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Rapid Preparation of a Composite Insulating Block
Comprising Waste Expanded Polystyrene (EPS) Foam
and Rice Straw

Yuting Dou, Anhong Bao,* Duhong Sun, and Zenan Niu

Due to the world’'s decreasing energy supply, reducing the energy
consumption of building envelopes has become an urgent issue with
economic benefits. Rice straw is a generally available agricultural residue.
The purpose of this study was to estimate the effects of rapid pretreatment
methods and slaked lime on the molding of rice straw insulation blocks
and to evaluate the effectiveness of integrating expanded polystyrene
(EPS) particle waste with rice straw as building materials to reduce the
energy loss in buildings. The pretreatment time was shortened from 6 h to
3 h by mechanical stirring combined with lye soaking. The molding of the
insulation block could be improved by the hardening of slaked lime through
contrast experiments and electron microscope scanning. Moreover, the
influences of the mass ratio of slaked lime to rice straw (RSR) and the
dosage of the EPS particles (weps) on the dry apparent density and the
thermal conductivity of the insulation blocks were studied. The results
showed that the slaked lime would increase the dry apparent density and
weight of the insulation block, but the EPS can effectively reduce this
negative effect and keep the thermal conductivity of the insulation block
below 0.049 W-m1-K1. Ultimately, the rapid pretreatment technology was
determined to include lye soaking for 3 h and mechanical stirring for 5 min.
The material matching ratio scheme was determined to have a weps value
of less than 3% and an RSR value equal to 1/7.5.
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INTRODUCTION

Currently, the world is confronted with fundamental problems regarding a
deficiency of energy resources, environmental pollution, ozone depletion, and climate
change (Carlini et al. 2014; Sun and Yu 2021). Reducing energy consumption is imperative
to confront these issues. Buildings account for the maximal share of energy use, and they
are responsible for 40 percent of global energy consumption (Huo et al. 2018). Studies
focusing on new construction materials using local raw materials need to be carried out,
contributing to a reduction in energy consumption (Florea and Manea 2019). The thermal
insulation of building envelopes is a technique that can avoid high energy consumption due
to heating, cooling, and air conditioning systems. In Asia, especially in south China, rice
is a staple food grain crop that produces rice straw as a waste byproduct (around 731 MT
globally each year) (Saini et al. 2015). Given the low density, porous structure, abundant
resources, and outstanding heat insulation characteristics of rice straw, it has been used as
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building envelope insulation material for a long time. This combination not only utilizes
the agricultural waste adequately but also facilitates the construction of buildings with a
significantly lower environmental impact. In addition, it has certain economic benefits, for
example, reducing costs of construction materials and reducing costs for cooling during
summer and heating during winter (Hussein et al. 2019).

Rice straw has been used in building envelopes, such as straw bales, straw fiber
bio-composite board, and straw cement-based building material, among others. Straw bales
can be used to construct a comfortable and eco-friendly building environment, which
benefits from its certain bearing capacity, strong insulation of heat and sound, low energy
consumption, and absence of negative environmental impacts (Bhattacharyya et al. 2020).
From an operational point of view, the essential characteristics of straw building systems
can be summarized by grouping them into three broad categories: load bearing, in-fill, and
mixed system (Mutani et al. 2020). However, the thermal conductivity of straw bale is
closely related to hygrothermal conditions in building components. If subjected to
excessive moisture level, there is high probability of mold growth and straw degradation,
and its thermal insulation performance decreases (Koh and Kraniotis 2020). Straw fiber
bio-composite boards include medium-density fiberboard (MDF), particleboard, and
plastic bonded board (Aladejana et al. 2020). The straw fiber bio-composite board stands
a chance of lowering the requirements for both air conditioning and heating, thereby
economizing the energy in buildings (Marques et al. 2020). Nevertheless, there are
numerous shortcomings. The major challenge is the interfacial compatibility of straw fiber
materials and virgin/recycled adhesives with other components in bio-composite board
system (Mohanty et al. 2018).

Research has focused on self-insulating concrete composite blocks with rice straw
insulation blocks as the filler. These composite blocks present the advantage of making up
for the insufficient heat storage capacity and thermal inertia index of hollow concrete
blocks, which then improves the indoor thermal and humid environment. The composite
blocks also have a strong bearing capacity and can avoid mildew and rot of rice straw
insulation blocks under high humidity. However, rice straw insulation blocks as the fillers
of self-insulating composite blocks do have some problems regarding their preparation.
These issues were outlined in research by Lu et al. (2010). First, the pretreatment time of
the rice straw can be too long to make it feasible for industrial production. Second, the rice
straw fibers can swell by absorbing water when they are soaked in the alkaline solution.
Pressing the straw insulation block by the external force can cause a lot of alkaline liquid
waste, which can pollute the environment. Finally, by relying on the self-bonding
properties of the rice straw and the external force of the pressing to achieve the bonding
and molding of the rice straw insulation blocks, the shape of the finished product was
warped.

The pretreatment of rice straw can break the tight structure between cellulose,
hemicellulose, and lignin so that the rice straw can bond better. Research has revealed that
the physical crushing of biomass material could effectively disrupt and modify the biomass
structure to increase the surface area of the biomass material (Zheng et al. 2015). The
increasing surface could be more beneficial to the reaction between the rice straw and the
alkaline solution. Thus, physical damage such as mechanical stirring combined with lye
soaking could significantly improve the pretreatment efficiency of rice straw.

Lime as binding material for decorative plasters or masonry mortar has been used
as a construction material for thousands of years in China (Dai 2013). When lime is slaked,
it reacts with water and precipitates calcium hydroxide crystals. In a dry environment,
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calcium hydroxide reacts with carbon dioxide in the air to form calcium carbonate, which
is called carbonization. The chemical reaction formula is as Eq. 1 (Zilch et al. 2014):

The generated calcium carbonate and calcium hydroxide work synergistically in the lime
slurry. It can be seen from the chemical formula that carbon dioxide is required for the
reaction, and carbonization occurs mainly on the surface in contact with air. A calcium
carbonate film that is hard and has a certain strength is formed on the surface of the lime
slurry. It covers the surface of the structure to wrap and bond the material. That is to say,
lime can be used as a cementitious material. Liu (2010) studied the influence of various
gelling media on the shaping of wheat stalks and finally chose slaked lime slurry. He
determined that after 26 d of curing, the quality of the wheat stalks remained unchanged,
indicating that the hardening of lime slurry and evaporation of water reach stability.
Though the slaked lime does not harden absolutely in tens of days, it still has several
desirable properties, such as good adhesion, antimicrobial capability, and aesthetic
appearance (Shirakawa et al. 2003; Alphin et al. 2009). In addition, the slaked lime
gradually changes to calcium carbonate, which has higher mechanical strength with time
(Toniolo et al. 2011).

Expanded polystyrene (EPS) foam has many excellent characteristics: a low density,
good shock absorption, good thermal and sound insulation performance, a high specific
strength, waterproof characteristics, and acid and alkali resistance. Waste polystyrene foam
is also hard to degrade naturally. If they are recycled, that can avoid plastic pollution. Sayil
and Girdal (1999) investigated gypsum blocks that contained polystyrene foam beads. The
results indicated that the polystyrene foam beads could reduce the thermal conductivity
and density of such composites.

Therefore, this study used mechanical stirring as a pretreatment method and added
hydrated lime powder as a gelatinizing agent to research rice straw resources integrated
with EPS particle waste as building materials, based on previous research. The study aimed
to pave the way for the industrial production of the rice straw insulation blocks and provide
a new idea and reference for the utilization of crop straw and plastic waste as building
materials through studies of the material matching ratio and the properties of rice straw
insulation blocks.

EXPERIMENTAL

Preparation Process of Rice Straw Insulation Block

The rice straw (XiDaYou216) was obtained from an experimental farm of
Southwest University in Chongging, in southwest China. The rice straw was trimmed into
small pieces (3 to 4 cm) with a grass cutter (Xianglong Hardware Machinery, Shandong,
China), dried in an electric heating constant temperature drying oven (DHG-9240A;
Shanghai Qixin Scientific Instruments Co., Shanghai, China) at 60 °C to a constant weight
(about 36 h), and then kept in sealed plastic bags. Sodium hydroxide (NaOH) (Chuandong
Chemical Industry Co., Chongging, China) with a purity greater than 96% was prepared
into a solution with a mass fraction of 1%, which was determined by previous research
(Sun et al. 2020). The rice straw was soaked in the NaOH solution for 3 h. The soaked rice
straw was stirred directly using a cement mortar mixer at a high speed for 5 min. The
soaking time and the stirring time were only changed if specified. The purpose of this step
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was to use mechanical force to destroy the structure of the rice straw and shorten the
soaking time. The slaked lime or the EPS particles were stirred together with the rice straw
when they needed to be added. At this point, the pretreatment was complete.

The rice straw or pretreated mixture was poured into the mold (70.7 mm x 70.7 mm
x 70.7 mm) and then compacted into stable form vertically with pressure applied via a
microcomputer-controlled electron universal tester (YAD-2000; Changchun Kexing Test
Instrument Co., Jilin, China). The mold was removed after 24 h, and the rice straw
insulation block was cured for 28 d (the time required for quality stabilization of rice straw
insulation block by tests) at an appropriate atmosphere and temperature.

Methods
Forming test

Due to the combination of mechanical stirring and the NaOH solution soaking, the
softening method of the straw had changed. Furthermore, to be more conducive to the
bonding between the rice straw and the forming of the rice straw insulation blocks, new
composition materials were added, namely slaked lime and EPS particles. The tests to
explore the impact of these changes on the forming of the rice straw insulation blocks were
designed as follows.

The first was the effect of the mechanical stirring and slaked lime on the rice straw
insulation blocks. The material consumption and test conditions are outlined in Table 1. To
reveal the forming principle of the rice straw insulation blocks, the cross-section of Sample
D (control) was scanned by a scanning electron microscope (SEM) (Phenom-World,
Eindhoven, Netherlands). Next, the dosage of the EPS particles’ (weps) influence on the
rice straw insulation blocks was examined. The weps value was the mass percentage of EPS
particles to rice straw. Samples F to J were set, and the weps values for samples F, G, H, I,
and J were 2%, 4%, 6%, 7%, and 8%, respectively. The mass ratio of the slaked lime to
rice straw (RSR) was 1/6, and the other conditions remained unchanged.

Table 1. Material Consumption and Test Conditions

sample| NaOH Solwon | o 6% || Seit | ewe | Sotns | Sung
A 1 100 16.7 1/6 6 0
B 1 100 16.7 1/6 6 5
C 1 100 33.3 1/3 3 5
D 1 100 16.7 1/6 3 5
E 1 100 16.7 1/6 1 5

* RSR is the mass ratio of slaked lime to rice straw; RSR=1/6 was obtained through the pre-
test.

Orthogonal design

The thermal performance and the self-weight of the straw insulation blocks had a
strong relationship with the dry apparent density. In addition, the RSR, the wers, and the
mechanical stirring time of the rice straw insulation block were all related to the dry
apparent density. Therefore, an orthogonal experiment was designed to explore the
influence of the three factors on the dry apparent density. The levels of the orthogonal
experimental factors are shown in Table 2.

Dou et al. (2022). “Rice straw-polystyrene blocks,” BioResources 17(1), 699-713. 702



PEER-REVIEWED ARTICLE

bioresources.com

Table 2. Levels of the Orthogonal Experimental Factors

Levels Factors — - -
RSR wers (%) Stirring Time (min)
1 1/3 2 5
2 1/6 4 10
3 1/9 6 15

The RSR and weps testing

The arrangement of the RSR and weps tests is shown in Table 3. The R and E tests
for the dry apparent density of the finished rice straw insulation blocks were conducted in
accordance with the GB/T standard 6343-2009 (2009). The thermal conductivity of the R
was measured with an intelligent flat thermal conductivity tester (DRCD-3030A; Shanghai
Meiyu Instrument Equipment Co., Shanghai, China). After the samples were dried to a
constant weight, their qualities were measured every day in a laboratory environment, and
their moisture content (MC) was calculated to reflect the moisture absorption of the E test.
The MC of the sample was calculated according to Eq. 2,

MC (%) = (W, — W,)100/W; (2)
where W is the mass of the sample at day t and Wo is the initial mass of the dried sample.

Table 3. Arrangement of the Tests of the RSR and the weps

ot R |_Sample [ Ri R2 R3 R4 R5 R6 A
RSR 0 1105 | 19 | 175 | 16 | 145 | 1/3 EPSTST
Sampl E1 E2 E3 E4 E5 E6 E7

TestE |—2mPe RSR=1/6
weprs/% 0 1 2 3 4 5 6

RESULTS AND DISCUSSION

Result of the Forming Test

The dimensions for evaluating the molding effect of the samples included the shape
regularity, the surface flatness, and the material bonding status. The molded rice straw
insulation blocks are shown in Fig. 1. Comparing the forming effects of sample A and
sample B, the mechanical stirring made the shape of the blocks more regular, the surface
of the blocks flatter, and the materials of the blocks more firmly bonded. Sample B was
judged to be better than sample D, and sample D was better than sample E, which proved
that a longer soaking time was more conducive to forming. However, the forming effect of
sample D was only slightly worse than that of sample B. That is to say, with the mechanical
stirring, appropriately reducing the soaking time did not affect the forming effect.
Therefore, the soaking time was cut from 6 h to 3 h.

Sample C was flat and tightly bonding because of the more slaked lime content,
which showed that the slaked lime helped the blocks to bond and form. As shown in Fig.
2, the calcium carbonate solids generated by the lime slurry reacting with carbon dioxide
were scattered randomly on various parts of the rice straw. The calcium carbonate solids
wrapped on the surface of the rice straw and filled the voids, making the composite material
into a relatively solid whole.
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Fig. 1. The forming effect of the rice straw blocks. Images a) through €) correspond to samples A
through E, respectively.

Fig. 2. The apparent morphology analysis of the rice straw insulation block sample by SEM
analysis. The sample was magnified at a) 5,000%, b) 1,000%, or c) 500x%.

The EPS particles affected the bonding of the rice straw and slaked lime, so it was
necessary to study the influence of the weps on the forming of the blocks. The result is
shown in Fig. 3. The forming effects of samples F, G, H, and the control sample (sample
D) were satisfactory, and there was no significant difference between them. The forming
effect of sample | was worse than sample H, and Sample J had the worst formation. When
the weps did not exceed 6%, the EPS had little influence on the forming effect of the
samples. When the weps exceeded 6%, the forming of the specimens worsened, presenting
a rougher, uneven surface with an irregular shape. The bonding of the rice straw and the
lime slurry was seriously hindered by an excess of EPS particles scattered in the material,
resulting in poor workability of the mixture. Therefore, to ensure the molding effect of the
rice straw insulation blocks, the weps should not exceed 6%.
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(d)

Fig. 3. The influence of the weps on the forming effect of the rice straw block. Images a) through
e) correspond to samples F through J, respectively.

Analyses of the Dry Apparent Density
Evaluation of the RSR, weps, and stirring time

The orthogonal design plan and the analysis are shown in Table 4. According to the
analysis of variance (ANOVA), the optimal combination was an RSR of 1/9, a weps of 6%,
and a stirring time of 15 min. The F-values of the RSR and the weps were greater than
Fo.01(2,2), which showed that the influences of the RSR and the weps on the dry apparent
density were particularly significant, and the effect of the RSR was greater than that of the
weps. However, the F-value of the stirring time was far less than Fo.os(2,2), which indicated
that the stirring time had a minimal effect on the dry apparent density. To reduce the costs,
the stirring time was set to 5 min during the preparation.

Influence of the RSR on the dry apparent density

Figure 4 illustrates the influence of the RSR on the dry apparent density. It can be
seen that the dry apparent density of the rice straw insulation block gradually decreased as
the RSR decreased. Decreasing the RSR meant decreasing the relative content of the slaked
lime, which decreased the calcium carbonate solids that were generated during the curing
process of the rice straw insulation block. The rice straw was also lighter than the calcium
carbonate solids so that the dry apparent density of the rice straw insulation blocks
decreased as the calcium carbonate solids content decreased.
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Factor Dry Apparent
Test 1A 2B 3 4C Density yi
RSR WEPS Stirring Time (kg/m?)
1 1 1/3 1 2 1 1 5 233.6
2 1 1/3 2 4 2 2 10 221.5
3 1 1/3 3 6 3 3 15 210.4
4 2 1/6 1 2 2 3 15 212.8
5 2 1/6 2 4 3 1 5 202.8
6 2 1/6 3 6 1 2 10 192.4
7 3 1/9 1 2 3 2 10 208.8
8 3 1/9 2 4 1 3 15 197.4
9 3 1/9 3 6 2 1 5 186.9
Kij 665.0 655.2 623.4 623.3
Kz 608.0 621.7 621.2 622.7
Ks; N 7 22 20.
3j 593.10 589 6 620.6 K = 1.866.6
Q 38817.29 | 387848.01 | 387133.67 | 38713418 | p= 387,132.84
ANOVA S 974.45 715.17 0.83 1.34 Fo.01(2,2)=99.01
f 2 2 2 2 Fo.05(2,2)=19.00
Siffi 487.22 357.58 0.41 0.67
F 1178.77" 865.12" - 1.62
R 72.40 65.5 2.2 2.7 -
Range |  Factor ABC
Analysis OPnt(')myl
ptima
Combination AaBaCs
** F> Fo.01(2,2)=99.01, impact particularly significantly; * Fo.01(2,2) = 99.01=2F>F0.05(2,2)=19.00,
impact significantly
* Three samples each test was performed, and the value of dry apparent density each test is
the average of the three samples.
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Fig. 5. The influence of the weps on the dry apparent density

Influence of the weps on dry apparent density

The effect of the weps on the dry apparent density of the rice straw insulation blocks
is shown in Fig. 5. It was clear that the dry apparent density of each sample was lower than
that of the control, and the dry apparent density of the rice straw insulation blocks gradually
decreased as the wers value increased, showing an obvious linear negative correlation. This
was attributed to the extremely low apparent density of the EPS (18 to 25 kg/m?®). As the
weps increased, the EPS particles per unit volume of the rice straw insulation blocks
increased, causing the dry apparent density of the rice straw insulation blocks to decrease.
This result was similar to the conclusions of other scholars and researchers who changed
the foam amount to adjust the dry apparent density of foamed concrete (He et al. 2019;
Hashim and Tantray 2021; Saheed et al. 2021).

To summarize, the slaked lime increased the density of the rice straw block, but the
density was reduced as the weps value increased. The coordination of the two factors can
ensure that the dry apparent density of the rice straw insulation block meets the criterion
that the density of self-insulation filling materials should less than 250 kg/m? limit of straw
bricks specified in the JG/T standard 407-2013 (2013).

Assessment of the Thermal Conductivity

The rice straw insulation block, which mainly provided thermal insulation, was the
filling material of the self-insulating concrete composite block. The thermal performance
of the rice straw insulation block directly determined the thermal performance of the self-
insulating concrete composite block. The thermal conductivity of the rice straw insulation
block was an important index to measure the thermal performance, and smaller thermal
conductivity and better thermal performance were achieved. Figure 6 demonstrates that
each rice straw insulation block had a low thermal conductivity at room temperature.
Without the addition of the EPS particles, the thermal conductivity of the rice straw
insulation block was approximately 0.049 W-m™-K, which is slightly greater than that of
the samples with the EPS particles. Compared with aerated concrete and clay brick, the
rice straw insulation block had a better thermal performance. Liu and Yu (2002) used a test
procedure for rice straw similar to the porosity of textile fibers to determine that the
porosity of the stem was 61.0%, the porosity of the leaves was 58.2%, and the porosity of
the nodes was 49.4%. The result confirmed that the rice straw itself contained many pores,
which hindered the heat transfer inside the straw insulation blocks.

As shown in Fig. 6, the thermal conductivities of the rice straw insulation blocks
decreased as the weps value was increased. The thermal conductivity of the EPS particles
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was minuscule (approximately 0.043 W-m*.K™?), which was less than two times the
thermal conductivity of air (approximately 0.027 W-m™-K at room temperature). The
EPS particles were randomly scattered in the rice straw insulation block, which was
equivalent to increasing the porosity of the insulation materials. This action seriously
hindered the internal heat transfer. Therefore, the thermal conductivity decreased as the
weps increased. However, when the weps exceeded 3%, the rate of change of the thermal
conductivity decreased. In this case, the excessive EPS particles affected the cementing
effect between the components, which caused air convection by forming several
continuous pores extending across the insides of the samples.
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Fig. 6. Effect of the weps on the thermal conductivity of the rice straw insulation block
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Fig. 7. The relationship between the thermal conductivity and the dry apparent density

According to Fig. 7, the thermal conductivity of the rice straw insulation block
decreased as the dry apparent density decreased. This was consistent with the findings of
Huang et al. (2011), who found that the increment or decrement of the straw wall’s thermal
conductivity was maintained with its density.
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Assessment of the Moisture Absorption

The moisture absorption of the rice straw insulation blocks is a key factor in
determining their durability and mildew resistance. Figure 8 displays the hygroscopic
process of each sample. The temperature in the laboratory ranged from 13 to 19 °C, and
the relative humidity range was 70% to 82%. Over time, the MC of the rice straw insulation
blocks gradually increased. On the first day, the MC increased significantly because the
rice straw insulation blocks had been dried to a constant weight and atmospheric pressure
forced water into the samples. Within 2 to 6 days, the MC of the rice straw insulation blocks
continued to rise. After the sixth day, the MC of the rice straw insulation blocks increased
slowly. On the seventh day, the MC of the rice straw insulation blocks dropped slightly,
which was caused by the decrease in the relative humidity of the air that day. After the
twelfth day, the moisture absorption curve of the rice straw insulation blocks tended to be
flat, basically reaching a state of equilibrium.

The equilibrium MC of each rice straw insulation block was relatively high (Table
5), and it exceeded the 17% MC limit of straw bricks specified in the GB/T standard 50824-
2013 (2013). This can be attributed to three main reasons. First, the rice straw had cellulose,
hemicellulose, and other substances that were water-absorbing easily (Lanthong et al.
2006). Second, the water produced during the hardening process of the lime slurry
accumulated inside the rice straw insulation block and was hard to volatilize. Third, it was
closely related to the relative humidity of the environment, and research has indicated that
a higher relative humidity can result in a higher moisture content of straw (Lin et al. 2016).
From Table 5, the equilibrium MC of the R7 sample was the lowest, at 18.7%. The
equilibrium MC of the R2 and R5 samples were higher, and the difference between the two
was only 0.1%. When the RSR was 1/7.5, the equilibrium MC of 19.3% was at a relatively
low level.

For the current situation of the high equilibrium MC of the rice straw insulation
block, there are two potential solutions. An RSR value of 1/7.5 or 1/3 is preferable and the
rice straw insulation block should not be exposed to an environment of high humidity.
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Fig. 8. The hygroscopic process
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Table 5. The Equilibrium MC

Test R R1 R2 R3 R4 R5 R6 R7
RSR 0 1/10.5 1/9 1/7.5 1/6 1/4.5 1/3
Equilibrium MC (%) 20.9 22.6 22.0 19.3 22.7 222 18.7

CONCLUSIONS

1.

The pretreatment method of lye soaking combined with mechanical stirring was found
to effectively soften the rice straw to make it thinner and softer, thereby shortening the
needed soaking time from 6 to 3 h. The slaked lime and expanded polystyrene (EPS)
particles worked together to promote the better bonding and molding of the rice straw
insulation block while maintaining a small self-weight.

The dry apparent density of the rice straw insulation block increased with the augment
of the ratio of slaked lime to rice stray (RSR), which indicated that the dry apparent
density increased as the slaked lime dosage increased. The relationship of the water
content in the equilibrium state showed resembled a “wave.” It also gradually decreased
as the weps value increased, which illustrated a linear negative correlation. The EPS
particles can effectively make up for the deficiency caused by the augment of the slaked
lime and control the rice straw insulation block at a relatively low weight per unit
volume.

The thermal conductivity of rice straw insulation block without the EPS particles was
approximately 0.049 W-m™-K™!, which was less than the 0.08 W-m™-K™* specified in
the JG/T standard 407-2013 (2013). When the EPS particles content increased, the weps
increased. This decreased the thermal conductivity of the straw brick so that the thermal
insulation performance was improved. However, when the weps was more than 3%,
there was no apparent improvement in the thermal insulation performance. Therefore,
the weps should be controlled within 3%.

The rapid pretreatment technology was determined to require lye soaking for 3 h and
mechanical stirring for 5 min. The material matching ratio scheme was determined to
require a weps value less than or equal to 3% and an RSR value equal to 1/7.5.
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