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Abstract In order to improve the hydraulic impact resis-
tance of the polyvinyl alcohol (PVA) hydrogel as
microorganism immobilization carrier and meet the
requirements of long-time aeration of sewage treatment,
the toughening PVA hydrogel beads were prepared by co-
crosslinking with polyoxypropylene triol (PPG) through
the boric acid (H3BOj3)-chemical crosslinking method. It
was found that PPG could increase the consumption of
H;BOj;, participated and accelerated the crosslinking
reaction of PVA, and the pore size of the surface layer and
core layer of the hydrogel beads can be controlled. With
increasing PPG content, the shear storage modulus (G’)
and the effective network density (v.) increased first,
reached maximum in presence of 2 wt% PPG, and
decreased afterwards. A relatively low content of PPG
could promote the formation of relatively uniform and
dense network structure in PVA hydrogel, resulting in an
improvement of the mechanical property and long-term
hydraulic stability of the gel beads. By addition of PPG, the
capillary water absorption capacity of PVA hydrogel can
be enhanced and the high permeability can be kept well.
When applying in waste water treatment, the value of the
oxygen uptake rate (OUR) and COD removal rate of the
PVA hydrogel immobilized with activated sludge had no
obvious difference with addition of PPG, and a high
microbial activity can be maintained.
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Introduction

Water pollution is well acknowledged to be harmful to the
majority of living organisms, and has become one of the
serious environmental problems of worldwide concern.
Immobilization of microbial cells has received increasing
interest in the field of waste water treatment [1-7]. It not
only offers a high cell concentration in the reaction tank for
increasing biodegradation efficiency, but also it is advan-
tageous for the separation of liquid and solid in the settling
tank.

Crosslinked poly(vinyl alcohol) (PVA) hydrogels are
hydrophilic three-dimensional polymeric networks, which
are insoluble in water due to the presence of chemical or
physical crosslinks. They have good biocompatibility, non-
toxicity, high elastic modulus and low cost, attracting great
attention in microorganism immobilization for waste water
treatment [8—15]. However, in sewage aeration tank, the
strong shear force produced by oxygen aeration and fluid
turbulence made the hydrogel beads easy to be broken and
damaged, which required them to possess high hydraulic
impact resistance, in order to meet the requirements of
long-time running of sewage treatment [16]. Few litera-
tures on the improvement of the mechanical toughness of
PVA hydrogels can be available. Sirousazar etc. used
mineral kaolinite clay to modify PVA hydrogels through
freezing/thawing cyclic method, resulting in an improve-
ment of mechanical property of PVA matrix [17]. Jianyu Li
etc. prepared PVA- polyacrylamide hydrogel consisting of
a hydrophilic polyacrylamide network that was covalently
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cross-linked and a PVA network that formed crystallites,
which combined extremely high stiffness, strength, and
toughness [18].

For PVA hydrogel beads crosslinked by boric acid
(H3BO3) [19-22], their surfaces crosslinked rapidly when
contacting with the curing agent solution. The formed
dense crosslinked shell may hinder the curing agent solu-
tion to further disperse into core layer of the hydrogel,
resulting in the low crosslinking degree and loose structure
of the core layer. And thus the un-uniform crosslinking
porous structure formed, leading to low mechanical
strength of PVA hydrogel beads.

Polyoxypropylene triol (PPG) is a tri-arm oligomer with
long flexible chains consisting of ether bonds and three
terminal primary hydroxyls. And the primary hydroxyl
groups are more reactive than the secondary hydroxyl
group on PVA molecular chains. Therefore in this work,
through the competition reaction of PPG and PVA with
H3;BOs;, the crosslinking reaction rate of the surface layer
and core layer of the PVA hydrogel beads was expected to
be controlled for the formation of the homogeneous
crosslinking network structure. Moreover, by introduction
of the flexible polyether chains of PPG onto the PVA
molecular chains, the mechanical toughness of the hydro-
gel can be expected to be improved. The effect of PPG on
the crosslinking reactive kinetics and the network structure
of PVA was studied, and the toughening mechanism was
explored. The permeability and swelling behavior were
discussed. Furthermore, the PVA hydrogel was applied in
the waste water treatment by immobilizing with microor-
ganism, and the properties of hydraulic impact resistance
and waste water treatment efficiency were investigated.

Experimental
Materials

PVA with an average molecular weight (M,) of
74,800 g/mol was supplied by Sichuan Vinylon Co.
(China). Sodium alginate (Alg) was purchased from Kelong
Chemical Co. (Chengdu, China). Boric acid (H;BO;) and
PPG with an average molecular weight (M,,) of 3000 g/mol
were purchased from Bodi Chemical Co. (Tianjin, China).
Other chemical agents were all of analytical purity and used
as received. The wastewater and activated sludge were
collected from Chengdu Drainage Co. (Chengdu, China) on
the day for preparation of PVA hydrogel beads.

Preparation of PVA Hydrogel Beads

PVA (10 g), Alg (1 g) and PPG (0-0.4 g) were dissolved
in the distilled water (100 ml) by magnetic stirring at
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95 °C. The mixture was cooled to room temperature and
dropped into the saturated H3;BOj3; and CaCl, solution,
keeping for 1 h to form spherical beads. The formed beads
were finally soaked and washed with distilled water, and
stored in distilled water at room temperature. The diameter
of hydrogel beads ranged from 4 to 6 mm. For preparation
of PVA hydrogel beads immobilized with microorganisms,
the sludge (10 g) was added after the PVA/Alg/PPG mix-
ture was cooled to room temperature.

Measurements
H3;BO; Concentration

Boric acid was extremely weak acid, and its concentration
can’t be determined directly with alkali titration. In order to
enhance acidity of boric acid, mannitol is added to the
aqueous solution of boric acid to generate a complex acid,
which concentration could be measured directly through
alkali standard solution titration.

Specific operation was as follows: for the crosslinking
reaction system of PVA/PPG/H3;BOj;, 1 ml reaction solu-
tion was taken out and added to 25.0 ml distilled water,
then 2.5-3.0 g mannitol was added. After well mixed, 1 %
phenolphthalein indicator was added and titrated with
0.1 mol/L NaOH standard solution. The H;BO5 concen-
tration can thus be calculated with the consumption of
NaOH standard solution.

Fourier Transform Infrared (FTIR) Analysis

The samples of PVA hydrogel were first dried and ana-
lyzed with a Nicolet-560 FTIR spectrometer (Madison of
WO, USA). The pellet sample was prepared by pressing
the mixture of the PVA samples and KBr powder. The
scanning rate is 20 min_l, and the differentiate rate is

4 cm~ L

Mechanical Property

The tensile property of the samples of PVA hydrogel was
measured with a 4302 material testing machine from
Instron Co. (USA) according to GB/T 528-1998. The ten-
sile speed and temperature were 50 mm/min and 23 °C,
respectively.

The hydraulic impact property of PVA hydrogel can be
measured as follows: PVA hydrogel beads were put into
the distilled water, stirring at room temperature with stir-
ring speed 2000 r/min. The retention rate of gel beads
without damage as a function of time was calculated with
the following equation:

Retention rate (%) = N;/No x 100 % (2.1)



J Polym Environ (2017) 25:229-240

231

where N, was initial number of gel beads; N, was the
number of gel beads at time t.

Rheological Property

The viscoelasticity properties of PVA hydrogel were
measured on Rheometer System Gemini 200 of Malvern
Instrument Co. (UK) with parallel plates with diameter of
25 mm and a plate-to-plate distance of 1-2 mm. Both the
strain and the frequency sweep experiments were per-
formed at room temperature. In strain sweep measure-
ments, the shear storage modulus (G’) and loss modulus
(G”’) were recorded at the strain of 0.005-10 % and the
frequency of 1 Hz. In the frequency sweep experiments, G’
and G’ were measured in the linear viscoelastic regime,
for frequencies ranging from 0.1 to 100 Hz, at a maximum
strain, vy, of 0.1 %. This y value was determined by pre-
liminary strain sweep experiments, in which G* and G”’
were measured as a function of strain at a fixed frequency
value of 1 Hz to check if the deformation imposed on the
gel structure during the rheological experiment was
entirely reversible.

Swelling Ratio

The pre-weighed dry samples of PVA hydrogel were
immersed into the distilled water at room temperature until
they swelled to equilibrium. After excessive surface water
was removed with filter paper, the samples were weighed.
The swelling ratio can be determined as a function of time
[23, 24]:

Swelling ratio (%) = (W, — Wy)/Wp x 100 % (2.2)

where W, was the dried weight of hydrogel, and W, was the
weight of hydrogel in swollen state at time t.

Permeability of PVA Hydrogel

PVA gel beads were immersed into the diluted ink, and
kept for 3 hours at room temperature. The UV transmission
rate of ink solution at band 450-700 nm was measured
with U3010 UV-visible spectrophotometer (Japan), which
was used to characterize the permeability of the gel beads.

Scanning Electron Microscope (SEM) Analysis

The fractured surface morphology of PVA hydrogel beads
was observed with a JEOL JSM-5900LV SEM (Japan)
with an acceleration voltage of 20 kV. The PVA hydrogel
beads were freezing dried and cryogenically fractured in
liquid nitrogen. Then the samples were sputter-coated with
gold for 2-3 min.

Oxygen Uptake Rate (OUR)

About 100 ml distilled water was put into a flask, and
aerated to make the dissolved oxygen saturated by air
pump. Stop aeration and 5 g of PVA hydrogel beads
immobilized with sludge was added. The concentration of
the dissolved oxygen (DO) variation with time was mea-
sured with AZ 8403 DO meter (China), and the OUR value
can be calculated with the following equation [25, 26]:

DO, — DO,
Hh —1

OUR = t=t—1 (2.3)
where DO; was the concentration of the dissolved oxygen
at time t;; DO, was the concentration of the dissolved

oxygen at time t,; t was the measuring time.

Chemical Oxygen Demand (COD) removal rate

COD value of the wastewater mainly depends on the
composition and concentration of organic contaminants,
and the absorbance of the organics has good correlation
with COD. The wastewater solution with different con-
centrations was prepared, the UV absorbance of the solu-
tion at 254 nm was measured with U3010 UV-visible
spectrophotometer (Japan), and the standard curve of UV
absorbance-wastewater concentration was obtained.

The absorbance at 254 nm of the sample was measured,
and the corresponding wastewater concentration can be
obtained by the standard curve [27-29]. The COD removal
rate was then calculated with the following equation:

COD removal rate (%) = (C; — Co)/C, x 100 % (2.4)

where C, was the original wastewater concentration before
treatment, and C, was the wastewater concentration after
treatment.

Results and Discussion

Effect of PPG on the Crosslinking Reaction Kinetics
of PVA Hydrogel

During the crosslinking reaction of PVA/PPG system by
using H3BO; as the crosslinking agent, both the hydroxyl
groups on the molecular chain of PVA and PPG could react
with H3BO;. Therefore, the effect of PPG on the
crosslinking reaction kinetics of PVA hydrogel was
investigated. Figure 1 illustrated the molar concentration of
H3;BOj; versus crosslinking time of PVA hydrolgels with
different content of PPG. It can be seen that during the first
20 min of reaction, the molar concentration of H;BO;
decreased sharply, and reached equilibrium in about
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Fig. 1 The molar concentration of H;BO; versus crosslinking time of
PVA/PPG system

60 min. With increasing content of PPG, the molar equi-
librium concentration of H3;BO5; decreased first, reached
minimum in presence of 2 wt% PPG, and increased after-
wards, indicating that PPG could increase the consumption
of H3BO5 and participate the crosslinking reaction of PVA.
The crosslinking reaction kinetics of PVA composite
hydrogel was analyzed by assuming that the crosslinking
reaction process met the first order kinetic equation:

dB,/dt = —k(B, — B.) (3.1)

where ¢ was crosslinking reaction time; B;, molar concen-
tration of boric acid at time t; B,, molar concentration of
H3;BO; when crosslinking reaction reached the equilib-
rium; dB/dt, crosslinking reaction rate; and k, the
crosslinking reaction rate constant. The crosslinking reac-
tion equation can be obtained by integral of the above
equation:

B, = B,+(By — B,) /" (3.2)

Another form of the equation can be written as:

Ig(B, — B.) = —kt/2.303 + Ig(B, — B.) (3.3)

By plotting the graph of Ig (B,—B,) versus time ¢, as
shown in Fig. 2, the crosslinking reaction rate constant k
can be obtained from the slope of the curve, which
exhibited good linear relationship.

As listed in Table 1, it can be seen that with increasing
content of PPG, the crosslinking reaction rate constant k of
PVA hydrogel increased first, reached maximum in pres-
ence of 2 wt% PPG, and decreased afterwards, indicating
that low content of PPG accelerated the crosslinking
reaction.

For PVA in absence of PPG, the crosslinking reaction of
PVA with H3BOj; started on the surface layer of the liquid
drops of PVA solution and the formed dense crosslinking
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Fig. 2 Crosslinking reaction kinetics of PVA/PPG system

networks may hinder H3BOj; to penetrate into core layer of
PVA liquid drops, resulting in a relatively low crosslinking
degree and inhomogeneous network structure.

For PVA in presence of PPG, because the primary
hydroxyl groups of PPG were more reactive than the sec-
ondary hydroxyl group on PVA molecular chains, the
crosslinking reaction rate of the former was higher than
that of the latter, and the crosslinking reaction of PVA on
the surface of the hydrogel can be slowed down. Thus
H;BO; and the formed PPG-borate could percolate into the
core of the drops, which promoted the crosslinking reaction
of PVA in the core layer, leading to the increase of the
consumption of H3BO3 and the crosslinking reaction rate
of the whole system. However, the amount of hydroxyl
groups within PPG is much less than that of hydroxyl
groups on PVA molecular chains, so under excessive
addition of PPG, the consumption of H3;BO; and the
crosslinking reaction rate decreased.

The observation of the internal morphology of PVA
hydrogel and PVA/PPG hydrogel was carried out. Figure 3
showed SEM images of the cross section of PVA hydrogel
and PVA/2 wt%PPG hydrogel. It can be seen that, for PVA
hydrogel, the morphology of core layer and surface layer
had obvious differences: the pores were dense and small on
the surface layer, whereas the pores were loose and large in
the core layer. However, for PVA/2 wt%PPG hydrogel, the
pores of core layer and surface layer of exhibited similar
size with relatively uniform structure.

The pore size distribution for the PVA hydrogel and
PVA/PPG hydrogel were summarized in Fig. 4. It can be
clearly observed that for PVA hydrogel, the diameter of
pore on the surface layer ranged from O to 6 um, and
focused on 0—4 pm. The pore size distribution of core layer
ranged from O to 14 pm, and focused on 0-6 um. How-
ever, for PVA/PPG hydrogel, the pore on the surface layer
had larger and uniform size, and the diameter of pore
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Table 1 Crosslinking reaction

rate constant of PVA/PPG Sample

Reaction rate constant k (h_l)

Equilibrium H3;BO; molar concentration (mol L_l)

system PVA 6.00
PVA/l wt% PPG  6.47
PVA/2 wt% PPG  6.60
PVA/3 wt% PPG  5.27
PVA/4 wt% PPG  4.33

0.407
0.405
0.401
0.403
0.404

Core layer

(b) PVA/ 2wt% PPG

40

Surface layer

Fig. 3 SEM image of the cross section of PVA hydrogel and PVA/2 wt% PPG hydrogel (Magnification: x2000)

ranged from O to 6 um, and focused on 2—4 um. Mean-
while, the pore size distribution of core layer ranged from 0
to 10 um, and focused on 2—-6 pm. This indicated that
introduction of PPG could control pore size of surface layer
and core layer of PVA hydrogel beads, and make the
porous structure more uniform.

The FT-IR spectra of PPG, PVA hydrogel and PVA/
PPG hydrogel were shown in Fig. 5. The pure PPG sample
showed a characteristic band at 1109 cm_l, attributed to
the irregular C—O-C stretching vibration. The characteris-
tic bands at 2972 and 2870 cm™' were attributed to dis-
symmetrical stretching and symmetrical stretching
vibration of —CHj;, and the characteristic band at
3483 cm ™' was attributed to the terminal —OH stretching
absorption [30]. For the sample of PVA hydrogel, a wide
absorption band at 3458 cm™' was attributed to the

presence of —OH [31, 32]. The absorption band at
2924 cm™! was attributed to dissymmetrical stretching
vibration of —CH,. The absorption band at 1067 cm™" was
attributed to the presence of C-O bond, and the absorption
band at 877 cm ™' was attributed to stretching vibration of
C-C bond [33]. For the sample of PVA/PPG hydrogel, the
absorption band of C-O at 1067 cm™' became stronger
compared with the pure PVA sample. And the absorption
peak of hydroxyl groups blue shifted from 3458 cm™' of
the pure PVA sample toward higher wave number at about
3486 cm ™', due to the weakened intramolecular hydrogen
bonding of PVA by incorporation of PPG.

Based on the above analysis results, the crosslinking
reaction and intermolecular bonding of PVA/PPG hydrogel
system can be deduced, including the crosslinking reaction
of PVA with H3;BOj3, the crosslinking reaction of PPG with
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H;BO;, the co-crosslinking reaction of PPG/PVA with

H3;BO3;, which introduced PPG into PVA crosslinking
network, as shown in Fig. 6.
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Effect of PPG on the Crosslinking Network
Structure of PVA Hydrogel

Figure 7 showed the strain dependence of the shear
storage modulus (G’) and loss modulus (G’’) at the
frequency of 1 Hz for PVA hydrogel with different
content of PPG. At very low strain amplitudes, the loss
modulus of the hydrogel was lower than the storage
modulus, which was consistent with the existence of a
network structure. In addition, it can be noted that, for
small strain amplitudes, G’ was independent of the strain
amplitude, which indicated that the deformation imposed
on the network structure was entirely reversible. At
higher strain amplitudes, G’ was a decreasing function of
the strain amplitude and the deformation was no longer
reversible.

The frequency dependence of G* was plotted in Fig. 8
for PVA hydrogel with different content of PPG. It can be
seen that G’ did not depend on the test frequency in the
range between 0.1 and 100 Hz for all samples, indicating
that the elastic behavior of these samples predominated
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over their viscous behavior, and a perfect network formed.
With increasing content of PPG, G’ increased first, reached
maximum in presence of 2 wt% PPG, and decreased
afterwards. A relatively low content of PPG could increase
the consumption of H3BO; and crosslinking density of the
whole system. In addition, the association of the long

flexible polyether chains of PPG led to the intermolecular
physical entanglement. However, excessive addition of
PPG decreased the consumption of H3BOj3 and crosslinking
density of the whole system.

Equilibrium water content (EWC), the volume fraction
of polymer in the hydrogel at equilibrium swelling, ®;, and
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the volume fraction of the crosslinking polymer in the
relaxed state, ®,, can be calculated as follows [34, 35]:

W, — W,

ECW (%) = == x 100 (3.4)
_ Wa/pp

P = Wa/pp + (We = Wa)/p; (3:3)

¢ Warky (36)

" Walp, + (W, — Wa)/p,

where Wy was the weight of the dry gel, W, was the weight
of the relaxed gel and W, was the weight of gel at the
equilibrium swollen state, and p, and ps were the densities
of polymer and water, respectively. The density of the PVA
matrix (p,) was 1.388 g/cm’.

The effective network density (v,) of the PVA hydrogel
was determined from the following equation based on the
rubber elasticity theory:

@ Springer

G = RTv, ¢\ 3" (3.7)

where R was the gas constant, T was the temperature. The
average molecular mass between crosslinks, M., was cal-
culated as follows:

_Pp
Ve

The value of G’, v, and M. of PVA hydrogel with dif-
ferent content of PPG were calculated and listed in
Table 2. It can be seen that, with increasing PPG content,
G’ and v, increased first, reached maximum in presence of
2 wt% PPG where M. reached minimum, and decreased
afterwards, indicating that a relatively low content of PPG
could promote the formation of relatively uniform and
dense network structure in PVA hydrogel due to the
acceleration effect of PPG on the crosslinking reaction of
PVA system, and the association of its long flexible poly-
ether chains. Excessive addition of PPG led to the retarding
of PVA crosslinking reaction and decrease of crosslinking
density of the whole system.

M. (3.8)

Effect of PPG on the Mechanical Properties of PVA
Hydrogel

Table 3 showed the effect of PPG content on the hydraulic
impact resistance of PVA hydrogel beads. It can be seen
that after 4 h’ hydraulic impact test, the pure PVA hydrogel
beads were completely destroyed. By addition of PPG, the
crushing strength of the hydrogel beads was dramatically
improved. With increasing content of PPG, the retention
rate of gel beads increased first, reached the maximum at
2 wt% PPG, and then decreased. It took about 12 h for
PVA/2 wt% PPG gel beads to be completely destroyed.
These results indicated that proper content of PPG could
toughen and strengthen PVA hydrogel.

The mechanical property of PVA hydrogel with varying
content of PPG was depicted in Fig. 9. It can be seen that with
increasing content of PPG, the tensile strength of PVA
hydrogel increased dramatically, reached maximum with the
addition of 2 wt% PPG, and decreased afterwards. The max-
imum tensile strength of PVA/2 wt% PPG hydrogel increased
by 50 %. The elongation at break of the hydrogel fluctuated
slightly within the investigated range of PPG content.

Furthermore, the long-term hydraulic stability of PVA/
2 wt% PPG hydrogel beads immobilized with microorgan-
ism in the process of wastewater treatment was investigated.
Figure 10 showed photos of the hydrogel samples before and
after long-term aeration. It can be seen that after 10 months
aeration test, the surface of the hydrogel beads was not
damaged, and the shape and size of the beads were kept well,
indicating that PVA/PPG hydrogel immobilized with
microorganism had excellent long-term hydraulic stability.



J Polym Environ (2017) 25:229-240

237

Table 2 Network parameters

3 5 3
of PVA hydrogel with various Sample pp (g/cm’) D, D, G’ (KPa) Ve (mol/m™) M. (kg/mol)
PPG content PVA 1.388 0.1576 1 52.3 38.44 36.11
PVA/1 wt% PPG 1.384 0.1254 1 73.2 58.05 23.84
PVA/2 wt% PPG 1.381 0.1231 1 924 73.73 18.73
PVA/3 wt% PPG 1.378 0.1156 1 75.0 61.26 22.49
PVA/4 wt% PPG 1.375 0.1094 1 71.1 59.01 23.30
Table 3 Crushing strength of -
PVA hydrogel beads with Sample Time (h)
various PPG content Retention rate (%)
4 5 6 7 8 9 10 11 12
PVA 60 0 0 0 0 0 0 0 0
PVA/1 wt% PPG 100 100 68 28 0 0 0 0 0
PVA/2 wt% PPG 100 100 100 100 100 80 64 36 0
PVA/3 wt% PPG 100 100 100 64 32 0 0 0 0
PVA/4 wt% PPG 100 72 30 0 0 0 0 0 0
T T T T T Based on the above discussion, the toughening mecha-
2.0 L . .

‘ /}\ S00 nism of PVA/PPG hydrogel was deduced: PPG as a tri-arm
< 184 / § < oligomer with polyether chains and three terminal
E i\i '400% hydroxyls was incorporated into the crosslinking network
= 161 £ of PVA by reacting with H3;BO;. Introduction of PPG
%ﬂ 1 \} 300 2 changed the crosslinking reaction pathway of PVA by
= - . . . .

z 4 g slowing down the crosslinking reaction of the surface layer
= ] L 200 & A . .
Z 121 - En of th§ llguld droP of . PYA solution and proglotn.lg the
= } = crosslinking reaction in its core layer, resulting in the
1.0 100 formation of more regular and uniform porous structure of
the hydrogel. In addition, the introduced long flexible
- T T ) J ' olyether chains o and the increasing effective net-
03— T T T — ! polyether chains of PPG and th g effect t
PPG concent /wt% work density resulted in an improvement of mechanical

Fig. 9 Mechanical properties of PVA hydrogel with various PPG
content

Fig. 10 The image of a PVA/
2 wt% PPG hydrogel beads
immobilized with
microorganisms before aeration
b PVA/2 wt% PPG hydrogel
beads immobilized with
microorganisms after aeration
for 10 months

strength and toughness, and the hydraulic impact resistance
of PVA hydrogel beads.
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Effect of PPG on the Permeability and Swelling
Behavior of PVA Gel Beads

The permeability of PVA gel beads by addition of different
content of PPG was depicted in Fig. 11. It can be seen that
UV transmission of ink solution at band 450-700 nm
fluctuated slightly and reached up to over 90 % with dif-
ferent addition of PPG, implying that the high permeability
of the gel beads can be kept well.

The swelling ratio of PVA hydrogel beads with varying
content of PPG as a function of swelling time was shown in
Fig. 12. It can be seen that in the initial swelling stage, all
samples of gel beads absorbed water rapidly. The swelling
ratio increased dramatically with time, and reached equi-
librium in about 90 min. The swelling kinetics of PVA
hydrogel beads was analyzed by assuming that the swelling
process met the first order kinetic equation:

dQl/dt = k(Qe - Qt)

where ¢ was swelling time; Q,, the swelling ratio at time t;
0., the equilibrium swelling ratio, dQ;/d;, the swelling
rate; and k, the swelling rate constant. The swelling kinetics
equation can be obtained by integral of the above equation:

(3.9)

01 = Q¢ — (Qc — Qo) /" (3.10)
Another form of the equation can be written as:
kt = In[(Q. — Q0)/(Qc — Oy)] (3.11)

By plotting the graph of In[(Q. — Qo)/(Q. — Q;)] versus
time ¢, as shown in Fig. 13, the swelling rate constant k can

be obtained from the slope of the curve, which exhibited
good linear relationship. The swelling rate constant k and
equilibrium swelling rate of PVA hydrogel beads with
varying content of PPG were listed in Table 4. It can be
seen that with increasing content of PPG, the swelling rate

98 4

—=—PVA
—@—PVA/l wt% PPG
{ —A—PVA2 wt% PPG
—¥—PVA/3 wt% PPG
—&@—PVA/4 wt% PPG

92 1

90 1

T v T v T v T N v
500 550 600 650 700
Wavenumber /nm

Fig. 11 UV spectrum of PVA hydrogel beads with various PPG
content
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Fig. 12 The swelling ratio curve of PVA hydrogel with various PPG
content
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Fig. 13 The swelling kinetics of PVA hydrogel with various PPG
content

constant k and the equilibrium swelling ratio of PVA gel
beads increased, indicating that PPG could enhance the
capillary water absorption capacity of PVA hydrogel. As
shown in Fig. 14, after swelling, the porous structure of
PVA/2 wt% PPG hydrogel remained well.

Effect of PPG on the Microbial Activity of PVA
Hydrogel Immobilized with Microorganism

The PVA hydrogel immobilized with activated sludge was
applied in waste water treatment. OUR was an important
parameter to characterize the microbial activity of acti-
vated sludge in the waste water treatment process. The
effect of PPG on DO variation with time of PVA hydrogel
beads in the saturated aerated distilled water was depicted
in Fig. 15. The value of OUR was calculated and listed in
Table 5. It can be seen that DO values of varying samples
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Table 4 The swelling rate

constant of PVA hydrogel with Sample Swelling rate constant k(h™") Equilibrium swelling ratio (%)
various PPG content PVA 295 485

PVA/1 wt% PPG 242 604

PVA/2 wt% PPG 2.72 616

PVA/3 wt% PPG 2.89 655

PVA/4 wt% PPG 425 692

of gel beads decreased with time, and the value of OUR
slightly increased from 0.061 to 0.068 with increasing
content of PPG.

The effect of PPG content on the COD removal rate of
PVA hydrogel was investigated, as shown in Table 5. The
COD removal rate of PVA hydrogel increased from 60 to
64 % with increasing content of PPG, implying that the
formed uniform pores of PVA hydrogel beads were bene-
ficial to supply channels for mass transfer of microorgan-
ism, and the microbial activity of the gel beads can be kept
well. All the PVA hydrogel beads with porous structure
had good permeability, providing channels for mass
transfer, while the microbial reaction mainly controlled the
waste water treatment efficiency. Therefore, the microbial
activity and COD removal rate had no significant change
by addition of PPG.

X 2,000 5.0kV SEI

Fig. 14 SEM image of the cross section of the swelling PVA/2 wt%
PPG hydrogel

Conclusions

8.4
82_‘ —m—pva The toughening PVA hydrogel beads were prepared by
- —@— PVA/L wi% PPG incorporation of PPG through H3;BOs-chemical crosslink-
8.0 —A—PVA2 wi% PPG ing method. It was found that PPG could increase the
~ 28 I::Z::j :2 consumption of H3;BOj; and accelerate the crosslinking
= reaction of PVA. Thus the pore size of surface layer and
%‘J 7:67 core layer of PVA hydrogel beads can be controlled, and
g 744 the porous structure became more uniform. With increasing
a , 2_' PPG content, G’ and v, increased first, reached maximum
-] in presence of 2 wt% PPG, and decreased afterwards,
7.0 indicating that a relatively low content of PPG could pro-
6.8 mote the formation of relatively uniform and dense net-
——T———r——r— ———————r work structure in PVA hydrogel, resulting in an

T —
-2 0 2 4 6 8§ 10 12 14 16 18 20

T /min improvement of tensile property and the hydraulic impact

resistance of PVA hydrogel beads. PVA/2 wt% PPG
Fig. 15 DO-t curve of PVA hydrogel beads with various PPG  immobilized with microorganism exhibited long-term
content hydraulic stability. The toughening mechanism of PPG on

Table 5 OUR and COD removal rate of PVA hydrogel with various PPG content

Sample PVA PVA/1 wt% PPG PVA/2 wt% PPG PVA/3 wt% PPG PVA/4 wt% PPG
OUR (mg L™ min™") 0.061 0.061 0.064 0.062 0.068
COD removal rate (%) 60.44 60.55 61.54 63.01 64.46

@ Springer
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PVA hydrogel was explored. By addition of PPG, the
capillary water absorption capacity of PVA hydrogel can
be enhanced and the high permeability can be kept well.
More importantly, the value of the oxygen uptake rate
(OUR) and COD removal rate of the PVA hydrogel
immobilized with activated sludge had no obvious differ-
ence with addition of PPG, implying that a high microbial
activity of the gel beads can be kept well.
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