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Binderless Board Made from Composted Rice Straw as
Substrate for Rice Seedlings
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A binderless board was produced from mechanically dissociated compost
straw via suction filtration. The binderless board was applied to replace
the topsoil that is currently used predominantly as the substrate for rice
seedlings in China. The binderless board showed the highest tensile
strength when the rice straw had been composted for 20 days. The bulk
density, aeration, and total porosity of the binderless board showed an
increasing trend with composting time, due to the increased
decomposition of rice straw. The examination of the growth parameters
and root morphology of the rice seedlings showed that electrical
conductivity (EC), pH, and nutrient content of the binderless board made
from rice straw composted for 10 days were conducive to the growth of
seedlings. Polyphenols inhibited rice seedling height and shoot weight and
promoted the rice seedling stem diameter and root weight. Considering
the quality loss, growth index, and the strength of the binderless board, 10
days of composting is the optimal condition. These results indicate that
binderless board can replace top soil and peat when used as the substrate
for rice seedling.
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INTRODUCTION

Rice is a main food source for almost one-third of the world’s population (Jafari et
al. 2018). China is the largest producer and consumer of rice in the world, and
approximately 20% of China’s arable lands, about 30,000,000 ha, is devoted to paddy
cultivation (Li ef al. 2016). As the population increases, the rice yield in China is expected
to increase to 7,850 kg/ha by 2030, resulting in a total of 200 million kg of rice straw per
year (Chen ef al. 2011). However, rice straw is often considered as solid waste due to its
limited industrial application. Therefore, it is necessary to develop new ways to utilize rice
straw.

In China, about 40% of paddy cultivation need rice seedlings. At present, the main
substrate used for rice seedlings is the high-quality farmland topsoil. Additionally, about
1,2960,000 m? top soil are needed for cultivating rice seedlings every year. This has many
disadvantages, such as serious damage to topsoil and, inconvenient transportation. The
more serious problem is that many places are now facing a lack of high-quality topsoil to
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take. Therefore, it is necessary to develop new and renewable substrates to replace the
surface soil.

Straw not only stores more than half of the photosynthesis products of crops, but it
also contains a large amount of nitrogen, phosphorus, potassium, and trace elements
absorbed from the soil during crop growth. The rice straw possesses the potential for
substrate utilization. Composting has been regarded as the best method for substrate
utilization, ensuring maximum circulation of material and energy within the agricultural
system (Hong et al. 2016; Zhong et al. 2018). The composting process can eliminate
phytotoxicity, weed seeds, and pathogens, reduce the quantity and volume of biomass
materials, and decrease the carbon-nitrogen (C/N) ratio. The organic matter can be
stabilized by composting and transforming to “humus” (Zhu et al. 2021). Belal and El-
Mahrouk showed that the compost from rice straw can partially or totally replace peat moss
and vermiculite for ornamental plant nurseries (Belal and EI-Mahrouk 2010; Vaughn ef al.
2013). Many studies have shown that the organic residues from composting can be used as
growth media (Ng et al. 2015; Barrett et al. 2016; Idrovo-Novillo e al. 2018 Jeong et al.
2018). However, these are discontinuous scattered substrates and need to be packed in
containers for seedlings.

The composting process not only decomposes the wax on the surface of straw but
it also partially dissociates the cellulose, hemicellulose, and lignin (Qu et al. 2017). The
length to diameter ratio, and specific surface area of straw fibers resulting from controlled
composting are not big enough to form the binderless board. Mechanical refining
technologies are used to reduce straw particle size, dissociate the fibers, decrease cellulose
crystallinity, increase specific surface area, and enhance the interfacial bonding force by
cutting, shearing, and compression (Sandberg et al. 2020). After the mechanical refining,
the binderless board is produced on a three-dimensional filter mold using vacuum. Water
was removed from the board in a drying tunnel at 160 °C. Hydrogen bonds and Van der
Waals forces were formed between fibers in the drying process. The binderless board must
have a certain strength when it is dry for the transportation. It was not necessary to remain
strong in the presence of water for the application. Besides, the aeration porosity and water-
holding porosity were also important indices for growing seedlings. The binderless board
with a certain strength can substitute for plastic growing trays, thus reducing pollution from
petroleum-based plastics. In addition, using the straw board can result in considerable
savings in cost and labor compared to traditional top soil that are in use.

To reduce damage to the farmland topsoil, binderless board from straw is proposed
as the growing media for rice seedlings. The overarching objective of this study is to
produce binderless board for rice seedlings by suction molding. The chemical and physical
properties during the composting were investigated. The porosity, nutrient, and polyphenol
content of binderless boards were evaluated. The effects of composting time on the
mechanical properties of the binderless board, and on seedling growth in it were tested.

EXPERIMENTAL

Materials and Preparation

Rice straw obtained from local farms (Nanjing, China) was ground to 2 to 3 cm
size. Urea (Jiangsu Linggu Chemical Co., Ltd., Jiangsu, China) was applied to adjust the
C/N ratio to 25:1. The moisture content was approximately 50% during the entire process.
The composting was performed in a container (3mx3mx=3m) with mechanical ventilation.
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The compost was manually turned over every five days. Temperature probes were placed
at five different locations in the middle of the compost pile to test the composting
temperature (Fig. 1), and the average temperature recorded daily. Samples were collected
at 10, 20, 30, and 40 days. All samples were stored at -20 °C, for further analysis.

The binderless board was produced as follows: the compost from rice straw was
defibered at the concentration of 3% for 8 min in the beater (JKCT-SJA; Suzhou Jinke
Automation Equipment Co., Ltd., Suzhou, China); the pH of the solution was adjusted to
5 with H2SOa. After pulping, the refined pulp was transported to the pulp molding machine
using pumps. The binderless board was molded into board (28 cm x 58 cm X1.5 cm) with
pulp molding dies at a suction pressure of -0.06 MPa and suction time of 1 s (JKF-9060;
Suzhou Jinke Automation Equipment Co., Ltd., Suzhou, China). The binderless boards
with composting times of 0, 10, 20, 30, and 40 days are referred to as TO, T10, T20, T30,
and T40, respectively. The tested rice variety was Nanjing 46, and the sowing amount was
160g/block. The seedling raising site was the intelligent greenhouse of Jiangsu Academy
of Agricultural Sciences (118.8755106 E 32.033657295 N).
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Fig. 1. Ambient temperature and compost temperature of the pile during the composting process

Analytical Methods

The nitrogen, phosphorus, and potassium content of the binderless board were
tested using the Kjeldahl method (Kjeldahl 1883), Kitson and Mellon method (Kitson and
Mellon 1944), and flame photometry (FP6450 Flame Photometer; Shanghai Xinyi
Instrument Co., Ltd., Shanghai, China). Mechanical properties of the straw-based board
were established by a tensile testing machine (HY-0580; Shanghai Hengyi Precision
Instrument, Shanghai, China). The aeration porosity, water-holding porosity, and total
porosity of the binderless board are represented by Eq. 1, 2, and 3,

Aeration porosity (%) = [(W1— W2) / V] x 100 (1)
Water-holding porosity (%) = [(W2-W3)/ V] x 100 2)
Total porosity (%) = Aeration porosity (%) + Water-holding porosity (%) (3)

where W1, W2, and W3 are the weights (g) of the binderless board after immersing in water
for 24 h, draining away the water, and air-drying at room temperature, respectively. Over
a growth period of 21 days, the growth parameters were recorded, including weight of fresh
roots, seedling height, root length, stem diameter, leaf area, and dry weight.
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Seedling index was calculated according to Eq. 4 (Kuo et al. 2019):

Seedling index = (Stem diameter / Seedling height + Dry weight of root/dry weight
of shoot) x (Dry weight of root + Dry weight of shoot) 4)

Statistical Analysis

Statistical analysis was performed on the data using one-way analysis of variance
(ANOVA), with composting time as one factor, using the SPSS software (Version 17.0,
IBM, Chicago, IL, USA). The variations in the mean obtained for the three treatment
methods were compared by calculating the least significant difference (LSD), equal to
mean =+ standard deviation (SD), for the three replicates.

RESULTS AND DISCUSSION

Process of Binderless Board Production

During composting, the rice straw was stabilized and became beneficial for the
growth of the seedlings (Wei ef al. 2019). In addition, the hydrogen bond and cell wall
structure in the composted straw broke down easily in the hydrapulper due to shear forces,
and the pulp was converted into smaller particles of cellulose fiber. After passing through
the pulping system, the pulp was transferred to the adsorption molding machine. The
binderless board was shaped by suction filtration and pressing (Fig. 2). Water was then
removed from the board in the drying tunnel. The paddy seeds can now be germinated in
the binderless board.

Rice straw Composting Hydrapulper Suction filtration machine
Rice seedling Substrate board Drying

Fig. 2. Schematic illustration of binderless board production

Tensile Strength of Binderless Board

The tensile strength of the binderless board first increased and then decreased with
the composting time (Fig. 5). The tensile strength of the binderless board depends on
various factors, such as bonding degree of the fiber network (fiber-fiber contact area and
joint strength), fiber length, strength, and orientation (Hollertz et al. 2017). During the
forming process, the straw fibers can bond with one another and form a network when
dried. The waxy layer on the surface of the straw is not decomposed in the early days of
composting, and they cannot form well-knit networks. A longer composting time resulted
in more components being broken down and more fine fibers formed due to the action of
the beater. Rice straw after 20 days of composting had the highest tensile strength. The
shorter and weaker fibers were formed after 30 and 40 days of composting; the fiber
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bonding ability and mechanical interlocking of fibers were weaker, which results in
reduced tensile strength. It has been reported that tensile strength of paper mainly depended
on the bonding ability of fibers (Taipale et al. 2010; Li et al. 2017; Yang et al. 2017). The
main reason may be that the binding function groups, such as -OH and —-COOH, are
decomposed and prevents the formation of fiber network structures, leading to the decrease
in bonding capacity among the straw fibers.
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Fig. 3. Tensile strength of binderless board

Physical Properties of Binderless Board

Media porosity is a significant factor affecting plant growth (Meyer and Cunliffe.
2004). The straw composting for 0, 10, 20, 30, and 40 days, resulted in aeration porosities
of 6.02%, 7.44%, 8.98%, 19.54%, and 21.06%, and water holding porosities of 43.02%,
46.34%, 53.54%, 67.35%, and 66.19%, respectively (Table 1). The aeration porosity and
total porosity showed an increasing trend with composting time. The reason may be the
decomposed cellulose, lignin, and hemicellulose in rice straw produced a large amount of
micropores.

Table 1. Physical Properties of Binderless Board

Bulk Aeration Water Holding | Total Porosity EC pH
Density Porosity (%) Porosity (%) (%) (ms/cm)
(g/cm?®)
TO | 0.12+0.01 6.02+0.12 43.02 +0.23 49.04 +0.32 | 1.28+0.16 523+
0.17
T10 | 0.13+£0.02 7.44 + 0.11 38.9+0.21 46.34 +0.31 | 1.32+0.25 5.39 +
0.15
T20 | 0.14 +£0.01 8.98 £ 0.09 4456 +0.18 53.54+0.32 | 1.36 £ 0.31 5.54 +
0.09
T30 | 0.16+0.03 | 19.54+£0.05 | 47.81+0.17 67.35+0.29 | 1.29+0.19 5.38 +
0.11
T40 | 0.18+0.02 | 21.06 £0.08 | 45.13+0.20 66.19+0.24 | 1.65+0.21 5.54 +
0.02

The physical parameters, such as bulk density, aeration porosity, and total porosity,
are important parameters to be considered in the preparation of growing media (Moldes et
al. 2007). Bulk density increased with the composting time due to the decomposition of
rice straw by microorganisms. The same phenomenon was observed for porosity with more
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micropores formed during the composting process. As can be seen in Fig. 4, the straw
surface becomes uneven and loose with the decomposition of its components. These results
are beneficial for the growth of seedlings. However, the EC and pH increased with
composting time. The higher EC and pH are not conducive to seed germination and growth.
It is well known that the suitable pH for most crops is in the range of 5 to 7 because all
essential nutrients are available to the plant and harmful microbial activity are inhibited at
these pH values (Zhang et al. 2012). The indictor of desirability and quality of the substrate
is the EC (Mininni et al. 2013). Higher EC levels have the potential to provide the nutrients
for the growth of seedlings (Medina et al. 2009; Tittarelli et al. 2009; Carmona et al. 2012).

Nutrient and Polyphenol Content of Binderless Board

The nitrogen, phosphorus, and potassium content of the substrate block increased
with the composting process due to the mass loss caused by straw decomposition (Table
2). Polyphenols are known to have phytotoxic and antimicrobial effects. Polyphenols and
antioxidant phytochemicals exist in plant material; high levels of polyphenols hinder seed
germination (Northup et al. 1998). Polyphenol content of composted straw for 0, 10, 20,
30, 40 days are 8.09, 15.51, 7.13, 5.94, and 4.27 mg/g, respectively. Polyphenol content
increased and then decreased during the composting process due to the degradation and
polymerization of phenolic substances (Bustamante et al. 2008).

Table 2. The Nutrient Content of Substrate Block

Sample | Nitrogen | Phosphorus | Potassium | Available Available Available
(mg/g) (mg/qg) (mg/g) Nitrogen Phosphorus Potassium
(9/kg) (9/kg) (9/kg)
TO 9.54 + 1.18 £ 0.53 741+ 0.83+0.05 | 0.389+0.98 2.87+1.98
0.1 1.13
T10 10.01+ | 1.35+0.34 1145 + 1.29+0.13 0.67 £0.12 5.87+1.18
0.09 0.76
T20 1079+ | 1.47+0.25 17.99 + 1.45+0.28 0.85+0.15 12.62 + 0.98
0.13 0.45
T30 1222+ | 1.53+0.32 22.56 + 1.62 £ 0.17 0.91+£0.13 13.26 + 1.53
0.11 0.51
T40 12.82+ | 1.95+0.21 25.27 + 225+0.15 1.17 £ 0.09 14.27 +1.78
0.21 0.43

Growth Parameters of Rice Seedling

The seedlings grown in substrate made with straw composted for 10 days showed
the best seedling index. The seedling index is a composite index that integrates many single
indexes and is more comprehensive in evaluating seedling. So, it is generally used as the
basic quantitative index of seedling evaluation. In this case, T10 proved to be a suitable
substrate for germinating rice seedlings. The results for rice offer proof that it is possible
to use compost from rice straw for seedling production in nurseries. Nutrient and water
absorbing organs such as roots can affect grain yield and quality (Pan et al. 2016). The
water and nutrient uptake are remarkably influenced by the morphological characteristics
of the root system. The root morphological characteristics can also be affected by the root
growth environment (Panu et al. 2016). The root length, surface area, average diameter,
volume, tips, and forks of rice seedlings are listed in Table 3. The roots grow better in
composted straw than in fresh straw; the root growth is influenced by the nitrogen content
in the growing media (Liu ef al. 2018). The results from this study show that composting
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time within a range of 10 to 40 days had no obvious effect on the root growth of rice
seedlings. Seedling growth parameters are listed in Table 4. The seedling growth index of
rice seedlings improved with the increase of polyphenols content in the binder-less board
with composting time from 10 to 40 days. The polyphenols content and the seedling growth
index showed significant positive correlations with coefficients of correlation (R?) above
0.9, indicating that the polyphenols were conducive to improve the index of rice seedlings
(Fig. 6). Namely, the polyphenols inhibited rice seedling height and shoot weight, and
promoted the rice seedling stem diameter and root weight.

Table 3. Root Morphological Traits of Rice Seedlings

Average
Sample Length SurfacezArea Diameter Root Vo3|ume Tips Forks
(cm) (cm?) (mm) (cm?)
T0 164.63 11.55 0.22 0.066 2339 1134
T10 165.18 11.69 0.23 0.067 2600 1022
T20 168.60 12.11 0.23 0.069 2625 1011
T30 166.94 11.76 0.23 0.067 2624 1157
T40 169.75 12.28 0.23 0.071 2619 1009
Table 4. Growth Parameters of Rice Seedlings
Seedling Stem Fresh Weight (g) Dry Weight (g) Seedlin
Samples Height Diameter Indexg
(mm) (mm) Root Shoot Root Shoot
T0 175.24 + 264+ | 017+ | 023% 0.017 0.029 + 0.028
1.21 0.25 0.01 0.01 0.002 0.001
T10 179.24 + 284 021+ | 029% 0.023 + 0.031 0.052
212 0.35 0.02 0.02 0.001 0.002
T20 180.3 £ 3.29+ 028+ | 033z 0.027 + 0.033 = 0.041
1.56 0.15 0.01 0.01 0.003 0.002
T30 285.77 + 282+ 0.19+ | 0.33% 0.021 0.032 £ 0.036
1.69 0.18 0.03 0.02 0.002 0.003
T40 279.92 + 285+ 0.16+ | 027+ 0.017 0.029 + 0.028
1.54 0.12 0.01 0.01 0.004 0.002
0.055
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)
E
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o y =0.0019x + 0.0234
£ 0035} R? = 0.906
]
S 0030} .
0.025 1 1 1 1 1 1
4 6 8 10 12 14 16
Polyphenols Content (mg/g)
Fig. 4. The correlation plot of polyphenols content vs. seedling growth index
Fu et al. (2022). “Board from composted rice straw,” BioResources 17(3), 5000-5010. 5006



PEER-REVIEWED ARTICLE bi oresources.com

Cost Analysis and Application Prospects

The weight losses at 10, 20, 30, and 40 days were 16.8%, 25.7%, 35.1%, and 44.2%,
respectively. The mass loss increased linearly with composting time. Because excessive
mass loss will increase the production cost of the straw block matrix, the suitable
composting time for rice straw was judged to be 10 days. The production cost of the
binderless board calculated based on the annual production of 15 million pieces is 0.01
dollar/block. The size of the binderless board is 28 cm x 58 cm X1.5 cm, which matches
with the existing rice transplanter (Fig. 5). Therefore, binderless board produced from rice
straw can replace the nonrenewable top soil and peat when used as the substrate for rice
seedling.
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Fig. 5. Picture of the substrate board, rice seedling, mechanical transplanting

CONCLUSIONS

1. Rice straw was subjected to composting, mechanical dissociation, and suction filter
molding to produce binderless board as a substitute for using topsoil. With the
decomposition of lignin and hemicellulose, cellulose was increasingly exposed, and
smaller microfibrils were formed. All samples possessed a crystalline structure, which
allowed them to retain the strength to form a fibrous network.

2. After 20 days of composting, the rice straw had the highest tensile strength due to the
well-knit network among the fibers. High physical parameters, such as bulk density,
aeration porosity, and total porosity are conducive to seed germination and growth.

3. The seedlings grown in substrate produced with straw composted for 10 days exhibited
the best growth parameters. Polyphenols inhibited rice seedling height and shoot
weight and promoted the rice seedling stem diameter and root weight.

4. Mass loss, growth index, and binderless board strength, all the three criteria are
important. Compost for 10 days can kill pathogenic bacteria and weed seeds. And the
tensile strength can be improved. Considering mass loss and growth index, the
composting time for 10days is the optimal condition. It is highly recommended that
binderless board is a suitable topsoil substitute for rice seedlings.
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