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Abstract
The aim of this study is to investigate the properties of biodegradable plantable pots made from biomaterials. Specifically,
rapeseed straw and cow manure biomaterials were studied here because these biomaterials add nutrients to the soil during
their biodegradation and are readily available agricultural by-products. Furthermore, the use of biomaterials helps in replacing
the plastic materials which are currently used to make pots and decreases the environmental impact by producing a cleaner
product. The physical and mechanical properties of biocomposites pots were investigated and optimized in the present work.
The effect of mixing ratio (straw: cow manure) in the composite, straw particle size, and chemical pre-treatments of straw
by 1% HCl or 2% NaOH on the physical and mechanical properties of biodegradable pots was investigated. Additionally,
the Taguchi method and ANOVA statistical analyses were employed for parameters optimization. The results indicated the
straw to cow manure ratio exhibited a significant effect on the compression strength (CS), penetration strength (PS), and
water absorption (WA) of pots. While the CS and PS of pots decreased with increasing the ratio of straw from 2 to 10% and
increasing the particle size of straw from 1.5 to 3.0mm, these changes increased thewater absorption of pots (126.52–141.21%
for 1.5-mm untreated straw). Chemical pre-treatments of straw investigated here resulted in decreased CS and PS of pots.
The straw ratio in the straw/manure mixture is the most significant factor affecting the characteristics of biodegradable pots.

Keywords Biodegradable pots · Cleaner production · Penetration strength · Compression strength · Water absorption ·
Renewable resources

1 Introduction

China is a traditional agricultural country with considerable
amounts of crops. After harvesting, there are many quantities
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of agricultural residues in the fields, which are the source of
many environmental impacts [1]. Moreover, with the devel-
opment of agricultural field in China, productions of straw
increase rapidly, where China produces more than 700 mil-
lion tons of crop straws every year, which considered one
of the most abundant crop residues in the world [2]. There-
fore, scientific issues are focusing on using of agricultural
residues as renewable raw materials for fiber composites and
biogas production through anaerobic digestion process [3–5].
There are a wide applications of fiber composites available
in the world. One of these applications is the production of
biodegradable pots through molding process of agricultural
residues. Consequently, using biodegradable pots instead of
traditional plastic pots reduces plastic trash that produced
in plant nurseries [6], where, recently, agricultural products
are one of the world’s biggest sources of plastic trash [7].
Furthermore, their use can contribute to reduce the world’s
dependency on petroleum products which are continuously
decreasing.
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Biodegradable pots are divided into two categories based
on the rawmaterial including plantable and compostable [8].
Compostable pots should be removed before planting, where
it prevents plant root to grow through their walls [9]. On the
other hand, plantable pots are buried in the soil with plant
roots because they allow for these roots to grow through
their walls; hence, it can be biodegraded directly in the field
within short time after transplanting [6]. After degradation,
the pots release elements such as nitrogen and phosphorus
[10]. These elements are very necessary for plant growing;
they improve plant nutrition process [11]. Therefore, the use
of agricultural wastes for production of biodegradable pots
allows the conversionof agriculturalwastes into biofertilizers
through an indirect and safe process, as well as manufac-
turing another product that has many pros compared to the
traditional product. These pros are saving of transplanting
time and labor, preventing container disposal [12], reducing
transplanting shock and root deformation which lead to root
plant development and plant growing [6], improvement of
seedling growth as a result of its high porosity which pro-
duces a cooling effect on the warmest days [13], and saving
of production costs such as pine apple wastes [10] and sugar-
cane bagassewastes [11]. Recently, several studies have been
used the agricultural wastes as raw materials for production
of biodegradable pots such as sugarcane bagasse [11], toma-
toes seeds and peels, hemp fibers [6], different straw types
and cow manure [14], pineapple wastes from the cannery
industry [10], residual substrate from Ganoderma lucidum
mushroom cultivation [13], wood fiber [15], cow manure
[16], chicken feather [17]. All these types of biodegradable
pots differ in their properties, where there are many variables
that influence on the properties of produced pots, including
raw materials properties such as type, particle size, adhe-
sive type and chemical pre-treatments, and manufacturing
methods (value and time of press, temperature, and drying
methods) as well as thickness and geometric shape of pot.

In the present study, promising alternative materials for
production of biodegradable pots are investigated. These
materials are rapeseed straw and cow manure, which are a
source of greenhouse gas emissions, accounting for approx-
imately 12% of global agricultural emissions [18]. On the
other hand, in China, the largest oilseed crop is rapeseed and
it represented about 20% of world production [19], where, in
2015, the world’s second most important rapeseed producer
was China after Canada [20]. According to China statistical
yearbook 2021, the cultivated area of rapeseed was about
6.76 million ha producing 14.05 million tons of seeds and
approximately 20.28 million tons of straw (1 ha produces
3 ton of straw) [21]. The rapeseed straw and cow manure are
employed to produce biodegradable pots, where the last con-
tains natural bindingmaterial. The properties of these pots are
evaluated. In addition, the effect of raw material parameters
including ratio of straw to manure, straw particle size, and

straw chemical pre-treatment on the compression strength
(CS), penetration strength (PS), and water absorption (WA)
of pots is examined; moreover, Taguchi’s signal-to-noise
ratio is employed to investigate the optimal parameters and
their levels. Furthermore, ANOVA statistical analysis is used
to identify the factors significance.

2 Material andMethods

2.1 Preparation of RawMaterials

Rapeseed straw (Brassica napus) and cow manure were col-
lected from the farm of Huazhong Agricultural University
(HZAU),Wuhan, China (latitude 30.6°N, longitude 114.1°E,
and altitude 23.1 m). Cow manure and straw were gathered
and stored in plastic bags till used. The characteristics of
rapeseed straw and cow manure are listed in Table T1 (Sup-
plementary material T1).

2.1.1 Straw Preparation and Chemical Pre-Treatments

The rapeseed straw was milled using a milling machine with
particle size ≤ 3 mm. For chemical pre-treatment of rape-
seed straw, two solutions of 1% HCl and 2% NaOH were
prepared using distilled water. The straw was soaked in each
solution at a ratio of 1:10 for 4 h at room temperature. Then
the treated straw was washed by distilled water for many
times until the washing water became clear and was dried in
the oven at 105 °C for 24 h or constantweight. The treated and
untreated straw was screened into certain particle sizes (1.5
and 3 mm) to evaluate the effect of straw different particle
sizes on properties of biodegradable pots.

2.2 Preparation of Biodegradable Pots

Firstly, to prepare the samples of pots, a manual machine
pot was self-designed as shown in Fig. S1a (Supplemen-
tary material S1). This machine consisted of the main body
(frame), holder of power screw, power screw, wheel, slider
column, slider, inner part of mold, outer part of mold, lifter of
mold base, and holder of mold base. Dimensions of mold are
shown in Fig. S1b (Supplementary material S1). This mold
was designed to produce apotwith 6, 7, and5.5 cmheight, top
diameter, and bottom diameter, respectively (0.5 cm thick-
ness). To prepare the mixture of pots, the different ratios of
cow manure and pre-treated and untreated rape straw were
mixed manually. It should be mentioned that no glue or any
other adhesive materials were added to the mixture.

For production of pots using the designed machine
(Fig. S1a, Supplementary material S1), firstly the mixture
was placed inside the outer part of the mold. Secondly, the
wheel waswinded to lower the inner part of themold until the
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two parts of the mold match. Thirdly, the wheel was winded
once again to raise the internal part of themold and to take out
the formed pot from the internal part of the mold. Finally, the
produced pot was removed from the machine. After mold-
ing, drying process was accomplished in an oven at 50 °C
till constant weight or for 36 h. The dried pots were stored in
sealed bags to prevent moisture absorption from the air until
use.

2.3 Mechanical Properties

The most important mechanical properties of pots are CS
and PS. Hence, 24 samples (4 samples for each test) were
selected randomly from each treatment to perform two tests
using a universalmaterial testmachine (REGERRGM-3005,
China) at a crosshead speed of 120 mm/min. The penetration
test was carried out with a 5-mm rounded end probe for pot
walls and bottoms as shown in Fig. S2(a and b) (Supplemen-
tary material S1). The compression test was carried out in
one position (vertical position) as shown in Fig. S2c (Sup-
plementary material S1). The penetration and compression
tests were carried out on dry and wet samples; new pots were
used for measuring dry PS and dry CS, while wet pots were
used for measuring wet PS and wet CS. To prepare the wet
pots’ samples, samples were soaked in water for 10min, then
removed, and dried by dry cloths to remove the excidedwater.
Each of the dry and wet pots was subjected to a vertical CS
test, where the force direction was from top to bottom with
pot set upright.

2.4 Water Absorption Test

WA test is performed to define the water permeation rate
through the pot wall, and this is useful for determining the
mechanical resistance of biodegradable pots in wet soil. Four
samples from each treatment were weighted and soaked in
water for 60 min at room temperature. Every 10 min during
the 60 min, the samples were removed and exceeded water
were dried by dry piece of cloth and then weighted, and the
data were recorded. The water up-take percentage or WA
percentage (WA)was calculated from the following equation:

WA �
(
Wt − Wd

Wd

)
× 100 (1)

whereWt andWd are the weight of samples after and before
immersion in the water (g), respectively, at various times.

2.5 Fourier Transform Infrared Spectroscopy (FTIR)

The differences in chemical components of untreated and
treated rape straw were determined by Fourier transform
infrared spectroscopy (FTIR) using a Thermo Nicolet IS50

FTIR spectrometer, SMART iTX, UK. The data were
recorded in a range of 4000–400 cm−1 at a resolution of
4 cm−1 with 200 cumulative scans.

3 Design of Experiment

In this study the control factors were particle size of straw
(Ps), ratio ofmixture (straw:manure) (Rs), and pre-treatment
of straw (Ts). The experiments were accomplished at two
different straw particle sizes (1.5 and 3 mm) (representing
fine and coarse particle), three different mixture ratios (2%
(w.b), 6% (w.b), and 10% (w.b)), and untreated rape straw and
treated rape straw with different pre-treatments (2% NaOH
or 1% HCl). Table 1 illustrates parameters and their levels.
Using Taguchi method, L18 (21 × 32) orthogonal array was
selected to identify the optimal parameters and analyze the
parameter effects [22]. The L18 mixed orthogonal array was
employed for conducting the experiments (seeTableT2, Sup-
plementary material T1).

3.1 Taguchi Method

The Taguchi method is a widely usedmethod for engineering
analysis and optimization. The number of experiments can
be decreased using orthogonal arrays, and the effects of out
of control factors can be minimized [23]. Moreover, Taguchi
method design is accuracy, simple, and is used to decrease the
number of trails, which decreases the time of experiment and
production cost. In addition, Taguchimethod is used to define
the significant factors in less time [24]. The Taguchi method
is based on loss function that determines the experimental
and desired values deviation. Then this function is converted
into a signal/noise (S/N) ratio. The following equation can
be used to calculate the S/N ratio [25].

S/N � −10 log(M.S.D) (2)

where M.S.D is the mean square deviation for the output
characteristic. Generally, there are three types of character-
istics quality in the S/N ratio, which are (i) the lower is the
better, (ii) the higher is the better, and (iii) the nominal is the
better [26].

According to the obtained experimental results, values of
CS and PS were too high which led to difficult breakthrough
of plant roots into the potwall and bottom.Accordingly, these
strengths should be decreased for improving the performance
of biodegradable pots. In addition, the value of WA should
be high to reduce the mechanical resistance of biodegradable
pots in wet soil. Therefore, the biodegradation process of pot
can occur easily.

Taguchi method is used to minimize the CS and PS and
maximize the WA. Therefore, the lower is the better and
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Table 1 Parameters of study and
their levels Parameters Symbol Level 1 Level 2 Level 3

Particle size of rape straw (mm) A 1.5 3 –

Ratio of mixture (straw: manure) (%) B 2 6 10

Pre-treatment of rape straw C None 1% HCl 2% NaOH

Fig. 1 Effect of ratio of straw and pre-treatments of straw at different
straw particle sizes on WA of pots

the higher is the highest quality characteristics which can be
illustrated from the following equations:

Lower is the better (minimize):

S/N � −10 log

(
1

n

∑
y2

)
(3)

Higher is the better (maximize):

S/N � −10 log

(
1

n

∑ 1

y2

)
(4)

where n is the observation number, and y is the observed data
of each characteristic.

4 Results and Discussion

4.1 Evaluation of Experimental Results

4.1.1 Effect of Control Factors onWater Absorption

Figure 1 shows the influence of ratio of rape straw to cow
manure, straw particle size, and pre-treatment of straw on
WAof biodegradable pots. Increasing of ratio of straw affects
positively on the WA, where increasing ratio of straw exhib-
ited an increase in the WA. For example, the WA increased

from 126.52 to 141.21% when the ratio of straw increased
from 2 to 10% at 1.5-mm untreated straw particles. This is
due to that in the mixture of cow manure and rape straw, the
cow manure acted as a binder material and the straw acted
as a filler; therefore, the high straw ratio decreases the quan-
tity of cow manure in the mix. Accordingly, the adhesion
within the pot decreased, which leads to higherWA. This was
consistent with the results of Jirapornvaree et al. [10], who
attributed these results to the fact that the quantity of binder
material is inversely proportional to WA. In addition, Wei
et al. [27] demonstrated that the adhesion between the mate-
rials decreases with fiber content increasing and, thus, the
WA increased. Moreover, when the ratio of straw increased,
the pot’s surface will be rougher than before as well as the
density of pot will be decreased. Consequently, the surface
pores will increase, which leads to higher WA. Furthermore,
WA curves increased rapidly during the initial stage and then
slightly increased at the last period during the addition of
straw. This is due to the difference in the internal structure
of pot before and after addition of straw, which was more
compacted before the addition.

The results showed that the pots prepared from large
straw particle size had higher WA than pots prepared from
small straw particle size, where theWA value increased from
139.48 to 149.34% at 10% NaOH-treated straw ratio. This is
attributed to the decreased surface area of coarse straw par-
ticle compared with small straw particle size resulted in low
adhesion of potmaterial and increasing in the surface pores of
pot leading to the increasing ofWA. These results are consis-
tent with the results of Jirapornvaree et al. [10], who reported
that the WA depended on the pore surface of biodegradable
pots, where pots made from coarse waste texture had higher
WA rate than those made from fine texture.

Additionally, results indicated that the effect of straw pre-
treatment on WA differed according to the straw particle
size. Where the pots made from treated large particles straw
had higher WA than those made from the untreated large
particles straw. In contrast, pots made from untreated small
particles straw had higher WA than those made from treated
small particles straw. These results are different from the
expectation that increasing WA of treated straw in both large
and small straw particles sizes. This is because the straw
becomes hydrated after chemical pre-treatments whichmake
straw havemore ability to absorbmorewater. However, these
results can be attributed to the factor of straw particle size
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which has a significant impact on the WA property of pots
than the straw chemical pre-treatment factor. The contribu-
tions percentage of straw particle size and straw treatment
factors were 13.54 and 4.31%, respectively. In both cases, it
was found that the pots made from NaOH-treated straw had
higher WA than pots made from HCl-treated straw, suggest-
ing that the alkaline treatment (NaOH) increases the damage
of strawfibersmore than acid treatment (HCl), inwhich leads
to higher WA.

4.1.2 Effect of Control Factors on Strength of Pots

The influence of straw ratio, straw particle size, and straw
pre-treatment on dry and wet compression strengthens (CSs)
is illustrated in Fig. 2a, b. The increase of straw ratio in the
mixture affected negatively onCS,where the dry andwetCSs
decreased with increasing of straw ratio, e.g., the dry and wet
CSs decreased from 8267.67 to 4516 N and from 1245.33 to
792 N, respectively, when the ratio of straw increased from
2 to 10% with small NaOH-treated straw particles. These
results indicated the lower rigidity of pots. In the mixture,
when ratio of straw is increased, the quantity of cow manure
(functioned as a binder material) decreases. Accordingly, the
adhesionwithin the pots decreases which leads to a reduction
in CS. This is consistent with the results obtained by Evans
et al. [28] who found that the dry CS is primarily a function of
potwall rigidity. In addition,Wei et al. [27] demonstrated that
the adhesion between materials decreases with increasing
fiber content and thus the mechanical properties decrease.

Among the produced pots, the pots prepared by small
straw particle size had higher dry and wet CSs than pots pre-
pared by large straw particles, where dry and wet CSs values
increased from 6105.33 to 6524.67 N and from 875.33 to
1094.67 N, respectively, at 6% untreated straw ratio, while
the wet CS at 2% ratio of untreated straw decreased from
1255.67 to 1098 N. This attributed to the increased surface
area of small straw particle size compared with large straw
particle size. In this case, the adhesive material can cover
more surface area of straw. Accordingly, the adhesion within
pots is high leading to higher CS and PS.

Based on the results, the pots made from the untreated
straw yielded higher dry and wet CSs than those made from
the treated straw, as pots prepared from 2% small straw par-
ticles ratio yielded a decrease in dry and wet CSs. This result
is referring to the damage of straw fibers after chemical pre-
treatments, where straw fibers act as a reinforcement inside
the pot structure resulted in a decrease in CS and PS. On the
other hand, pots made from the NaOH-treated straw exhib-
ited higher dry CS than pots made from treated straw by
HCl for both small and large particle sizes. In contrast, for
wet CS, the pots made from the treated straw by HCl yielded
higher values than others, except for the wet CS of pots made
from 2% ratio of small straw particles. These results can be

Fig. 2 a Effect of ratio of straw and pre-treatments of straw at different
straw particle sizes on dry CS of pots, and b effect of ratio of straw and
pre-treatments of straw at different straw particle sizes on wet CS of
pots

attributed to that the pots made from HCl-treated straw had
lower WA than pots made from NaOH-treated straw. Thus,
the pots made from HCl-treated straw had higher strength.

The influence of straw ratio, straw particle size, and straw
pre-treatment on dry and wet penetration strengths (PSs)
for pot walls and bottoms is shown in Fig. 3a–d. Increas-
ing of straw ratio affected negatively on the PSs, where the
increase of straw ratio caused a decrease in dry and wet PSs
for pot walls and bottoms. For example, the dry and wet PSs
for pot wall decreased from 641.33 to 375.33 N (Fig. 3a)
and from 84.33 to 43.0 N (Fig. 3b), respectively, at small
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Fig. 3 a Effect of ratio of straw and pre-treatments of straw at different
straw particle sizes on dry PS of pot walls, b effect of ratio of straw
and pre-treatments of straw at different straw particle sizes on wet PS
of pots walls, c effect of ratio of straw and pre-treatments of straw at

different straw particle sizes on dry PS of pot bottoms, and d effect
of ratio of straw and pre-treatments of straw at different straw particle
sizes on wet PS of pot bottoms

NaOH-treated straw particles, while the dry and wet PSs for
pot bottom decreased from 600.67 to 355.0 N (Fig. 3c) and
from 96.67 to 50.33 N (Fig. 3d), respectively, with increas-
ing the ratio of straw from 2 to 10% at the same conditions.
These results are due to the increase of surface pores. When
ratio of straw increased from 2 to 10%, the density of pots
decreased. Accordingly, pot surface pores increased which
led to a reduction in PS. This agreed with the results of Evans

et al. [28]who found that the openings in pot walls affect neg-
atively on the dry PS.

It can be seen that the small straw particles-based pots
yielded higher dry and wet PSs applied in both walls and
bottoms of pot than pots prepared from large straw parti-
cles, where the dry and wet PSs values increased from 487
to 569 N and from 57.33 to 68.67 N for pot wall as shown
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Table 2 The experimental results and values of S/N ratios

Specimen
number

A
Particle
size of
straw
(PS)

B
Ratio of
mixture
(straw:
manure)
(RS)

C
Treatment
of straw
(TS)

Compression
strength, CS
(N)

S/N ratio
for CS

Penetration
strength, PS
(N)

S/N ratio
for PS

Water
absorption,
WA (%)

S/N ratio
for WA

1 1.5 2 None 7066.67 − 76.9843 569.000 − 55.1022 126.519 42.0431

2 1.5 2 1% HCl 7922.33 − 77.9771 607.333 − 55.6685 123.080 41.8037

3 1.5 2 2% NaOH 8267.67 − 78.3477 641.333 − 56.1417 125.618 41.9811

4 1.5 6 none 6524.67 − 76.2912 533.333 − 54.5400 140.136 42.9310

5 1.5 6 1% HCl 5372.33 − 74.6033 438.667 − 52.8427 134.271 42.5597

6 1.5 6 2% NaOH 6066.33 − 75.6585 477.000 − 53.5704 138.540 42.8315

7 1.5 10 None 4846.67 − 73.7089 447.667 − 53.0191 141.209 42.9972

8 1.5 10 1% HCl 4153.33 − 72.3679 342.667 − 50.6974 135.926 42.6660

9 1.5 10 2% NaOH 4516.00 − 73.0951 375.333 − 51.4883 139.480 42.8903

10 3.0 2 None 6876.33 − 76.7471 487.000 − 53.7506 123.212 41.8131

11 3.0 2 1% HCl 6028.33 − 75.6039 458.000 − 53.2173 129.374 42.2369

12 3.0 2 2% NaOH 6502.33 − 76.2614 476.333 − 53.5582 133.770 42.5272

13 3.0 6 None 6105.33 − 75.7142 450.667 − 53.0771 142.841 43.0971

14 3.0 6 1% HCl 5196.67 − 74.3145 392.333 − 51.8731 144.023 43.1686

15 3.0 6 2% NaOH 5538.33 − 74.8676 409.333 − 52.2415 148.493 43.4341

16 3.0 10 None 4726.00 − 73.4899 375.000 − 51.4806 143.112 43.1135

17 3.0 10 1% HCl 4008.00 − 72.0586 330.667 − 50.3878 144.727 43.2110

18 3.0 10 2% NaOH 4391.67 − 72.8526 362.333 − 51.1822 149.337 43.4833

TCS (Compression strength total mean value) � 5783.83 N, TCS–S/N (compression strength S/N ratio total mean value) � − 75.05 dB, TPS (penetration
strength total mean value) � 454.11 N, TPS–S/N (penetration strength S/N ratio total mean value) � − 52.99 dB, TWA (water absorption total mean value)
� 136.87%, TWA–S/N (water absorption S/N ratio total mean value) � 42.71 dB

in Fig. 3a, b, respectively, at 2% untreated straw ratio. More-
over, it increased from 462.33 to 521.0 N and from 75.33 to
84.67 N for pot bottom (Fig. 3c, d), respectively, at the same
conditions.

Furthermore, it was observed that the pots made from
untreated straw exhibited higher dry and wet PSs of pot walls
and bottoms than those made from treated straw, except the
dry and wet PSs of 2% ratio of small straw particles. Other-
wise, the pots made fromNaOH-treated straw yielded higher
dry PS pot walls and bottoms than pots made from HCl-
treated straw. In contrast, the pot made from HCl-treated
straw yielded higher wet PS of pot walls and bottoms than
potsmade fromNaOH-treated straw, except thewet PS of 2%
ratio of small straw particles. Overall, wet strengths reduced
significantly compared to dry strengths for all produced pots
due to pot superior water absorption ability [28]. For all
strength values, the obtained results here lie in the recom-
mended valueswhich should bemore than 20N asmentioned
by Evans et al. [8] for wet PS and CS of pots.

4.1.3 FTIR Analysis

The FTIR absorption spectrum of untreated rape straw and
pre-treated straw by NaOH or HCl is shown in Fig. S3
(Supplementary material S1), and assignments are listed in
Table T3 (Supplementary material T1). The examination
of absorption bands illustrated that there were differences
between pre-treated and untreated rape straw in peak width
and shapes. For pre-treatments of straw, the peaks intensity
at 2917 and 2849 cm−1 decreased and their shapes were
clearly changed, suggesting that the chemical pre-treatments
increased the damage of straw fibers. Consequently, the
pots made from the untreated straw had higher strength
than those made from the pre-treated straw. The spectra
at 1734 cm−1 showed a decrease in absorption after pre-
treatments, especially HCl pre-treatment. Additionally, the
band at 1604 cm−1 showed a decrease after pre-treatments
with bothHCl andNaOHpre-treatments. The changes in both
peaks intensity were associated with absorbed water to the
highly hydrophilic component that easily became hydrated
after chemical pre-treatments [29]. For this reason, the pots
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made from pre-treated straw had higherWA than those made
from untreated straw. The peaks intensity at 1420, 1370,
and 1318 cm−1 only decreased at HCl pre-treatment, while
they did not exhibit any changes after NaOH pre-treatment
compared with untreated straw. Moreover, the peaks inten-
sity at 1231 cm−1 decreased after NaOH pre-treatment and
increased after HCl pre-treatment. On the other hand, peaks
intensity at 1031 cm−1 obviously decreased after NaOH and
HCl pre-treatments. All peaks attributed to the amount of
cellulose, hemicellulose, and lignin in rapeseed straw. This
means that there is a remarkable change in the amount of
these compounds as a result of chemical pre-treatments.

4.2 Analysis of the Signal-to-Noise (S/N) ratio

Effects of each factor on the CS, PS, and WA analysis were
performed using Taguchi method, where the measured fac-
tors optimizationwas investigated by S/N ratios. Response of
S/N for CS and PS is shown in Table 2. Optimal parameters
of the control factors for maximizing the WA and minimiz-
ing the CS and PS can be easily shown in Fig. 4a–c. The
optimal level for each control factor was determined based
on the highest S/N ratio in that control factor levels.

The S/N response for CS, PS, and WA is shown in Table
T4 (Supplementary material T1) and Fig. 4a–c. For the S/N
response of CS (Fig. 4a), the levels and S/N ratios for the fac-
tors that yielded the best CS value were selected as factor A
(Level 2, S/N � − 74.66), factor B (Level 3, S/N � − 72.93),
and factor C (Level 2, S/N � − 74.49). Therefore, the opti-
mum value of CS was obtained by particle size 3 mm (A2),
ratio of mixture (straw: manure) 10% (B3), and pre-treated
straw by 1% HCl (C2). Similarly, the levels and S/N ratios
for the factors yielding the best PS (Fig. 4b)were selected as
factor A (Level 2, S/N � − 52.31), factor B (Level 3, S/N �
− 51.38), and factor C (Level 2, S/N � − 52.45). Hence, the
optimum PS value was obtained by particle size 3 mm (A2),
ratio of straw 10% (B3), and 1% HCl pre-treated straw (C2).
In addition, the levels and S/N ratios for the factors yielding
the best WA (Fig. 4c) were selected as factor A (Level 2,
S/N � 42.90), factor B (Level 3, S/N � 43.06), and factor C
(Level 3, S/N � 42.86). Therefore, the optimum WA value
was obtained by particle size 3 mm (A2), ratio of straw 10%
(B3), and 2% NaOH pre-treated straw (C3).

4.3 Analysis of variance (ANOVA)

ANOVA is a statistical method which can be used to explain
the experimental data and determine the influence of all con-
trol factors in the experiment design. In this work, ANOVA
was employed to analyze the effects of straw particle sizes,
straw ratios, and straw pre-treatments on CS, PS, and WA of
biodegradable pots. The ANOVA results for the CS, PS, and
WA are listed in Table T5 (Supplementary material T1). This

Fig. 4 aEffect of control factors on the average S/N ratio forCS,b effect
of control factors on the average S/N ratio for PS, and c control factors
effect on the average S/N ratio for WA
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Table 3 Means response for CS, PS, and WA

Level Compression strength, CS Penetration strength, PS Water absorption, WA

A B C A B C A B C

1 6082 7111 6024 492.5 539.8 477.1 133.9 126.9 136.2

2 5486 5801 5447 415.7 450.2 428.3 139.9 141.4 135.2

3 – 4440 5880 – 372.3 456.9 – 142.3 139.2

Delta 596 2670 577 76.7 167.6 48.8 6.0 15.4 4.0

analysis was performed at confidence level 95%. The con-
trol factors significance in ANOVA was identified using the
F values of each control factor. The contribution rate in Table
T5 (Supplementary material T1) represents each parameter
contribution percentage value, which indicates the degree of
influence on the performance of process.

The percentage contributions of A, B, and C factors on the
CS were 5.96, 79.77, and 4.04%, respectively, indicating to
the most important factor affecting the CS which is ratio of
straw (factor B, 79.77%). Moreover, ANOVA results showed
that the percentage contributions of A, B, and C factors on PS
were 19.66, 62.59, and 5.36%, respectively, which illustrated
that the most effective factor on PS is also ratio of straw
(factor B, 62.59%). For WA, the most effective factor is ratio
of straw (factor B) with 74.27% contribution percentage, and
the contributions percentage of A and C factors were 13.54
and 4.31%, respectively. The percentages of error were low
(10.23, 12.39, and 7.88% for CS, PS, and WA, respectively).

From the ANOVA results, the ratio of rape straw to cow
manure in themixture of biodegradable pots is themost influ-
ence factors on the CS and PS, and WA.

4.4 Optimum CS, PS, andWA Estimation

The CS, PS, and WA values of the S/N ratio means response
are illustrated in Table 3. The optimum values for CS, PS,
and WA were calculated as A2B3C2, A2B3C2, and A2B3C3,
respectively, and Eqs. (5), (6), and (7), respectively, can be
used.

CSopt � (A2 − TCS) + (B3 − TCS) + (C2 − TCS) + TCS (5)

PSopt � (A2−TPS) + (B3 − TPS) + (C2 − TPS) + TPS (6)

WAopt � (A2 − TWA) + (B3 − TWA) + (C3 − TWA) + TWA

(7)

where CSopt, PSopt,WAopt are the optimum values of CS, PS,
andWA, respectively, (A2,B3,C2), (A2,B3,C2), and (A2,B3,
C3) indicate the optimum-level average values of CS, PS, and
WA, respectively, TCS, TPS, and TWA state the average of all

of the CS, PS, and WA values obtained from the experiment
(Table 2). The calculated values of CSopt, PSopt, and WAopt

were 3805.34 N, 308.08 N, and 147.66%, respectively.
In Taguchi method, the confirmation test is employed to

verify the optimization after the determination of the variable
levels that give the optimal results. Accordingly, the results
of confirmation experiment were estimated regards the con-
fidence interval (CI). The following equations were used in
the CI calculation for estimated CS, PS, and WA [30]:

CICS,PS,WA �
√
F∝, 1, f eVe

[
1

neff
+

1

R

]
(8)

neff � N

1 + Tdof
(9)

where CICS,PS,WA is the confidence interval of CS, PS, and
WA, F∝, 1, f e is the F ratio at 95% confidence level, the sub-
scripts ∝, f e, Ve are the significance level (� 0.05), the
degrees of freedom of error (� 12), and the variance of error,
respectively, neff is the replications effective number, R is the
replications number for confirmation experiments (� 3),N is
the total number of trails in the experiment (� 18), and Tdof
is the freedom total main factor degrees (� 5). Therefore,
F0.05, 1, 12 � 4.747 (from F test table), Ve CS � 228539, Ve
PS � 1391 and Ve WA � 7.882 (Table 3), and neff � 3.

Using Eq. (8), confidence intervals were calculated as
CICS � ± 850.44, CIPS � ± 66.35, and CIWA � ± 4.99.
With the confidence interval at 95% confidence, the esti-
mated optimal values of CS, PS, and WA are:

[
CSopt − CICS

]
< CSexp <

[
CSoptCICS

]
i.e. [3805.34 − 850.44] < 4008 < [3805.34 + 850.44]

� 2954.9 < 4008 < 4655.78[
PSopt − CIPS

]
< PSexp <

[
PSopt + CIPS

]
i.e. [308.08 − 66.35] < 330.667 < [308.08 + 66.35]

� 241.73 < 330.667 < 374.43[
WAopt − CIWA

]
< WAexp <

[
WAopt + CIWA

]
i.e. [147.66 − 4.99] < 149.337 < [147.66 + 4.99]

� 142.67 < 149.337 < 152.65
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Table 4 Predicted values and confirmation test results

Item Optimal parameters

Experiment Prediction Error (%)

Compression strength (N)

A2B3C2 (Optimum) 4008.00 3805.34 5.06

A1B2C1 (Random) 6524.67 6339.34 2.84

Penetration strength (N)

A2B3C2 (Optimum) 330.667 308.08 6.83

A1B1C3 (Random) 641.333 580.98 9.41

Water absorption (%)

A2B3C3 (Optimum) 149.337 147.66 1.12

A1B3C2 (Random) 135.926 137.66 1.28

Consequently, the values ofCS,PS, andWAobtained from
the experiment remained inside the limits of CI. Hence, CS,
PS, and WA optimizations were attained using the Taguchi
method at 0.05 significance level.

4.5 Confirmation Test

The obtained confirmation test results and the predicted
values by the Taguchi method are listed in Table 4. The
experimental values and the predicted values are very close to
each other, where the maximum percentage of error defined
for CS, PS, and WA are 5.06, 9.41, and 1.28%, respectively.
These results indicated that there are inside the appropri-
ate ranges because the error values are less than 20% which
means reliable statistical analysis [31]. Consequently, the
obtained results from the confirmation tests exhibited a suc-
cessful optimization.

5 Conclusion

In this study, the optimal parameters to produce biodegrad-
able pots from cow manure and rape straw were investigated
using Taguchi method. According to the S/N ratio and
ANOVA statistical analysis, the following conclusion can
be written:

• The control factors optimum levels for both CS and PS
were found at A2B3C2 (i.e., particle size � 3 mm, ratio of
straw � 10%, and pre-treatment straw by 1% HCl), and
for WA were found at A2B3C3 (i.e., particle size � 3 mm,
ratio of straw � 10%, and pre-treatment of straw by 2%
NaOH).

• The ratio of straw is the most significant factor that affects
on properties of pots. The ratio of straw affected on CS,

PS, and WA by approximately 79.77, 62.59, and 74.27%,
respectively.

This work opens the door for expected future works such
as drying methods and conditions of the biodegradable pots
and its effect on properties, life cycle assessment of pots,
and its environmental impact, in addition the economic study
compared to other pots. Finally, the effect of compacting
methods during manufacturing process on properties of pots
should be investigated.

Supplementary Information The online version contains supplemen-
tarymaterial available at https://doi.org/10.1007/s13369-023-08550-w.
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