al. 2011), and environmental engineering pro-

cesses (Quan et al. 2011; Sandeman et al. 2011). Successful

application of immobilized microorganisms has also been

documented for the removal of contaminants such as

organic carbon, nitrogen, dye, and phenol (Chou et al.

2010; El-Naas et al. 2009; Khan and Banerjee 2010).

Although entrapment of microorganisms in PVA

hydrogel beads have many advantages compared to other
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immobilizing techniques, the entrapped microorganisms in

the carriers by PVA-boric acid method (Hashimoto and

Furukawa 1987) and freeze-thawing method (Ariga et al.

1987; Ricciardi et al. 2004) might suffer severe mass

transfer resistance, for example hindrance of substrate

diffusion to the immobilized microorganisms and metab-

olites from the carrier. Khoo and Ting (2001) prepared

PVA calcium alginate beads to entrap fungal biomass for

heavy metal uptake. They found that addition of alginate

resulted in larger bore diameter compared to those without

alginate addition, which further provided a relatively lower

mass transfer resistance. Wu and Wisecarver (1992) sug-

gested that addition of sodium alginate (SA) with con-

centration below 0.4 % (w/v) could prevent the

agglomeration of PVA hydrogel beads, but there was no

effect on the improvement of PVA network structure for-

mation. Wang et al. (2006) reported that the addition of SA

with concentration about 1.0 % (w/v) could not only avoid

the agglomeration of PVA hydrogel beads but also effi-

ciently improve and control PVA network structure for-

mation. Wang et al. (2007) utilized the complex of PVA

and SA crosslinked with Ca(NO3)2, which was proved to

be more suitable for entrapping Acidithiobacillus ferroox-

idans. This entrapment technique achieved maximum iron

oxidation rate of 4.6 g l-1 h-1 in batch culture; while

96 % of the initial ferrous iron was oxidized within 2.5 h in

a packed-bed reactor for long term experiments.

In this study, we developed a novel technique for the

preparation of PVA biomass carrier by adding sodium

bicarbonate (SB) to PVA solution to form PVA_sodium

bicarbonate (PVA_SB) hydrogel beads. The main aims of

this manuscript are as follows: (1) to compare physical

properties of PVA_SB hydrogel beads to those of normal

PVA and modified PVA_sodium alginate (PVA_SA)

hydrogel beads, including specific surface area, mass

transfer rate, and oxygen uptake rate (OUR); (2) to explore

the difference of structure of the three kinds of PVA

hydrogel beads by scanning electron microscopy (SEM).

Nitrifying biomass was used as test microorganisms in

order to investigate the suitability of the carrier for

microbial immobilization.

Materials and methods

Raw materials and cultivation of microorganisms

Polyvinyl alcohol, with polymerization degree of 1750 and

alcoholysis degree higher than 99 %, was procured from

Sinopharm Chemical Group Co., Ltd. (China). Sodium

bicarbonate, sodium alginate, and other chemicals were all

analytical reagent grade obtained from Beijing Chemical

Reagent Factory (China).

Nitrifying biomass was taken from one nitrification tank

in the Dalian Lingshui Municipal Wastewater Treatment

Plant (Dalian, China). Before the immobilization experi-

ments, the nitrifying biomass was cultivated for about

2 months in a laboratory-scale biofilm continuous reactor,

and the hydraulic retention time was 8.5 h. The nitrifying

biomass had a total nitrogen (TN) conversion rate of

1,400 g N m-3 day-1 with effluent nitrite over 90 % and

nitrate content below 10 % as determined during 60 days

of operation prior to immobilization. The composition of

the mineral medium and the pH of the synthetic wastewater

were as specified by Qiao et al. (2010), which mainly

utilized NH4HCO3 as N source (100–500 mg/l as N). Other

compounds were also included as following (g l-1): NaCl

1.0, CaCl2�2H2O 0.07, FeSO4�7H2O 0.009, KH2PO4�0.07,

MgSO4�7H2O 0.05 and 1.5 ml l-1 of a trace element

solution. The detailed components and concentrations of

trace element solution were shown in Table 1. Samples

(1 ml) were withdrawn every 3 days for the determination

of the ammonium oxidation activity.

Preparation of PVA hydrogel carriers

Three types of PVA hydrogel beads were prepared using

conventional PVA, PVA_SA and our newly developed

PVA_SB technique. The preparation process for conven-

tional PVA hydrogel beads was similar to that described by

Quan et al. (2011) except that the solidifying solution was

changed to 3 % boric acid and 2 % CaCl2, and the pH

adjusted to 7.0 by 2 M NaOH. 7.5 % PVA (w/v) was firstly

heated at 120� for 20 min by autoclave and then mixed

uniformly. The mixture was cooled to about 35 �C and

dropped slowly into the solidifying solution, which was

continuously mixed on a magnetic stirrer to form spherical

hydrogel beads, by a peristaltic pump (BT100-2J, Lange,

Baoding, China). The PVA hydrogel beads were kept

immersed in the solidifying solution for 12 h at room

temperature to enhance their mechanical strength. The

PVA hydrogel beads were finally washed with distilled

water several times and used for the following experiments.

The PVA_SA hydrogel beads were prepared in the same

flow with the exception that 1.0 % (w/v) SA was added to

7.5 % (w/v) PVA concentration.

For the preparation of PVA_SB hydrogel beads, 0.25 %

SB (w/v) was added to the dissolved PVA mixture as it

cooled down to about 35 �C after heating at 120 �C. 6 M

hydrochloric acid was added to the solution and the mix-

ture was stirred vigorously to produce CO2 gas bubbles.

The mixture was poured into the solidifying solution fol-

lowed by the completion of the remaining steps as

described above.

For microorganism entrapment, 5.0 g nitrifying biomass

[wet weight, volatile suspended solids (VSS) 0.221 g] was
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added into each of the PVA solution, PVA_SA solution or

PVA_SB solution when the solution temperature decreased

to about 35 �C. The final percentages of PVA and nitrify-

ing biomass were 7.5 and 0.11 % (w/v), respectively in

each of the three kinds of hydrogel beads; while the final

percentages of SA and SB were 2.0 and 0.25 % (w/v) in

PVA_SA and PVA_SB hydrogel beads, respectively.

Oxygen uptake rate (OUR) of entrapped nitrifying

biomass

Oxygen uptake rate was determined according to method

described by Surmacz-Gorska et al. (1996). Around 5.0 g

(wet weight) of entrapped PVA hydrogel carriers with

nitrifying biomass (VSS 0.221 g) were added to a flask

containing 200 ml synthetic wastewater, which was aerated

for about 5 min to saturate the experiment solution with

dissolved oxygen (DO) at room temperature about

28–30 �C. Aeration was then stopped and the DO values

were immediately monitored every minute using a DO

meter (YSI, Model 55, USA). OUR [mgO2 g mixed liquor

volatile suspended solids (MLVSS)-1 h-1] was calculated

from the slope of DO concentration. The OUR experiments

with each kind of PVA hydrogel bead were done in

triplicate.

Ammonium oxidation activity of entrapped nitrifying

biomass

Approximately 0.221 g (dry weight) nitrifying biomass

was entrapped into PVA beads and immersed in 400 ml

synthetic wastewater (the same composition as that of the

continuous reactor except the ammonium concentration),

which was constantly mixed at 500 rev min-1 on a mag-

netic stirrer at room temperature (about 28–30 �C). The

initial ammonium concentration in the media was set at

100 mg l-1 and the initial pH was adjusted to 7.8 and was

not controlled during the ensuing experiment. Samples

(1 ml) were withdrawn at regular intervals for the deter-

mination of the ammonium oxidation activity. The activity

was expressed as specific ammonium oxidizing rate

expressed as mg N g-1 MLVSS h-1. The ammonium

oxidation activity experiments with each kind of PVA

hydrogel bead were also done in triplicate.

Characterization of PVA hydrogel beads

The specific surface areas of the three types of hydrogel

beads were determined using the adsorption procedure

described by Yu et al. (2001), Wang et al. (2005) and Bai

et al. (2010). The methylene blue (MB) stock solution used

in this characterization had a concentration of 100 mg l-1

and this solution was used to prepare dilutions. Adsorption

experiments were performed in 200 ml containers with

100 ml of the MB solution of different concentrations.

1.0 g hydrogel carrier beads were added into these con-

tainers with 100 ml MB solutions of various concentra-

tions (10–90 mg l-1). The MB concentration in the

solution was determined by a spectrophotometer (V-560,

Jasco, Japan) at the wavelength of 665 nm. The samples

were placed on a magnetic heating mixer (JB-5, Jintan

Instruments Co., Ltd., Shenglan, China) maintained at a

constant temperature of 30 �C during the whole experi-

ments. A modified method of measuring specific surface

area was used based on the theory of single layer molecular

absorption of MB on solid surfaces (Bai et al. 2010; Hang

and Brindley 1970).

The mass of adsorbed MB in the monolayer can be

represented by Langmuir equation:

Ce

Q
¼ 1

Qmax

Ceþ 1

bQmax

ð1Þ

where Ce is the concentration of MB solution at adsorption

equilibrium (g MB l-1); b is the adsorption constant

(l g-1); Q is the adsorbed MB at adsorption equilibrium

(g MB g-1 carrier); and Qmax is the maximum mass of MB

adsorbed on the monolayer (g MB g-1 carrier). Qmax can

be obtained from the reciprocal of the linear regression,

and the diffusivity coefficient can be calculated from Qmax

(mg MB g-1 carrier) multiplied by 2.45.

The adsorbed MB at adsorption equilibrium was calcu-

lated using the equation:

Q ¼ ðC0 � CtÞ � V=W ð2Þ

where Q is the adsorbed MB at adsorption equilibrium

(g MB g-1 carrier), C0 is the initial MB concentration, Ct

is the MB concentration at time t, V is the solution volume,

and W is the carrier weight.

The experimental procedure and mass transfer coeffi-

cient calculations were carried out according to Bai et al.

(2010) and Akita and Yoshida (1973). 120-ml containers

with 100 ml of 50 mg l-1 ammonium solutions and 5.0 g

hydrogel carrier beads were used in these experiments. The

samples were placed on a magnetic stirrer at a constant

stirring speed of 500 rev min-1 while maintaining

Table 1 Composition of trace elements solution

Compounds Concentration

(g/L)

Compounds Concentration

(g/L)

EDTA 15 (NH4)6Mo7O24�4H2O 0.22

ZnSO4�7H2O 0.43 NiCl2�6H2O 0.19

CoCl2�6H2O 0.24 H3BO4 0.14

MnCl2�4H2O 0.99 NaWO4�2H2O 0.05

CuSO4�5H2O 0.25
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temperature at 30 �C. Diffusion of molecules in spherical-

shaped beads with radius R can be appropriately modeled

by the following relationship (3):

� ln
Ct � C1
C0 � C1

ffi p2De

R2
t � ln

6

p2
ð3Þ

where De (cm2 s-1) is the effective diffusion coefficient for

the transport of the penetrant into the carriers and was

monitored until there was no further change; C0 is the

initial ammonium concentration, C? was determined from

the ammonium concentration differential of 72 h, and

R was the radius of the spherical hydrogel beads. So if we

construct one figure with Ct - C?/C0 - C? versus t, then

the slope could be determined as p2�De�R-2, and further De

can be calculated from k�R2�p-2.

Analytical methods

NH4
?-N, NO2

--N and NO3
--N were measured by colori-

metric methods according to Standard Methods (APHA

1995). pH measurement was done using a digital pH meter

(PHS-25, Shanghai Leici Co. Ltd., China) while DO was

measured by a digital DO meter (YSI, Model 55, USA).

MLVSS concentration, used for the calculation of the

biomass, was determined in accordance with the Standard

Methods (APHA 1995). For SEM, the samples were first

washed with phosphate buffer solution; then, fixed with

2.5 % glutaraldehyde at 4 �C overnight, washed with

phosphate buffer solution twice; and then fixed in 1 %

osmium tetroxide solution for 1 h, washed twice. The fixed

cells were dehydrated by sequential immersion in

increasing concentrations of alcohol (30, 50, 70, 80, 90, 95

and 100 %, v/v), washed twice in every concentration.

Lastly, the dehydrated cells were immersed with acetoni-

trile (50, 70, 80, 90, 95, 100 %, v/v), 15 min every con-

centration, vacuumed, and sprayed carbon first, then

sprayed gold. SEM observation was conducted using SEM

model 5900LV (Hitachi, Japan).

Results and discussion

Specific surface area

Relationships between the three kinds of biomass carrier

hydrogel beads and MB concentration were developed as

shown in the graphical representation of the Langmuir

equation in Fig. 1. The values for Qmax (mg MB g-1 car-

rier) were calculated from this graph. The maximum MB

uptake capacities of PVA, PVA_SA, and PVA_SB hydrogel

beads were 14.49, 23.26 and 26.32 mg MB g-1 carrier,

respectively. The values of Qmax obtained demonstrated that

PVA_SA and PVA_SB beads had better MB adsorption

capacity (about 1.64 and 1.85 times higher, respectively)

than PVA beads. Qmax represented adsorption saturation of

the hydrogel beads and the specific surface area could be

obtained by multiplying Qmax by 2.45 (Hang and Brindley

1970). The corresponding specific surface areas of PVA,

PVA_SA, and PVA_SB hydrogel beads were determined to

be 35.26, 57.32 and 65.23 m2 g-1 carrier, respectively,

illustrating that the addition of SA and SB resulted in

increase in the specific surface areas by about 1.63 and 1.85

times compared to the conventional PVA hydrogel beads.

This characteristic of PVA_SA and PVA_SB having higher

specific surface areas was attributed to the pore-forming

step, which allowed the hydrogel beads more porosity than

conventional PVA hydrogel beads. Comparing PVA_SB

hydrogel beads produced from our new technique with those

of PVA_SA technique, the results demonstrated that

PVA_SB beads had approximately 12 % higher surface area

than PVA_SA beads. This characteristic makes PVA_SB

hydrogel beads more attractive than PVA_SA and conven-

tional PVA hydrogel beads by offering approximately

12–45 % higher space for the attachment and growth of

microorganism.

Diffusion coefficient

Mass transfer resistance between the bulk liquid and the

entrapped microorganisms in carriers is considered as a

limiting factor for the entrapped microorganism to biode-

grade pollutants. Therefore, determination of the diffusion

coefficient of any carrier is of importance to ascertain

pollutant removal performance by immobilization tech-

niques. In this study, we determined the diffusion coeffi-

cient by measuring ammonium concentration in the

solution with time. The c? value was determined from the

final steady ammonium concentration at the end of the

Fig. 1 Relationship of carrier weight with MB concentration in

solution (closed square PVA, open circle PVA_SA, crotch PVA_SB)
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experimental period. The De value was determined from

the slope of the linear relationship of -ln ((ct - c?)/

(c0 - c?)) and the diffusion time (Bai et al. 2010). The

results are presented in Fig. 2.

The De values of PVA, PVA_SA, and PVA_SB were

calculated as 5.42 9 10-4, 7.0 9 10-4, and

7.49 9 10-4 cm2 s-1, respectively. The diffusion coeffi-

cients of PVA_SA and PVA_SB hydrogel beads were 29

and 38 % higher than the normal PVA carriers, respec-

tively. This result of the two types of hydrogel carriers was

consistent with that of the specific surface area results as

previously described (Fig. 1). Similarly, the results also

suggested that our newly developed PVA_SB hydrogel

beads had a significantly higher diffusion coefficient than

that of the PVA_SA hydrogel beads, making it desirable

for application. This porous hydrogel carrier with high

diffusion coefficient should allow more substrate to pene-

trate into the carrier at a faster rate and also more substrate

to store within the carrier. At the same time, however,

carriers with high diffusion coefficient are likely to leach

microbial metabolites to the bulk solution from the carrier.

The extent of transport of microbial metabolites into the

bulk solution was not investigated in this study.

OUR and ammonium oxidation activity of nitrifying

biomass

OUR is an important parameter to express microbial

activity of biomass in wastewater treatment process. In our

experiments, we not only examined the OUR of nitrifying

biomass entrapped in the three types of PVA hydrogel

beads but also the OUR of suspended nitrifying biomass for

comparison purposes. The results are illustrated in Fig. 3.

The OUR values of nitrifying biomass entrapped in

PVA_SA and PVA_SB hydrogel beads were calculated as

16.62 and 19.53 mg O2 g MLVSS-1 h-1, respectively;

which were approximately 26 and 49 % higher than that of

nitrifying biomass entrapped in normal PVA hydrogel

beads (OUR of about 13.15 mg O2 g MLVSS-1 h-1). As

expected, the OUR of the suspended nitrifying biomass

was higher than the entrapped nitrifying biomass and was

determined to be 23.73 mg O2 g MLVSS-1 h-1. The

reduced respiratory activity of entrapped nitrifying biomass

is attributed to mass transfer resistance resulting from the

immobilization process (Takei et al. 2011), and the effect

of toxicity of boric acid on microorganisms (Zhang et al.

2007). Comparison of OUR of nitrifying biomass entrap-

ped in PVA_SB with that of PVA_SA clearly shows that

our newly developed PVA_SB technique enhanced

Fig. 2 Representative plots of the cumulative mass transfer capacity

of ammonium into carriers with time (closed square PVA, open circle

PVA_SA, open square PVA_SB)

Fig. 3 Comparison of oxygen uptake rate of the three kinds of

hydrogel beads and un-entrapped free nitrifying biomass (VSS

0.221 g, 200 ml)

Fig. 4 Ammonium-oxidizing activity of nitrifying biomass entrapped

in the three kinds of hydrogel bead carriers (VSS 0.221 g, 400 ml)

(closed square PVA, open circle PVA_SA, open square PVA_SB)
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respiratory activity of entrapped nitrifying biomass possi-

bly due to higher surface area and porosity (also evident

from the SEM photograph).

The results of ammonium-oxidizing activities of

entrapped nitrifying biomass within the three PVA hydro-

gel beads demonstrated a trend similar to that of OUR

experiments and are shown in Fig. 4. The ammonium-

oxidizing activities of nitrifying biomass entrapped in

PVA_SA and PVA_SB carriers were 9.57 and

10.59 mg N g MLVSS-1 h-1, respectively; while the

activity of nitrifying biomass entrapped in the normal PVA

carrier was only 7.40 mg N g MLVSS-1 h-1. Compared

to that of the normal PVA hydrogel beads, the ammonium

oxidation activities of nitrifying biomass entrapped in

PVA_SA and PVA_SB hydrogel beads were improved by

29.4 and 43.2 %, respectively. The later results also sug-

gested superior ammonium uptake of nitrifying biomass

entrapped in our newly developed PVA_SB technique. Of

course, the OUR rate of PVA_SB gel beads only accounted

for about 82.4 % of that of the free biomass experiment.

This implied that around 20 % activity would be decreased

even with our newly developed PVA_SB gel beads.

Considering the results of OUR and ammonium oxida-

tion activity together with results of specific surface area

and diffusion coefficient, it is evident that the functioning

of nitrifying biomass entrapped by the PVA_SB technique

was the best followed by that of the PVA_SA technique.

The improved OUR and ammonium oxidation activity of

nitrifying biomass entrapped by PVA_SB technique could

be attributed to the lower mass transfer resistance and

Fig. 5 SEM photographs of PVA hydrogel bead carriers. a Outside

the PVA carrier, scale bar 10 lm; b outside the PVA_SA carrier,

scale bar 10 lm; c outside the PVA_SB carrier, scale bar 10 lm,

d inside the PVA carrier, scale bar 1 mm; e inside the PVA_SA

carrier, scale bar 1 mm; f inside the PVA_SB carrier, scale bar 1 mm,

g inside the PVA carrier, scale bar 20 lm; h inside the PVA_SA

carrier, scale bar 20 lm; and i inside the PVA_SB carrier, scale bar

20 lm
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higher specific surface area providing enhanced transpor-

tation of substrate.

SEM observation

SEM observation demonstrated that there were marked

textural differences among the three kinds of PVA hydro-

gel beads, as shown in Fig. 5. The exterior surface of PVA

and PVA_SA hydrogel beads illustrated a relatively

smooth and even surface, while that of PVA_SB hyrogel

beads had an uneven surface with lumps and folds cross-

linked with each other (Fig. 5a–c, 10,0009). Dave and

Madamwar (2006) found that addition of alginate could

prevent agglomeration between hydrogel beads, and allow

beads with higher hydrogel mechanical strength, which

could be the reason for smooth surface of PVA_SA

hydrogel beads. Since the surface of PVA hydrogel beads

was also smooth and even, it is unclear if there were other

factors impacting the smoothness of the beads. The

observed specific protuberance could explain why the

PVA_SB hydrogel beads possessed the highest specific

surface area.

Scanning electron micrographs of the cleaved hydrogel

beads in Fig. 5d–f (1009) revealed striking dissimilarity in

the interior of the three kinds of hydrogel beads. The

variation could be clearly observed in the enhanced mag-

nification micrographs of Fig. 5g–i (5,0009).

The interior structure of a normal PVA hydrogel bead

appeared to be a relatively dense pinhole-like structure

extending uniformly over the entire bead (Fig. 5d) whereas

that of PVA_SA and PVA_SB beads manifested a quasi-

foamy layered appearance (Fig. 5e, f). The PVA_SA bead

seemed to have 3 layers with the outer layer composed of

0.06–0.1 mm diameter circular to elliptical pores (Fig. 5-

e).The second layer appeared to have relatively larger

(0.3–0.5 mm diameter) pores. The core of the bead formed

the central layer and appeared to be more dense, resem-

bling somewhat the interior of the PVA bead. The interior

of the PVA_SB bead (Fig. 5f) appeared to have an outer

layer fairly similar to that of PVA_SA bead (Fig. 5e) and a

central part that showed dense sags and folds with a lesser

extent of 0.03–0.5 mm diameter pores.

Higher magnification micrographs of the dense areas of

the interior of these three kinds of hydrogel beads in Fig. 5g–

i (5,0009) illustrated structural formation of the beads.

These micrographs suggested that beads prepared by normal

PVA and PVA_SA techniques shared almost similar hon-

eybee web-like microstructure. However, the micro-con-

figuration of hydrogel beads prepared by our newly

developed PVA_SB technique was completely different

compared with the other two kinds of hydrogel beads. The

PVA_SB hydrogel beads demonstrated dendritic-like

structures that were observed to be cross-linked with each

other and formed larger gaps having diameter of approxi-

mately 10–40 lm (Fig. 5i). The formation of this kind of

structure could be attributed to the addition of sodium

bicarbonate, which could change the inner structures by

micro CO2 gas bubbles produced in the bead preparation

process. It was, therefore, determined that hydrogel beads

prepared by PVA_SB technique could provide larger space

for microorganism attachment and growth inside these

beads, lower mass transfer resistance, increased OUR, and

result in improved pollutant removal later.

Conclusion

In conclusion, the addition of sodium bicarbonate proved to

be beneficial for improving the specific surface area of

PVA_SB hydrogel beads (65.23 m2 g-1 carrier). Moreover,

it reduced the mass transfer resistance by increasing its dif-

fusion coefficient to 7.49 9 10-4 cm2 s-1, which was 38 %

higher compared to those of normal PVA hydrogel beads.

The OUR and nitrification rates of PVA_SB entrapped

nitrifying biomass were measured as 19.53 mg O2 -

g MLVSS-1 h-1 and 10.59 mg N g MLVSS-1 h-1,

respectively; which were 49 and 43 % higher than those of

normal PVA hydrogel beads. SEM observation demon-

strated that there existed cross-linked protuberances on the

outer surface of PVA_SB hydrogel beads, which might be

the main reason for the relatively higher specific surface area.

The observed loose micro-structures of the inner parts of

these beads were considered as an important explanation for

mass transfer resistance reduction and microbial activity

improvement.
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