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ABSTRACT

Novel suspended biocarrier polyvinyl formal foam materials (CSF-PVFM) are prepared through
the chemical cross-linking of polyvinyl alcohol and crude corn stalk fiber (CSF). Using Fourier-
transform infrared spectroscopy and X-ray diffraction, we confirmed that a chemical cross-
linking reaction occurs. Using scanning electron microscopy, we found that the material per-
forms well with an interconnected pore structure, a macroscopically rough surface, and a wide
range of pore diameters. Compared with pure PVFM, the addition of CSF results in different
degrees of improvement in specific surface area, tensile strength and thermal stability. Orthogonal
experiments were carried out to optimize the raw material ratios and the conditions of the
preparation technology by adopting porosity, water absorption rates, and specific gravity as the
performance evaluation indices, and the CSF-PVFM with the best performance was obtained.
Under the best conditions, the average porosity could reach 97.2%, the specific gravity could
reach 1.00 g cm=, water absorption could reach 22.58, and the cross-linking degree could reach
96.08%. A further study of sewage treatment using CSF-PVEFM as a suspended biocarrier produced
good results: the average removal rate of chemical oxygen demand was 93.26%, and the average
removal rate of ammonia nitrogen was 96.77%.

Keywords: Polyvinyl formal; Corn stalk crude fiber; Orthogonal experiment; Sewage treatment;
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1. Introduction

Major sources of water contamination included the
un-regulated discharge of sewage and municipal wastewa-
ter, industrial wastewater, and agricultural fertilizers and
pesticides. The pollutants in sewage are mainly organic
matter, ferrous salt, sulfide, nitrogen, phosphorus, etc. Most
of these pollutants are both toxic and inhibitory, and can
accumulate through the food chain [1]. These pollutants
often have long-term impacts, so sthey pose a great threat
to human health and the survival of animals and plants [2].
Additionally, in recent decades, the tightening of standards
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for the discharge of pollutants has indicated that the
demand for wastewater treatment processes has strength-
ened. A broad range of techniques have been applied to
sewage treatment, including activated sludge treatment
[3], electrodialysis [4], electrocoagulation [5], membrane
filtration [6], adsorption [7], chemical oxidation [8], etc.
However, each of these methods has some disadvantages,
including the production of high volumes of sludge, high
operating and maintenance costs, a requirement for large
quantities of adsorbents and chemical additives, and the
creation of secondary pollution. Accordingly, inexpensive,
efficient, and sustainable methods are required to remove
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pollutants from sewage [9,10]. Biological treatment meth-
ods stand out among those available methods because of
their low cost, high efficiency, safety, minimal sludge pro-
duction and environmental compatibility. The biological
treatment processes that have been developed and applied
to sewage include biological filtering [11], rotating biologi-
cal contactors [12], biological contact oxidation [13], etc. In
addition, researchers have found a more efficient and supe-
rior method. A moving biological bed reactor (MBBR) has
the advantages of a traditional biological fluidized bed and
the biological contact oxidation process, and has become
one of the most efficient and environmentally friendly
biological treatment methods in recent years [14]. More
importantly, the effectiveness of the MBBR process depends
largely on the performance of the suspended biocarrier.
Polyurethane [15], polystyrene [16], and polypropylene
[17] are ideal suspended biocarriers for sewage treatment.
However, the polystyrene material itself has low mechan-
ical strength and low brittleness, and the polyurethane
biocarriers are toxic to microorganisms and usually have
high cost. The application of a polyethylene/polypropylene
biological carrier in sewage treatment is limited because
of its surface hydrophobicity and poor biological affinity.
Therefore, the low toxicity, low cost, and better perfor-
mance of suspended biocarriers have shown more practical
significance.

Polyvinyl formal foam (PVFM) material is a product
of condensation involving polyvinyl alcohol (PVA) and
formaldehyde (HCHO), and is an important type of poly-
mer material. When PVFEM is used as a biocarrier, it has
the advantages of high porosity, density close to that of
water, good water absorption, and biocompatibility. At the
same time, it has good chemical and biological stability,
will not dissolve harmful substances, and does not cause
secondary pollution. It has a certain degree of mechan-
ical strength, and it is not easily broken under hydraulic
scouring, so it has a long service life. Thus, PVFM foam
material has gradually become a popular research topic
for a majority of researchers. It has been proven that mod-
ifying PVFM can effectively improve its performance as
a suspended biocarrier. There has been many studies on
adding activated carbon [18], bamboo charcoal [19], atta-
pulgite [20], and fly ash [21] to modify PVFM. Although
activated carbon and bamboo charcoal are the most com-
monly used modifiers, they present some disadvantages,
such as high capital and running costs and weak hydro-
philic affinity. On the other hand, attapulgite and fly ash
are inexpensive and readily available materials, but their
biocompatibility is poor. Natural fiber has thus become one
of the main study directions for the development of sewage
treatment materials in the future because of its advantages
of low price, good bioaffinity, and high porosity.

As a kind of green material, natural fiber composite
material has become one of the main development direc-
tions of sewage treatment materials in the future because
of its low price, non-toxic to organisms, and good mass
transfer performance. Natural fibers are mainly composed
of cellulose, hemicellulose and lignin. Hemicellulose acts
as a link between lignin and cellulose [22]. Hemicellulose
and lignin exist in an amorphous state and can be easily
removed by caustic soda and some solvents. The remaining

cellulose is a linear macromolecule composed of many
D-glucopyranose units linked to each other by B-1,4-gly-
cosidic bond, which has good hydrophilicity and pro-
vides the possibility of chemical modification of PVFM
[23,24]. Feng [25] modified PVFM with Arabic gum fiber to
improve the physical and chemical properties of the mate-
rial, such as porosity, water absorption, surface roughness
and specific surface area. The prepared FN-PVFM can
shorten the start-up time, but has poor fluidization in the
bioreactor.

At present, the modification of PVFM with corn stalk
fiber (CSF) is seldom reported and corn straw fiber is a
huge resource in the world [26]. The reasonable develop-
ment and utilization of corn stalks not only helps alleviate
the pressures of resource shortages, but also plays a posi-
tive role in promoting environmental protection. Therefore,
in this study, CSF was innovatively used as the active
material to modify PVFM, to prepare a novel environmen-
tally friendly suspended biocarrier, CSF-PVFM. The spe-
cific objectives of this work were (a) to obtain the optimal
reaction conditions for the preparation of the CSF-PVFM
through single-factor experiments and orthogonal exper-
iments, (b) to study the characteristics of the CSF-PVFM
with Fourier-transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), automatic specific surface
area analyzer, X-ray diffraction (XRD), and thermograv-
imetric analyzer (TGA), and (c) to evaluate the ability of
the CSF-PVFM to remove chemical oxygen demand (COD)
and ammonia nitrogen from sewage.

2. Experimental
2.1. Materials

The corn stalks used as raw material in this study were
obtained from a village in Shi Jiazhuang. The corn stalks
were sufficiently washed with deionized water and then
dried in an oven (101-1A, Tester-Tianjin) at 110°C for 24 h.
The dried samples were crushed and sieved to particle sizes
in the range of 0.5-1 mm. Sodium hydroxide (NaOH) for
the alkali treatment of corn stalks was purchased from the
Tianjin Yongda Chemical Reagent Co., Ltd., China. PVA
17-99 (H) was purchased from the Anhui Wanwei High-
tech New Materials Co., Ltd.,, China. HCHO was pur-
chased from the Tianjin Baishi Chemical Co., Ltd., China.
Concentrated sulfuric acid (H,SO,) was purchased from
the Kaifeng Fangjing Chemical Reagent Co., Ltd., China.
Sodium dodecyl sulfate (SDS) was purchased from the
Tianjin Guangfu Fine Chemical Research Institute, China.
Sodium bicarbonate (NaHCO,) was purchased from the
Beijing Yili Fine Chemicals Co., Ltd., China. All of the
reagents used were analytically pure. Analytical grade form-
aldehyde had a HCHO content of 37%—-40%. Concentrated
sulfuric acid had a strength greater than 98%.

2.2. Preparation of CSF-PVFM
2.2.1. Preparation of CSF

Corn stalk powder was pretreated with 3% NaOH at
45°C for 1.5 h. Then, 5 g of corn stalk powder was mixed
with 100 mL of NaOH in a round-bottomed flask. The



A.Li et al. | Desalination and Water Treatment 260 (2022) 63-76 65

mixture was stirred at a speed of 500 rpm for 1.5 h at
45°C using a precision-enhanced electric mixer (JJ-1100W,
Honghua, China). It was afterwards suction-filtered and
dried at 50°C to a constant mass to obtain the CSF rich in
cellulose and lignin.

2.2.2. Preparation of CSF-PVFM

PVA-mixed deionized water was heated uniformly to
95°C in a water bath to prepare the PVA solution and then
cooled to room temperature for use. First, the PVA solution,
CSF, and SDS were added together in a stoppered three-
necked flask and stirred to form a white pre-polymer with
a stirring speed of 700 rpm in a water bath maintained at
a constant temperature. The catalyst, a concentrated sul-
furic acid, was then added to the pre-polymer drop by
drop. Next, the cross-linker HCHO was also dripped into
the mixture, which was simultaneously stirred at a speed
of 300 rpm. Last, the NaHCO, blowing agent was added
to the mixture with a stirring speed of 700 rpm until the
reaction produced the product, which was then poured
into a mold and dried for 6 h at 60°C. The molded prod-
uct was washed and dried overnight at 60°C to obtain the
porous material, CSF-PVFM.

2.3. Structural characterization of sample
2.3.1. Fourier-transform infrared spectroscopy

Fourier-transform infrared spectrometer (FT-135, Bio-
RAD, US) was used to record the IR spectra of the samples
at room temperature. The sample was mixed with potas-
sium bromide and thoroughly ground in agate mortar.
The mixture was then transferred to a mold and pressed
into transparent sheets.

2.3.2. X-ray diffraction

The X-ray diffractometer (D/MAX-2500, Rigaku) was
used to measure XRD spectra. The angle of diffraction
was varied from 10° to 35°.

2.3.3. Scanning electron microscopy

The internal structure of the sample was studied using
scanning electron microscope (5-4800-I, HITACHI, Japan).
The sample was coated with a thin conductive layer of gold.

2.3.4. Automatic specific surface area analyser

The specific surface area of the material was deter-
mined using Automatic specific surface area analyzer
(NOVA2000, Quantachrome, US). Nitrogen was used as the
adsorbate, and the specific surface area of the sample was
determined according to Brunauer-Emmett-Teller (BET).

2.4. Characterization of the sample properties
2.4.1. Tensile strength

The tensile strength (R ) of the material was analysed
[27,28].

2.4.2. Porosity

The dry material was cut into small cubes with a
volume of 1 cm?. The porosity (&) was calculated by Eq. (1):

e(%)z[l—’s)xloo (1)

where m (g) is the mass, and p (g cm™) is 1.2.

2.4.3. Specific gravity

The dry material was cut into small cubes. The specific
gravity (w) was calculated by Eq. (2):

m(g/cms) = % )

where V (cm?) is the volume, and M (g) is the mass of the
material immersed in distilled water and fully expanded.

2.4.4. Water absorption
The water absorption (A) was calculated by Eq. (3):

_M-m
m

A
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where m (g) is the mass, and M (g) is the mass of the
material immersed in distilled water and fully expanded.

2.4.5. Cross-linking degree
The cross-linking degree (J) calculated by Eq. (4):

1(%)= % %100 )

2

where m, (g) is the mass and m, (g) is m is the mass of
the material after putting it in distilled water at 95°C for 24 h.

2.5. Optimize experimental design
2.5.1. Experimental design based on single-factor analysis

Many researchers have found that these parame-
ters (such as the reaction temperature of the system, the
amount of each raw material, etc.) have a great influence
on the porosity, specific gravity, water absorption, and
cross-linking degree of suspended biocarriers. To analyze
the effect of a single influencing factor on the experimen-
tal result, while not considering the interactions between
different factors, a single-factor analysis method was first
used in this experiment (Table 1). When the effect of one
factor was discussed, the other factors were fixed. Each
experiment was repeated three times.

2.5.2. Orthogonal experiments design

According to the results of a previous single-fac-
tor experiment, an orthogonal experiment was designed
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using online application SPSSAU. As shown in Table 2,
the orthogonal experiment was designed according to
the L (3”) table with six variables: PVA mass concentra-
tion (A), CSF dosage (B), H,SO, dosage (C), HCHO dosage
(D), NaHCO, dosage (E), and reaction temperature (F). In
addition, the blank group (G) was set-up. The following
were the three values of the six variables: A: 9%, 10%, and

Table 1
Screening of experimental conditions

Conditions

8,9,10,11, 12

Factors

PVA mass concentration (%)

CSF dosage (g) 0.2,0.3,04,0.5,0.6
H,SO, dosage (mL) 4,5,6,7,8

HCHO dosage (mL) 4,5,6,7,8

NaHCO, dosage (g) 0.53, 0.58, 0.63, 0.68, 0.73

Reaction temperature (°C) 35, 40, 45, 50, 55

Table 2
Factors and levels of orthogonal experiment

Treatment Factors

A B C D E F G
1 9 0.3 4 4 0.58 40 1
2 10 0.4 5 5 0.63 45 2
3 11 0.5 6 6 0.68 50 3

A: PVA mass concentration (%); B: CSF dosage (g); C: H,SO,
dosage (mL); D: HCHO dosage (mL); E: NaHCO, dosage (g);
F: reaction temperature (°C).

Table 3
Experimental design

11%; B: 0.3, 0.4, and 0.5 g; C and D: 4, 5, and 6 mL; E: 0.58,
0.63, and 068 g; and F: 40°C, 45°C and 50°C, respectively
(Table 3). Each experiment was repeated three times.

2.6. Experimental design of sewage treatment

To determine the feasibility of CSF-PVFM as a suspended
biocarrier, we experimentally studied how it affected the
removal of sewage pollutants. We conducted the experiment
in three main stages: the start-up period, the improvement
period, and the stable period.

¢ The sewage was obtained from the sewage treatment
station of Hebei University of Science and Technology.
The concentration of influent COD was 410-890 mg L,
and the concentration of influent ammonia nitrogen
was between 75-110 mg L mg L. The pH of the sew-
age was adjusted with NaHCO, to maintain it between
6 and 9 [29].

* The sewage treatment experiment was conducted in
a reactor with an effective volume of 4 L at 30°C. The
CSF-PVFM was cut into cubes and placed into the
reactor until it was at 20% capacity. The experiment
adopted a method involving intermittent water inflow
and polluted water entered the reactor from the bottom.
The reactor was aerated using an air pump (DIKMA-
1), which maintained the amount of dissolved oxygen
(DO) between 2 and 4 mg L™ [30].

* The CSF-PVFMs and sewage were added to the reac-
tor, and the aeration rate was controlled at 3 L min™! to,
form the biofilm and to remove the pollutants. Samples
of raw sewage, effluent water, and deionized water were
collected every day. The COD content in the sample

Treatment A (%) B(g) C (mL) D (mL) E(g) F (°C) G
1 9 0.3 4 4 0.58 40 1
2 9 0.4 5 5 0.63 45 2
3 9 0.5 6 6 0.68 50 3
4 10 0.3 4 5 0.63 50 3
5 10 0.4 5 6 0.68 40 1
6 10 0.5 6 4 0.58 45 2
7 11 0.3 5 4 0.68 45 3
8 11 0.4 6 5 0.58 50 1
9 11 0.5 4 6 0.63 40 2
10 9 0.3 6 6 0.63 45 1
11 9 0.4 4 4 0.68 50 2
12 9 0.5 5 5 0.58 40 3
13 10 0.3 5 3 0.58 50 2
14 10 0.4 6 4 0.63 40 3
15 10 0.5 4 5 0.68 45 1
16 11 0.3 6 5 0.68 40 2
17 11 0.4 4 6 0.58 45 3
18 11 0.5 5 4 0.63 50 1
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was determined according to the national standard, the
“Water Quality Determination of Chemical Oxygen
Demand Dichromate Method”, and the ammonia nitro-
gen content was determined according to the industry
standard, the “Water Quality Determination of Ammonia
Nitrogen-Nessler’s Reagent Spectrophotometry”. The
standard curve of ammonia nitrogen was determined
in the experiment (Fig. 1).

3. Results and discussion
3.1. Analysis of the IR spectra

To verify the cross-link reaction, FTIR analysis was
used to study the absorption peaks and the correspond-
ing functional groups of PVA and CSF-PVFM (Fig. 2).
For PVA, a broad band peaked at 3,422 cm™, correspond-
ing to the -OH; the -CH, peak was observed at 2,945 cm™
[31]. For CSE-PVEM, four sharp absorption bands in the
range of 1,250-1,000 cm™ were its characteristic peaks,
which were generated by an acetal bond with a struc-
ture of 1,3-dioxane [32]. These characteristic absorp-
tion peaks were reflected in the infrared spectrum of
the CSF-PVFM, indicating that the cross-linking reac-
tion occurred. The characteristic peak of the intensities
of the hydroxyl radical group transferred from 3,422
to 3,455 cm™, indicating that the CSF-PVFM containing
—-OH still had strong hydrogen bonds. Therefore, CSF-
PVEM used as a suspended filler had good hydrophilic-
ity and excellent biological affinity.

3.2. Analysis of the XRD

The X-ray diffraction patterns of the CSF-PVFM and
PVA membranes are given in Fig. 3. As can be seen, the
high-intensity diffraction peak at 20 = 18.83° is the char-
acteristic diffraction peak of PVA. The XRD pattern of
CSF-PVFM is similar to that of PVA, but the peak pattern
becomes wider, which may be caused by the reaction of
PVA with formaldehyde and CSF, the chemical reaction
of the (-OH) hydroxyl group in the original structure of
PVA, and the weakening of hydrogen bond association [33].

0.4
y=0.1775x+0.0019
03 | R?=0.9995
<< 0.2+
0.1+
00 1 1 1
0.0 0.5 1.0 1.5 2.0

Ammonia nitrogen content /(mg-L")

Fig. 1. Standard curve of NH;-N.

3.3. Analysis of the surface morphology
3.3.1. Analysis of the SEM

Fig. 4 shows the typical SEM images of CSF-PVFM.
In agreement with our expectations, the foam mor-
phology adopted a significant three-dimensional net-
work structure when CSF-PVFM foams were prepared
in optimal conditions. When the mold was completely
filled with the foaming material, the growth of the
foam cells was restricted before its natural end, lead-
ing to a short growth time for bubbles, which reduced
coalescence and the rupturing of bubbles. Thus, a CSF-
PVFM with abundant foam cells was obtained. In addi-
tion, it was also found that the foam cells have a wide
range of pore diameters, which is conducive for various
microorganisms to attach and grow.
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Fig. 2. FTIR spectra of the PVA and CSF-PVFM.
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Fig. 3. XRD diffractograms of PVA and CSF-PVFM.
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(@)

(b)

Fig. 4. Morphology and structure of CSF-PVEM: (a) was appearance of CSF-PVEM and (b) was 40x micropore structure of CSF-PVFM.

Table 4
Specific surface area

PVFM CSF-PVFM
BET model (single-point method) (P/P,=0.2) (m* g™) 0.9002 1.0572
BET model (multi-point method) (m? g™) 1.1894 1.5190
Langmuir model (m? g™) 2.1033 2.7498

Table 5
Tensile strength

Treatment R, pym (MPa) R, cop.pviy MPa)
1 0.50 0.72
2 0.51 0.76
3 0.55 0.70
Mean 0.53 0.73

3.3.2. Analysis of the specific surface area

The specific surface areas of PVFM and CSF-PVFM
measured by the Langmuir model and the BET model are
shown in Table 4. The results show that the addition of corn
straw fiber inevitably increases the specific surface areas.
The specific surface area, according to the BET single-
point method, increased from 0.9002 to 1.0572 m? g™
The specific surface area, according to the BET multi-
point method, increased from 1.1894 to 1.5190 m? g™'. The
specific surface area of the Langmuir model increased
from 2.1033 to 2.7498 m* g~

3.4. Analysis of the tensile strength

The CSF had a positive effect on the tensile strength
of the foams, as seen in Table 5. Specifically, the tensile
strength of CSF-PVFM increased in comparison with that
of pure PVFM, and that can be ascribed to an increase in
the viscosity of the mixture accompanying the larger fiber
content. The result shows that after alkali treatment CSF
could improve the mechanical properties of PVFM, and
further enabled it to have a certain degree of resistance

to hydraulic erosion when used in sewage treatment,
meeting the mechanical requirements of the suspended
biocarrier [34].

3.5. Analysis of the optimize experimental results
3.5.1. The single-factor experiment results

The results obtained by single-factor experiment were
as follows: a PVA mass concentration of 10%, a CSF dos-
age of 0.5 g, a H,SO, dosage of 4 mL, a HCHO dosage of
5 mL, a SDS dosage of 0.3 g, a NaHCO, dosage of 0.63 g,
a reaction temperature of 40°C, a H,SO, dripping time of
6 min, a HCHO dripping time 4 min, and a curing time of
8 h at 60°C.

3.5.2. Orthogonal experiment results

Eighteen experimental groups in the orthogonal exper-
iment were tested to determine the porosity, specific
gravity, and water absorption of the CSF-PVFM materials
under different material ratios and preparation technol-
ogy conditions. The results were analysed to determine
the best CSF-PVFM material ratio and preparation tech-
nology. Table 6 presents the orthogonal table L, (3") and
the experimental results of each index. This study uti-
lized the range analysis method to treat the results of the
orthogonal experiment, and the degree of dispersion of the
data was reflected in the data’s range and variance.

K, is the test result corresponding to the level of fac-
tor m in_column j, and K, is the average value of K .
R =maxK, minK , Table 7 presents the results. The range
determines the degree of significant influence each factor
had on the test results.
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Table 6
Orthogonal experimental table L, (37) and experimental results
of each index

A B C D E F G €¢€%) w(gam?® A
1 1 1 1 1 1 1 1 9617 0.87 16.33
2 1 2 2 2 2 2 2 967 099 21.35
31 3 3 3 3 3 3 9138 097 17.56
4 2 1 1 2 2 3 3 9707 1.08 15.92
5 2 2 2 3 3 1 1 9679 1.01 19.23
6 2 3 3 1 1 2 2 09543 1.07 17.21
7 3 1 2 1 3 2 3 9633 098 18.27
8 3 2 3 2 1 3 1 9476 115 15.27
9 3 3 1 3 2 1 2 9640 1.02 25.58
100 1 1 3 3 2 2 1 9468 09 17.44
11 1 2 1 1 3 3 2 9704 093 18.31
12 1 3 2 2 1 1 3 9706 1.00 23.89
13 2 1 2 3 1 3 2 9268 1.06 18.74
14 2 2 3 1 2 1 3 958 099 19.21
5 2 3 1 2 3 2 1 9704 1.05 2245
16 3 1 3 2 3 1 2 978 1.04 17.09
17 3 2 1 3 1 2 3 9350 1.13 20.73
8 3 3 2 1 2 3 1 9641 1.07 18.63

3.5.3. Analysis of the porosity

Fig. 5 and Table 8 depict the influences of various
factors on the porosity of the CSF-PVFM, which follow the
order HCHO dosage > H,SO, dosage > reaction tempera-
ture > NaHCO, dosage > PVA mass concentration > CSF
dosage.

PVA is the core material for the synthesis of CSF-
PVFM, and the change in its mass fraction had a great
influence on the performance of the material. At a PVA
mass concentration of 10%, the maximum porosity was
reached, and then, the porosity began to decrease with
an increase in the PVA mass fraction. With other condi-
tions being maintained as constant, when the PVA mass
fraction became too large, the viscosity increased exces-
sively, and the bubbles became wrapped in the liquid film
and could not escape smoothly, resulting in low porosity.
Therefore, the optimal PVA mass concentration is 10%.

With the increase in the CSF dosage, the porosity
increased at first and then tended to remain constant.
CSF is also one of the main raw materials for the synthe-
sis of CSF-PVFM. The performance of the material can
be improved by using CSF to modify the material. After
alkali treatment, the surface roughness of CSF increased,
which acted as a nucleating agent. As the amount of CSF
increased, the number of bubbles formed also increased,
as did the porosity of the biocarrier. The porosity of CSF-
PVEM was largest when the CSF content was 0.5 g, and
after increasing the amount of CSF, the porosity of CSF-
PVFM no longer increased significantly. Therefore, 0.5 g
was selected as a reasonable CSF dosage.

The porosity decreased with an increase in the H,SO,
dosage. H,SO, was used as a catalyst for the acetalization
reaction, and the amount had a great influence not only
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Fig. 6. Tend chart on specific gravity.

on the reaction process but also on the foaming effect of
the material. When the amount of H SO, was more than
4 mL, the porosity dropped rapidly. This occurred because
when the sulfuric acid content of the system was too
high, the acetal reaction was too fast and the reaction end-
point was difficult to control, which easily causes the raw
material to cure in the reactor ahead of its time.

As the HCHO dosage increased, the porosity of the CSF-
PVFM first increased and then decreased, showing a nor-
mal distribution. As the cross-linking agent and the main
raw material for the experiment, the formaldehyde dosage
had a great influence on the acetal reaction. If the amount
of formaldehyde was too small, it was difficult for the reac-
tion to reach the endpoint, and, at the same time, shaping
the raw material became difficult or even impossible in
the later stage. When the amount of HCHO was increased
to 5 mL, the porosity reached the maximum. When the
amount of HCHO increased again, the condensation reac-
tion rate was faster, and a violent condensation reaction
occurred, resulting in a large amount of foam becoming
deformed or even rupturing, and the porosity decreased.
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Table 7
Analysis of orthogonal experimental results

Number Factors
A B C D E F G
€ (%) Kl/. 572.00 572.71 577.22 577.20 569.60 578.02 575.85
i 574.83 573.58 574.94 577.38 576.05 572.65 573.00

st 573.18 573.72 567.85 565.43 574.36 569.34 571.16
El i 95.33 95.45 96.20 96.20 94.93 96.34 95.98
Ez,‘ 95.81 95.60 95.82 96.23 96.01 95.44 95.50
Kg,' 95.53 95.62 94.64 94.24 95.73 94.89 95.19
R/. 2.83 1.01 9.37 11.95 6.45 8.68 4.69

w (g cm™®) K]/. 5.71 5.98 6.08 5.91 6.28 5.93 6.10
sz 6.26 6.20 6.11 6.31 6.10 6.17 6.11
K3/. 6.39 6.18 6.17 6.14 5.98 6.26 6.15
le 0.95 1.00 1.01 0.99 1.05 0.99 1.02
Ez; 1.04 1.03 1.02 1.05 1.02 1.03 1.02
Esj 1.07 1.03 1.03 1.02 1.00 1.04 1.03
Rj 0.68 0.22 0.09 0.40 0.30 0.33 0.05

A Kl/‘ 114.88 103.79 119.32 107.96 112.17 121.33 109.35
Kz/ 112.76 114.10 120.11 115.97 118.13 117.45 118.28
Ks,‘ 115.57 125.32 103.78 119.28 11291 104.43 115.58
El,' 19.15 17.30 19.89 17.99 18.70 20.22 18.23
Ez/ 18.79 19.02 20.02 19.33 19.67 19.58 19.71
E3]' 19.26 20.89 17.30 19.88 18.82 17.41 19.26
R]. 2.81 21.53 16.33 11.32 5.96 16.90 8.93

As the NaHCO, dosage increased, the porosity of the
CSF-PVEM first increased and then decreased, showing a
normal distribution. As a foaming agent, NaHCO, reacted
with sulfuric acid during the reaction process and quickly
released carbon dioxide gas, forming a large number of
bubbles in the composite material. A small NaHCO, dosage
created too few carbon dioxide bubbles, leading to uneven
pore formation. With the increase in NaHCO, dosage, the
porosity gradually increased. When the NaHCO, dosage
was 0.63 g, the porosity reached its maximum value. Later,
the large dosage of NaHCO, reacted quickly with sulfu-
ric acid, and the bubbles expanded rapidly in the material.
The pores varied in size, which caused bubbles to easily
burst.

The change in reaction temperature affected the prog-
ress of the acetal reaction. The porosity decreased with
an increase in the reaction temperature. A high tempera-
ture is a disadvantage for acetal reaction. At a reaction
temperature of 40°C, the polymerization was slow and
the cell size was uniform. As the temperature increased
to 50°C, the rate of the dissociation reaction of acetaliza-
tion was considerably accelerated, which affected the ace-
tal reaction process, and the bubbles generated gradually

expanded and ruptured, resulting in serious tearing of
the pores of the material.

Based on the above experimental results, the appro-
priate combination level for the porosity of CSF-PVEM is
A,B.C,D,EF —that is, a PVA mass concentration of 10%,
a CSF dosage of 0.5 g, a H,SO, dosage of 4 mL, a HCHO
dosage of 5 mL, a NaHCO, dosage of 0.63 g, and a reaction
temperature of 40°C.

3.5.4. Analysis of the specific gravity

Fig. 6 and Table 9 depict the influences of various fac-
tors on the specific gravity of the CSF-PVFM, which follow
the order PVA mass concentration > HCHO dosage > reac-
tion temperature > NaHCO, dosage > CSF dosage > H,SO,
dosage. In this study, the PVA mass concentration and
HCHO dosage were found to exercise the greatest influ-
ence, whereas the influence exercised by the remaining
factors was less significant.

The specific gravity gradually increased with the increase
in the PVA mass concentration. At a PVA mass concentra-
tion of 10%, the specific gravity of CSF-PVFM was close
to that of water, so the biocarrier material CSF-PVFM
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could exhibit fluidization in water. However, when the
PVA mass concentration exceeded 10%, the viscosity of
the solution was too large, limiting the growth of bubbles
with a certain amount of resistance. The obtained carrier
material had a relatively compact structure, resulting in a
low porosity and a large specific gravity for the material.
Therefore, the optimal PVA mass concentration is 10%.

As the HCHO dosage increased, the specific grav-
ity of the CSF-PVFM first increased and then decreased.
When the amount of HCHO was too small, the degree
of cross-linking was not enough. The amount of HCHO
gradually increased, the degree of cross-linking contin-
ued to increase, so the specific gravity gradually also
increased. When the amount of HCHO was 4 mL, the
specific gravity reached the maximum and was close
to 1. After that, the degree of cross-linking of CSF-PVFM
increased with the increase in HCHO dosage, resulting
in a high porosity between long molecular chains and
then a decrease in the specific gravity.
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Based on the above experimental results, the appropri-
ate combination level for the specific gravity of CSF-PVFM
is A,B,C,D E.F —that is, a PVA mass concentration of 10%,
a CSF dosage of 0.4 g, a H,SO, dosage of 4 mL, a HCHO
dosage of 4 mL, a NaHCO, dosage of 0.68 g, and a reaction

temperature of 40°C.

3.5.5. Analysis of the water absorption

Fig. 7 and Table 10 depict the influences of various
factors on the water absorption of the CSF-PVFM, which
follow the order CSF dosage > reaction temperature > H,50O,
dosage > HCHO dosage > NaHCO, dosage > PVA mass
concentration. In this orthogonal experiment, the for-
mer three were found to exercise the greatest influence,
whereas the influence of the remaining factors was less
significant.

With the increase in CSF dosage, the water absorption
of CSF-PVFM showed an increasing trend. This occurred
because the repeating units of macromolecules on the sur-
face of straw fibers contain three hydroxyl groups in each
base ring. These hydroxyl groups formed intramolecu-
lar or intermolecular hydrogen bonds, making the fibers
exhibit strong polarity and hydrophilicity. CSF was added
to the raw materials to introduce hydrophilic groups. As a
result, the water absorption of CSF-PVFM increased, reach-
ing maximum at 0.5 g. Therefore, 0.5 g was selected as
the appropriate CSF dosage.

With the increase in the amount of the H,SO, dos-
age, water absorption gradually increased, and at 4 mL
water absorption reached maximum. Afterwards, water
absorption decreased sharply with an increase in the
amount of sulfuric acid. The reason was that the solid-
ification of the foam and the gasification process of the
blowing agent were carried out at the same time, and the
speeds of these two processes must be balanced. When
the amount of sulfuric acid was too large, the acetaliza-
tion reaction was violent, and the end point of the reac-
tion was difficult to control, a gel easily formed in the
reaction kettle, resulting in a decrease in water absorption.
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Fig. 8. Start-up period: removal efficiency of COD (a) and removal efficiency of NH;-N (b).
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Table 8 Table 10
Analysis of variance on porosity Analysis of variance on water absorbency rate
Source SS df  MS F Significance Source  SS df MS F Significance
A 0.698 2 0.349 A 0.725 2 0.363
BA 0.104 2 0.052 B 38.687 2 19.344 1056 1
C 7.942 2 3.971 8.80 2 (o 28.247 2 14.124 7.71
D 15.605 2 7.803 17.30 1 D 11.341 2 5.671 3.10 4
E 3.770 2 1.885 4.18 4 EA 3.356 2 1.678
F 6.430 2 3.215 7.13 3 F 26.029 2 13.015 7.10 3
e 1.901 2 0.951 e 6.908 2 3.454
et 2.703 6 0.451 et 10.989 6 1.832
Table 9 a SDS dosage of 0.3 g, a NaCO, dosage of 0.63 g, and a
Analysis of variance on specific gravity reaction temperature of 40°C. The dripping time of the sul-
furic acid was 6 min and of the formaldehyde was 4 min.
Source SS df MS F Significance The curing time was 8 h at 60°C.
Finally, the experiment was repeated under optimal
At 0.0468 2 0.0234 2600 1 synthesis conditions to confirm that they truly optimized
B* 0.0036 2 0.0018 the performance. Table 11 shows that the average poros-
C 0.0012 2 0.0006 ity of CSF-PVFM can reach 97.2%, the specific gravity can
DA 0.0108 2 0.0054  6.00 2 average 1 g cm? the water absorption can reach 22.58,
EA 0.0078 2 0.0039 433 4 and the degree of cross-linking 96.08%. All of these figures
fay 0.0084 > 00042 467 3 are higher than those of any previous orthogonal experi-
mental result, so the properties of the material have been
e 0.0006 2 0.0003 . . . . 0
maximally improved under the optimal synthesis conditions.
et 0.0054 6 0.0009

Water absorption reached its maximum at 40°C and
then decreased as the temperature increased. When the
reaction temperature was lower, the reaction was slower.
The speed of bubble generation and the speed of curing
were almost balanced, and the generated bubbles gradually
expanded and solidified, which gave the CSF-PVFM a bet-
ter pore structure and high water absorption. However, as
the temperature rose, the reaction rate of the acetal reaction
was accelerated, making it difficult to control the end point
of the experiment, causing a lot of foam to burst, leaving
few pores, a hard texture, and low water absorption.

Based on the above experimental results, the appro-
priate combination level for water absorption of CSF-
PVFM is A,B,C,D,E F —that is, a PVA mass concentration
of 11%, a CSF dosage of 0.5 g, a H,SO, dosage of 4 mL, a
HCHO dosage of 5 mL, a NaHCO, dosage of 0.63 g, and a
reaction temperature of 40°C.

Multiple comparisons were made among different
levels of each influencing factor with differing significance.

When the porous material acts as a suspension material,
porosity and specific gravity have greater impacts on the
material, followed by water absorption. According to this,
for factor A, the optimal levels of porosity, specific grav-
ity and water absorption are A,, A, and A,, respectively. It
could be seen that the second level had the greatest impact
on the experiment, so A, was the optimal level. Finally, the
best combination of factors was A,B,C,D,E,F,. Therefore,
the optimal preparation condition of CSF-PVFM was as
follows: a PVA mass concentration of 10%, a CSF dosage
of 0.5 g, a H,SO, dosage of 4 mL, a HCHO dosage of 5 mL,

3.6. Analysis of the sewage treatment effect

The effect of CSF-PVEM sewage treatment was researched
in this experiment by examining the removal rate of
COD and ammonia nitrogen.

3.6.1. The start-up period

The start-up period mainly involved the cultivation of
biofilm on the CSF-PVFM suspended biocarrier. The micro-
organisms mainly came from sewage that contained fewer
microorganisms, so the hanging time was longer. After the
system ran continuously for 30 d, the COD removal rate
exceeded 70%, and the ammonia nitrogen removal rate
exceeded 90% in Fig. 8. It is believed that the biofilm was
successfully cultured and had entered the rising period.
At this time, the volume load was stable at 0.2 kg (m™ d™),
and the starting state was basically stable.

3.6.2. The elevated period

The elevated period of the system lasted 60 d, and the
volume load increased from 0.2 to 0.4 kg (m= d™'). When
the system volume load was 0.2 kg (m= d), the average
removal rate of COD was 85.55% and the average removal
rate of ammonia nitrogen was 95.75%, presented in
Fig. 9. When the system volume load was 0.3 kg (m= d™),
the average removal rate of COD was 89.44% and the aver-
age ammonia nitrogen removal rate was 96.7%, presented in
Fig. 10. When the system volume load was 0.4 kg (m= d™),
the average COD removal rate was 93.24% and the aver-
age ammonia nitrogen removal rate was 96.61%, presented
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Fig. 9. Volume load was 0.2 kg (m™ d™'): removal efficiency of COD (a) and removal efficiency of NH;-N (b).
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Fig. 10. Volume load was 0.3 kg (m= d™'): removal efficiency of COD (a) and removal efficiency of NH,~N (b).

in Fig. 11. The above results indicated that the system
would enter a stable period.

3.6.3. The stable period

The system volume load was maintained at 0.4 kg
(m= d™). After 30 d of continuous operation, the average
COD removal rate of CSF-PVFM reached 92.84% and the
average removal rate of ammonia nitrogen reached 96.66%,
presented in Fig. 12. This showed that CSF-PVFM had good
removal ability and stable removal effect on COD after being
attached to biofilm and that it had a strong impact load
resistance. At the same time, the removal effect of ammo-
nia nitrogen was relatively good. This was because the outer
layer of the CSF-PVFM was an aerobic zone for nitrifica-
tion, while the inside was an anoxic and anaerobic zone for
denitrification to achieve the overall denitrogenation effect
of the system. In addition, because the microorganisms

attached to the CSF-PVFM had a higher sludge age, the
nitrifying bacteria and submarketing bacteria with a long
generation time could grow and multiply, which enhanced
the sewage denitrification effect. Finally the effluent COD
was less than that of 50 mg L™, and the effluent ammonia
nitrogen was less than that of 5 mg L', which reached the
first-level discharge standard of the national standard,
the “Emission Standard of Pollutants for Urban Sewage
Treatment Plants”. Therefore, CSF-PVFM has a good
removal rate of COD and ammonia nitrogen from sewage.

In recent years, several studies have been conducted
to evaluate the efficiency of different carriers in MBBR for
sewage treatment (Table 12). Hence, it is evident that dif-
ferent types of biocarriers play a crucial role in affecting
the pollutant removal efficiency of MBBR. Moreover, there
are few studies on the application of PVFM as a biolog-
ical carrier to MBBR, and the pollutant removal effect of
most carriers is not as good as that of CSF-PVFM.
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Table 11
Repeat experiments

Treatment Porosity (%) Specific gravity (g cm™) Water absorption Cross-linking degree (%)
1 97.23 0.99 22.79 95.98
2 96.87 1.01 23.07 95.88
3 97.50 0.99 21.88 96.37
Mean 97.20 1.00 22.58 96.08
Table 12

The pollutant removal efficiency of various carriers in MBBR set-up

Biocarrier/Support material

Pollutant removal effects

Removal rate of COD Removal rate of ammonia nitrogen
PVA (Polyvinyl alcohol) gel [35] 90% 91.7%
Polyurethane foam (PUF) [36] 81% 95.6%
Polyester-polyurethane sponge with plastic carrier [37] 93.16% + 1.45% 81.30% +2.03%
Polyethylene (HDPE) [38] 87.89% 87.98%
Novel surface-modified polyethylene (PE) carriers [39] 90.5% 88.6%
Conventional polyethylene (PE) carriers [39] 89.7% 82.3%
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Fig. 11. Volume load was 0.4 kg (m= d™'): removal efficiency of COD (a) and removal efficiency of NH;-N (b).

4. Conclusions

The suspended biocarrier CSF-PVEM was successfully
prepared in this study. The results of FTIR and XRD
indicate that CSF could possibly have cross-links with
PVA through the (-OH) hydroxyl group. The biocar-
rier material has a good three-dimensional network
structure, wide pore size range, and high surface are,
according to the SEM and BET analyses. Additionally,
according to tensile strength and TGA analysis results,
the mechanical properties and thermal stability of the
material improved.

The raw material ratios and preparation technology
conditions were optimized through the single-factor

experiment and the orthogonal experiment. The main
conclusions were as follows: (1) through the orthogonal
test, a biocarrier material could be obtained, with good
porosity, water absorption, and a specific gravity close
to that of water; (2) the orthogonal test method was used
to study the influence of the PVA mass concentration
(A), CSF dosage (B), H,SO, dosage (C), HCHO dosage
(D), NaHCO, dosage (E), and reaction temperature (F)
on the performance of the CSF-PVFM. The order of
the influence of each factor on the porosity by signifi-
cance was D > C>F > E > A > B. The order of the influence
of each factor on the specific gravity of the solidified
material by significance was A > D >F > E > B > C.
The order of the influence of each factor on the water
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