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Abstract: Due to its advantages of good heat-resistance, environmental-friendliness, and low cost,
bamboo grid packing (BGP) has become a promising new type of cooling packing. It is being
increasingly used in Chinese industrial cooling towers to replace cooling packings made of polyvinyl
chloride, cement, and glass fiber reinforced plastic. However, mechanical properties and fungal
resistance are a concern for all bamboo applications. In this study, the modulus of rupture (MOR),
modulus of elasticity (MOE), density, crystallinity, and environment scanning electron microscope
(ESEM) properties were compared between fresh BGPs and those that had been in service for nine
years in the cooling towers. The results showed that the MOR, MOE, density, crystallinity, and the
crystal size of the used BGPs decreased to some extent, but still met the requirements for normal
use in a cooling tower. The ESEM observation showed that the used BGPs were not infected by
fungi. The decrease in mechanical properties could be caused by the decrease of density, crystallinity,
and the decomposition of the chemical components of bamboo, but not by fungal infection.

Keywords: bamboo grid packing; cooling packing; cooling tower; mechanical properties;
fungi; bamboo

1. Introduction

Hyperbolic cooling towers are widely installed at power plants, steel mills, petroleum refineries,
and petrochemical plants due to their high capacity for heat rejection and energy saving. Compared
to package-type cooling towers, hyperbolic cooling towers are generally much larger in size and
require much more cooling packing. Cooling packing is the core component of cooling towers, and is
responsible for 60%—70% of the heat dissipation in the cooling tower [1-4]. The type of packing
material has an important role, as it provides a large surface area for evaporative heat and mass
transfer from hot water to the ambient air and increases the contact time between both the two [5].
Different materials such as polyvinyl chloride (PVC), cement, and glass fiber reinforced plastic have
been used as cooling packing. Currently the most popular cooling packing is made of PVC, with a
market share exceeding 70% in China [6]. However, the PVC packing industry is facing major
challenges, such as diminishing availability of petrochemical resources, increases in their prices,
and the residues of PVC in the environment beyond its functional life [7]. In China, there are many
power plants, steel mills, petroleum refineries, and petrochemical plants, from which the discarded
cooling packing could cause severe environmental pollution. Furthermore, PVC packing has a short
service life and poor anti-fouling properties. Thus, researchers and entrepreneurs have been seeking
environmentally-friendly and longer-serving alternatives to PVC.
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Recently, packing material made of bamboo has been put to use in several hyperbolic cooling
towers in China [8]. Bamboo, as one of the fastest-growing and most versatile plants, grows widely
across tropical and temperate zones with wet climate. It is a raw material with great economic
importance that has been used since ancient times. Accounting for around 1% of the world’s total
forest area [9], there is a total area of 31.5 million hectares of bamboo, 60% of which are concentrated in
rapidly developing countries, such as China, India, and Brazil [10]. Bamboo is also an invasive plant
in some parts of the world [11], the expansion of which tends to reduce the biological diversity in local
environment, affect the physico-chemical properties and microbial composition of soil, weaken the
ecosystem function, and change the forest landscape [12]. However, due to the combination of
advantages of fast growth, short life cycle, high mechanical strength, and low energy consumption [13],
bamboo also has an outstanding natural potential for use as packing material, which may help
control the expansion of bamboo forests, reduce greenhouse gas, and provide carbon sequestration.
Compared to PVC packing, bamboo grid packing (BGP) also has certain advantages in temperature
adaptability, anti-fouling properties [6,8], as well as a good cooling performance [14-17]. However,
durability has always been a concern for any application of bamboo materials. The compromising of
mechanical properties caused by continuous exposure to hot water flow in the cooling tower can be
problematic. In addition, bamboo is vulnerable to fungal infection because of its richness in nutrients.
Fungal infection could be fatal as it decreases the mechanical strength of bamboo and subsequently
shortens the BGP’s service life. The lack of research in this aspect hinders the development of BGP for
industrial application.

To fill this gap, the mechanical properties, such as the modulus of rupture (MOR) and modulus of
elasticity (MOE), of BGPs that had been used for nine years in cooling towers were investigated and
compared to the properties of unused control samples. Density and crystallinity were also investigated,
and samples were observed under environment scanning electron microscope (ESEM) to gain a better
understanding of the changes in mechanical properties, as well as BGP’s fungal resistance.

2. Materials and Methods

2.1. Materials

Raw materials were obtained from Moso bamboo (Phyllostachys edulis (Carriere) ].Houz) grown
in Shaowu, Fujiian Province, China. Bamboo culms were cut into strips (1200 mm in longitudinal
direction and 40 mm in tangential direction). Three holes with a diameter of 10 mm were made on
the strips. Round bamboo sticks were inserted into the holes to connect the bamboo strips, as shown
in Figure 1. The dimension of one piece of BGP was 1200 mm x 600 mm X 40 mm, and the spacing
between the bamboo strips was 50 mm. BGP units were stacked to a height of 1.5 m in a hyperbolic
cooling tower (Figure 1). Control samples were collected from the fresh BGP units.

Nine-year-old BGP units were collected from two hyperbolic cooling towers located respectively
in Fujian and Shandong Province. The BGP collected from Fujian Province (FJBGP) was used in
a hyperbolic cooling tower of a thermal power plant. The one collected from Shandong Province
(SDBGP) was used in a hyperbolic cooling tower of a steel mill. In both cooling towers, the inlet
water temperature was 45 to 50 °C, and the water mass flux was around 6500 kg/(h*m?). Prior to the
experiment, all specimens were conditioned at 21 £ 2 °C, with relative humidity of 65 £ 3%, to reach
the equilibrium moisture content (EMC).
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Figure 1. (a,d) Application of bamboo grid packing (BGP) in hyperbolic cooling towers; (b,e) stack of
BGP units; (c,f) BGP assembled with bamboo strips.

2.2. Mechanical Properties and Density Test

Three-point static bending tests were performed according to GB/T 15780-1995 to obtain both the
MOR and the MOE [18]. Since the load on the BGP is mainly in the tangential direction in the actual
working environment of a cooling tower, the bending tests of bamboo strips were also performed in the
tangential direction. The dimension of test specimens was 160 mm (longitudinal) x 10 mm (tangential)
X t (thickness of the bamboo culm wall). Tests were loaded along the tangential direction at a rate of
6 mm/min. The moisture content was measured after the bending tests. The specimen density was
measured with the drainage method according to GB/T 1933-2009 [19]. The number of specimens
in the control group, the FJBGP, and the SDBGP for the determination of mechanical properties and
density testing were ten, twenty, and sixteen, respectively.

2.3. Crystallinity Test

Eighty mesh bamboo powder was used as the experimental material. Bamboo powder was
processed by a mill, which comprised a means of randomly mixing and distributing the small
fiber lengths in various directions at surface pressures far below those that would induce crystallite
fracture [20]. X-ray diffraction (XRD) measurements were performed to assess the crystalline properties
of air-dried bamboo cell walls using an X-ray diffractometer (AV300, Panalytical Co., Amsterdam,
The Netherlands) at a wavelength of 0.154 nm. The incident X-ray radiation was measured as the
characteristic Cu X-ray passing through a nickel filter with a power of 40 kV and 40 mA. The XRD
spectrum of every specimen was recorded in the angles (26) of 5-50°. Three replicates were tested in
this section. The cellulose crystallinity was calculated by the following Segal method [21]:

Toop — 1
C,p = 2027 am o 100% 1)
Ipo2

where C,; represents the crystallinity of cellulose (%), Ipp2 represents the reflection intensity of (002)
plane diffraction, and I, represents the intensity at the minimum near 18° of 20 angle.
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The Scherrer equation, in X-ray diffraction and crystallography, relates the size of sub-micrometer
particles, or crystallites, in a solid to the broadening of a peak in a diffraction pattern [22]. This study
used this method to determine the size of crystal particles in cellulose. The Scherrer equation was used
to calculate the mean size of ordered (crystalline) domains and can be written as [23]:

KA
~ Bcosh

@

where D represents the mean size of the crystal region (nm), K represents a dimensionless shape
factor (0.9), A represents the X-ray wavelength,  represents the line broadening at half the maximum
intensity, and 6 represents the scattering angle.

2.4. Microstructure Observation

An environmental scanning electron microscope (ESEM, XL30 FEG, FEI Co., Hillsboro, OR, USA)
was used to observe the microstructure of bamboo strips. Cubic specimens (5 mm x 5 mm x 5 mm)
were carefully prepared with razor blades and microtome to obtain a neat surface. Then, the surfaces
of specimens were coated with elemental gold film (8-10 nm) and observed under the ESEM.

2.5. Statistical Analysis

Multiple comparisons were first subjected to an analysis of variance (ANOVA) using SPSS 19.0
(IBM SPSS Corporation, Chicago, IL, USA), and significant differences between average values of
control and used BGP specimens were determined using Duncan’s test at 0.05 significance level.

3. Results and Discussion

3.1. Mechanical Properties and Density

The mechanical properties of the BGP strips are presented in Table 1. The MOR of FJBGP and
SDBGP were 106.16 MPa and 107.91 MPa, respectively, and the MOE of FJBGP and SDBGP were
8869.66 MPa and 8986.50 MPa. The difference in mechanical properties between FJBGP and SDBGP
was not statistically significant. However, the MOE and MOR of both FJBGP and SDBGP were all
significantly lower than those of the control samples. These results demonstrated that the hygrothermal
conditions in the cooling towers had a negative effect on the BGP’s mechanical properties. This might
be related to the degradation of bamboo components by the water flow, which decreased its density
and crystallinity.

Table 1. The average MOR, MOE, and density of used BGPs and control samples.

MOR MOE Density Retention of Properties (%)
Materials (MPa) (MPa) (g/em?) MOR  MOE Density
Control 143.15 £ 16.68a  10,250.83 4= 1091.67a  0.7165 =+ 0.4452a 100 100 100

FJBGP 106.16 +19.14b  8869.66 £ 1737.26b  0.6596 + 0.5839b 74.16 86.53 92.06
SDBGP 107.91 £ 26b 8986.50 + 2010.31b  0.6531 + 0.8499b 75.38 87.67 91.15

Note: Standard deviation are presented after +. The different letters in the same column indicate a significant
difference at the 0.05 level.

Compared to the control samples, the MOR retention of FJBGP and SDBGP were 74.16%
and 75.38%, respectively, and the MOE retention of FJBGP and SDBGP were 86.53% and 87.67%.
The retention of MOE exceeded that of MOR, which could be attributed to the fact that the hemicellulose
and cellulose are more susceptible to degradation than lignin in hygrothermal condition [24,25].
Bamboo is mainly composed of cellulose, hemicellulose, and lignin. Cellulose in the cell walls of
bamboo acts as a framework that provides both elasticity and strength, while lignin acts as a hard and
solid substance that contributes to hardness and rigidity [26]. Hemicellulose acts as a matrix material
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that ensures the toughness, hardness, and strength of bamboo [24]. The thermal stability of lignin is
better than that of cellulose and hemicellulose [26].

According to the “Technical specifications for bamboo filler of fossil fuel plants cooling tower” [27],
the normal requirements for MOR and MOE are 100 MPa and 8500 MPa, respectively. Although the
mechanical properties of the used BGP decreased, they still met the requirements despite nine years
of use.

The average densities and standard deviations are shown in Table 1. The difference in density
between FJBGP and SDBGP was not statistically significant. The densities of FJBGP and SDBGPT were
significantly lower than that of control samples at the 0.05 level. The density retention of FJBGP and
SDBGP were 92.06% and 91.15%, respectively, compared to control samples. The decrease of density
could be explained by the degradation of bamboo cell wall components and the loss of water-soluble
starch in the cell lumina (see Section 3.3) caused by the circulating hot water. However, the effect of
starch loss on the density decrease could be neglected because the percentage of starch content in
Moso bamboo is only around 0.1% [28]. The decrease of density could also explain the decrease of
mechanical properties of the used BGP, since there was a significant correlation between density and
mechanical properties, as presented in Figure 2, which was consistent with previous research [29].
However, the values of used BGPs were lower than those of control samples with similar densities for
MORs (see the dotted circle of Figure 2), but not for MOEs. The reason could be the degradation and
hydrolysis of hemicellulose and cellulose far exceeded that of lignin, as explained above. In addition,
the decrease in cellulose crystallinity may also be an important factor (see Section 3.2).
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Figure 2. Relationships between MOR/MOE and density. Details of the dotted circles are explained in
the text. FJBGP: bamboo grid packing collected from Fujian; SDBGP: bamboo grid packing collected
from Shandong.

3.2. Crystallinity

Cellulose consists of amorphous and crystalline regions. Crystalline cellulose is tightly packed
and hard to degrade, while the amorphous region easily decomposes under high temperature [30].
Cellulose crystallinity refers to the percentage of crystalline cellulose in the total cellulose and reflects
the degree of crystallization that occurs during cellulose accumulation. The degree of orientation and
relative content of the crystalline region have a significant effect on the fracture strength, toughness,
and elastic modulus of bamboo [24]. When the cellulose is subjected to external forces, the molecular
chains will be aligned along the direction of the external force to produce the preferential orientation,
and the interaction between molecules will be greatly enhanced.

The XRD patterns of the three groups of samples are shown in Figure 3. It is clear that there was
no change in the position of the cellulose diffraction peak. However, after BGP had been used in the
cooling tower for nine years, the intensity of cellulose diffraction peak (002) significantly dropped.
The crystallinity and crystal size of samples are as shown in Table 2. Compared to the control samples,
the crystallinity retention of FJBGP and SDBGP were respectively 87.76% and 89.77%, and the crystal
size retention of FJBGP and SDBGP were 85.21% and 86.88%. Hot water in the cooling tower could
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degrade the amorphous matrix of the used BGPs, which may increase the C,;. However, in this study,
the crystallinity of FHBGP and SDBGP decreased. This could be explained by the following reasons:
The hot water cleaved acetyl groups from hemicellulose side chains to yield acetic and uronic acid [31],
which catalyzed the hydrolysis of cellulose. Acid degraded not only the amorphous region of cellulose,
but also the crystalline region [32], which is consistent with the decrease in crystal size (Table 2).
The proportion of the crystalline region in the cell walls was low. When acid cleaved the molecular
chain in the crystalline region, part of the crystalline region would be turned into an amorphous region,
resulting in lower crystallinity and smaller crystal size of SDBGP and FJBGP.
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Figure 3. X-ray diffraction (XRD) patterns of the three sample groups.

Table 2. Crystallinity parameters of the three sample groups.

Retention of Properties (%)

Sample 20 Cu D (nm)

Cur D
Control 21.88 0.3276 2.82 100 100
FJBGP 21.76 0.2875 24 87.76 85.21
SDBGP 21.83 0.2941 245 89.77 86.88

The decrease in crystallinity led to low fracture strength and elastic modulus of the BGP, which can
partly account for the decrease of MOR and MOE of used BGPs (Table 1).

3.3. Microstructure Characteristics

Bamboo is susceptible to insect and fungal infestation, which can modify the microstructure
and reduce the mechanical properties of bamboo. According to the classification of durability,
bamboo belongs to the third grade (non-durable grade). In general, when untreated bamboo is
used in the outdoor environment, its service life does not exceed seven years [33]. The poor durability
of bamboo is due to its richness in nutrients, which provide a food source for insects and rot fungi.
After being infected by rot fungi, the microstructure of the bamboo changes, i.e., holes eroded by rot
fungi appear in cell walls and mycelium in the cell cavities.

As shown in Figure 4a,b, the parenchyma cells of the control specimens contained many starch
granules—several cells were virtually full of it. Furthermore, the starch granules were big. The inner
walls of the cells were smooth. After being subjected to a rotting test for three weeks and 15 weeks,
respectively, starch granules in the parenchyma cells disappeared and had been completely digested
by rot fungi (Figure 4c,d) [33]. There were a large number of mycelia in the cell cavities, and the
inner walls of the cells have formed big holes due to erosion by rot fungi. Noticeably, the following
phenomena were observed in this study of both SDBGP and FJBGP: In the parenchyma cells of used
BGPs, large-size starch granules disappeared (Figure 4e,f), but a few small-sized granules were still
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present. The inner walls of all cells remained smooth, without mycelium. The holes observed in
the inner walls of cells were not the result of erosion by rot fungi, but were pits. These phenomena
indicated that the BGPs were not attacked by fungi after being used for nine years, which could be
explained by the following reasons: Firstly, the surfaces of the bamboo strips were covered with a
0.1-0.5 mm thick water film due to the continuous presence of water flow in the cooling tower [34].
Bamboo decay fungi are mostly aerobic fungi. The water film prevented them from obtaining oxygen.
Secondly, the water temperature in the cooling towers generally exceeded 40 °C, which is higher than
the suitable temperature for fungal growth (3~38 °C) [33]. Moreover, the starch granules in the bamboo
were partially dissolved by the circulating hot water, resulting in the decreased amount and size.

[\

Magn =
2000x

Figure 4. Environment scanning electron microscope (ESEM) images of bamboo cells. (a,b) Control
samples; (c,d) specimens after three and 15 weeks of decay, respectively (from Qin [33]); (e,f) specimens
of the used BGPs.
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Combining all the findings and analyses, it can be concluded that the decreases in the mechanical
properties of used BGPs were caused by decreases in density and crystallinity instead of fungal
infection, despite that, for most bamboo applications, reduced durability caused by fungal damage is
one of the major problems.

4. Conclusions

The properties of BGP that had been in use for nine years in two industrial cooling towers were
investigated and compared to those of unused control samples. It was found that the MOR and MOE
retentions were around 75% and 87%, respectively, which still met the normal use requirements for
cooling towers. The density decreased with retention more than 91%. The crystallinity and crystal size
retentions were about 89% and 86%, respectively. Bamboo is vulnerable to fungal infection due to its
rich content of nutrients. However, a small amount of small-size starch granules was still present in
the cell lumina of used BGP, and bamboo cell walls were also free from mycelia, which indicated that
the used BGPs were not infected by fungi. No significant differences in the properties were found for
the BGPs collected from the two cooling towers, which had similar conditions.

This study provides primary data for BGP used in industrial cooling towers. Further evaluation
of BGP’s service life is essential, as it may help promote the application of BGP as one of many uses of
the abundant biomass resource of bamboo.
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