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Biodegradable and compostable tableware is significantly more environment and nature friendly than disposable tableware and
drinkware made of plastic. Tableware made of wheat bran, but also corn and rice bran is already commercially available. It is reasonable
to use the by-products of the milling of also other cereals, like rye bran, barley bran and oat bran, for the production of tableware. The
aim of this research was to explore the possibilities for the production of tableware and drinkware from the by-products of the milling
of wheat and also other cereals like rye and oat bran. In order to achieve the aim, compacts were moulded from rye bran and oat bran
and mixtures of bran (wheat bran and rye bran) using various work modes. The moulding of the compacts included different
temperatures of the mould, moulding durations and compressive forces. The mechanical properties like density and flexural strength
of the compacts were determined and the compostability of the compacts was studied. The test bodies were placed inside a compost
bin to check their compostability and to determine the duration of composting.

Keywords: cereal milling by-products, bran, compostable tableware, mechanical properties, flexural strength.
INTRODUCTION

The mankind is currently living in an era of mindless overproduction and overconsumption. Every year the habited
areas release about 8 million tons of plastic waste into bodies of water and thereafter the oceans (Tullo, 2018). The main
polluters of the oceans are China, India, Indonesia, the Philippines, Thailand, Sri Lanka, Vietnam and Bangladesh
(Walther et al., 2018; Jambeck et al., Macrae, 2015). These countries are characterised by relatively undeveloped waste
handling systems. However, the waste problems are topical not only in these countries, but also in Europe and America.
Some countries do not use waste containers for storing ordinary household waste, not to mention the lack of containers
for various types of waste. In addition to the packagings that pollute the living environment (e.g., packagings of chips
and sweets), packagings of various beverages (e.qg., bottles), filtered tobacco products (e.g., cigarette stubs), balloon sticks,
drinking straws, plastic cotton buds and plastic bags, also disposable tableware (cups with various sizes, plates, forks,
knives, spoons, skewers) constitute a significant amount of the waste. Such tableware does not decompose when it reaches
natural environment; it becomes a source of pollution. The decomposing of plastic will take a long time, whereby
poisonous compounds shall be released (Shah et al., 2008, Tosin et al., 1998). Unfortunately, the cardboard plate is not
significantly more environment-friendly compared to the plastic plate. The cardboard plate is covered with a thin plastic
layer, which means that the plate does not qualify as biowaste and it cannot be processed. The cardboard plate qualifies
as household waste, which is sent to a landfill or used as a combustible material in an incinerator.

The consumption of disposable plastic tableware increases drastically in the summer, especially during the season of
picnics and barbecues. At the same time, environment-friendly biodegradable tableware has become commercially available,
which does not pollute when it reaches the environment; however, the price is higher than that of plastic tableware.

Consumers have started to use alternative biodegradable tableware (Willett, Howell, 2017). However, it should be
noted that they may not be completely degradable in nature as they contain microplastics (Siracusa et al., 2008).
Biodegradability means that the material is capable of undergoing aerobic and anaerobic degradation which results in the
formation of CO,, H,O, methane, biomass and mineral salts. Biodegradable material may not be compostable. The
composting process consists of the decomposing of organic waste by the microbes, i.e., the production of compost.

Therefore, compostable products, tableware and drinkware are the most nature-friendly ones (Satyanarayana et al.,
2009 Song et al., 2009; Gurunathan et al, 2015). Fieschi and Pretato (2018) claim that the use of biodegradable and
compostable tableware will reduce ecological footprint. Such products may be produced from the agricultural by-
products, namely the by-products of post-harvest processing, which are of natural origin and most probably will
decompose completely in nature without polluting it. These by-products may include the bran and chaff of cereals, corn
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or rice. According to a source (http://www.atrileaf.com), the raw materials may include sugar cane
(http://ww.xmjeafer.com) and tree leaves. Wheat bran is the most well-known cereal bran, but also the possibilities for
the production of tableware from other brans like rye bran, barley bran and oat bran should be studied. Table 1 shows the
technical characteristics of the by-products of milling cereals.

Table 1. Characteristics of the by-products of milling cereals

Characteristics Oat bran Barley bran Corn bran Wheat bran Rye bran
Dry matter, % 86 86 88 86 86
Raw fibres, % 18.5 15.5 115 9.7 10.0
Raw ash, % 5.0 5.5 4.0 5.5 5.0

It can be claimed on the basis of the data from Table 1 that the bran of cereals is quite similar in terms of the
content of dry matter and raw ash, only oat bran contains about twice the amount of raw fibres when compared to wheat
bran. For the purposes of this study, it is important to know the raw material base for the production of tableware from
bran or which developments have occurred during the century in terms of the growing areas of cereals and harvests from
cereal fields. The growing areas of the most important cereals in Estonia have been given in Table 2.

Table 2. Growing areas of cereals (x 10° ha)

Cereal 2001 2010 2015 2017
Total growing area 274.1 275.3 350.4 350.6
including:

- rye 20.9 12.6 14.3 13.3
- winter wheat 25.5 50.6 97.8 102.4
- summer wheat 34.1 68.8 71.9 67.3
- barley 134.3 103.8 130.3 98.3
- oat 48.1 30.4 24.4 33.6
- buckwheat 0.7 0.3 14 5.3

Table 2 shows that the growing areas of cereals have increased in general, whereby the growing areas rye, barley and
oat have decreased and the growing areas of wheat have increased. This reassures that the cultivation of cereals will not
cease in Estonia in the near future. The harvests of cereals should be pointed out to obtain a better overview (Table 3).

Table 3. Cereal harvests in Estonia (x 10° tons)

Cereal 2001 2010 2015 2017

Total harvest 558.1 678.4 1535.3 13119
Including :

- rye 429 25.0 54.7 52.4

- winter wheat 57.3 148.5 518.5 481.4
- summer wheat 75.6 179.1 294.1 231.9
- barley 270.0 252.7 551.5 402.9
- oat 91.4 54.5 67.8 89.4

- buckwheat 0.6 0.1 1.2 3.4

Table 3 shows that the cereal harvests have more than doubled during this century. The harvest of oat has remained
almost the same, the harvest of rye has somewhat increased, but the greatest increase is in the harvest of wheat. According
to global trends, the harvests of wheat, corn, rice and rape are increasing while the harvests of rye and oat are somewhat
decreasing. About 100,000 tons of cereals are milled annually in Estonia. The milling of cereals results in 22 + 2% or
20,000-24,000 tons of bran.

The compressing of the by-products of cereals involves the following processes: pressure is applied to the
compressible material, the temperature of the compressible material is raised to predetermined level, temperature and
pressure breaks the ligneous cell structure of the plant, whereby the heat softens the lignin in the material and lignin bonds
the loose particles of the compressible material (Pietsch, 2002; Olt, Laur, 2009).

It is known from sources (Singh, Satapathy, 2018) that wheat bran contains on average 45.8% (22.8-59.6 %)
neutral fibres (cellulose, hemicellulose, lignin), 13.6% (8.1%-18.7%) acid fibres (cellulose, lignin) and 3.8% (1.9%-—
5.2%) lignin. Another source (Sauvant et al, 2002) claims that the content of neutral fibres is on average 47.5% (40.3%-—
55.0%), acid fibres 13.7% (11.1%-17,3%) and lignin 4.0% (3.1%—4.9%). Sources do not contain such information on
other brans. At the same time, it is known that wheat straws contain 7.94% of lignin and other straws contain 5.05-8,76%
(Raud et al., 2016; 2018). This variation in the lignin content of bran and straws can be accounted for by the fact that bran
contains starch and, therefore, it must contain less lignin than the straws (Soots et al., 2019). However, ground straws can
be added to bran in order to reduce the cost price of manufacturing of tableware. Straws are also a lignocellulose material,
but the price is considerably lower compared to bran.
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The introduction of compostable products, including tableware, is feasible only if their mechanical properties are
comparable to the mechanical properties of disposable tableware made from cardboard and plastic. The flexural strength
of the material suitable for the production of compostable tableware must be at least equal to the flexural strength of plates
made from wheat bran, which is dm = 9.98 N mm (Soots et al., 2019).

A compostable tableware production technology according to the patent document US9517578 contains, for
example, the following steps: bran with fraction 0.01-2.80 mm and moisture content of at least 14% are mixed; then
measured into a moulding, which contains a matrix and a mark and whose temperature is 120 °C and which is used to
compress the material up to the pressure 10 MPa; the compression results in a product with the density of 1.4 g cm™. The
technical solution protected by this patent document was taken as a model for this study.

In order to call the product, in our case the tableware, completely compostable, it must meet the requirements (DIN
EN 13432 and/or ASTM D6400 and ASTM D6868). Both of these specifications require that biodegradable/compostable
products must degrade completely in the composting environment within a certain time and they are not allowed to leave
any hazardous residues.

It became clear that there were no sources about the use of the by-products of the milling of other cereals (besides
wheat bran), like rye, oats and barley for the production of compostable tableware. Therefore, the aim of this study is to
explore the possibilities for the production of compostable tableware from other cereal brans.

MATERIAL AND METHODS

In addition to the already known wheat bran, the materials of this study included rye bran and oat bran. It was not
possible to obtain barley bran from the market nor cereal mills. The characteristics of materials were studied separately
and in the following mixtures: 1) mixture of wheat bran and oat bran 50%/50 % by mass; 2) mixture of rye bran and oat
bran 50%/50 % by mass; 3) mixture of rye bran and wheat bran 50%/50% by mass.

The sieve analysis of the materials was performed using the sieve analysis device PK®-1, which contained sieves
with round apertures with the following diameters 10, 7,5, 3, 2.5, 2, 1.5, 1, 0.5 and 0.25 mm. The balance used was Kern
EMB 500-1, which has a measuring range up to 500 g and has a precision of d = 0.1g.

The filter bag method was used to perform the fibre analysis of the materials to determine the content of
hemicellulose, cellulose and lignin in the material. The analysis was performed using the fully automatic fibre analyser
ANKOM 2000. Incineration for the determination of insoluble lignin was performed according to laboratory analytical
procedure NREL/TP-510-42622 (Determination of Structural Carbohydrates and Lignin in Biomass) given in the NREL
(National Renewable Energy Laboratory) technical report.

A three-point flexural test according to the standard 1SO 178:2010 was performed to measure the mechanical
properties of tableware using the test device Instron 5969. Test bodies or compacts were made to perform the flexural
strength test. The authors of this study consider the three-point flexural test similar to real life loads which are applied to
tableware upon using it.

Compacts with the following diameters were made to perform the flexural strength test and to determine density:
diameter D, = 50 mm, thickness b, = 2.5 mm. The compacts were produced in the hydraulic press using a pre-heated steel
mould. The mould was pre-heated in the muffle furnace Nabertherm N 7/H, whereby the minimal heating time before the
next compression was 15 minutes.

The modes for producing compacts from the studied materials were the following:

1) Temperatures T = 150, 200 and 250 °C (which originate from lignin’s melting temperature of 200150 °C),
whereby the temperature of the mould was measured using the thermometer contained in the furnace;

2) It is generally known that unit pressure o is proportional to compressive force F and inversely proportional to
cross-section S, or

F
o.=% (2)
and taking into account that the cross-section of the test body is S = n- Dy?/4, compressive force can be determined
as follows
1
F=Z-n-D§-o—C, )

and when D, = 50 mm and oc = 10 MPa, the compressive force amounts to F = 19625 N = 2 tf.
In the planned test, the compressive force was F =2, 15 and 30 tf, whereby the force was applied for 3 seconds;

3) Duration for the stationary application of the force t = 60, 90, 120 and 3+120 s.
A hydraulic press was used as the power unit for the manufacturing of test bodies or compacts and a specially made

mark and matrix were used as tools. The mark and the matrix were made for the production of disc-shaped compacts with
the diameter of 50 mm. At least three repetitions of the manufacturing of compacts were performed in each work mode.
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RESULTS

The studied material (rye bran, oat bran and wheat bran) were supplied by the company Tartu Mill AS. The results
of the sieve analysis of the material have been given in Table 5.

Table 5. Results of the sieve analysis
Parameter Oat Rye Wheat
Fineness, mm 1.15 1.97 1.79

According to the patent document US9,517,578 A, the fractional composition of bran must be in the range of 0.01—
2.8 mm. The results of the sieve analysis showed that the fractional compositions of all the brans supplied by Tartu Mill
AS remain within this range.

The fibre analysis was performed in the Laboratory of Biofuels of the Institute of Technology of the Estonian
University of Life Sciences. The results have been given in Table 6.

Table 6. Results of fibre analysis

Material Hemicellulose Cellulose Lignin
Wheat bran 30.35+0.16 10.15+0.12 5.46+0.03

Oat bran 7.83£1.10 3.40£0.35 11.22+0.37

Rye bran 30.37+0.10 5.55+0.14 4.26+0.05

The fibre analysis showed that oat bran contains significantly higher levels of lignin, but also starch compared to
wheat bran and rye bran.

The following part presents only the flexural strengths of compacts obtained in modes which resulted in high-
quality compacts, for which the material did not exit the mould and for which the flexural strength of the compact is equal
to or higher than that of the commercially available plate made of wheat bran. Table 7 presents the data on the compacts
made from rye bran and Table 8 shows the data on the compacts made from wheat bran. The production modes (T, F, t)
for the compression of compacts were observed strictly. A muffle furnace was used to achieve the pre-determined
temperature. Here it must be pointed out that as the initially planned temperature of 250 °C did not have an effect on the
mechanical properties of the compacts, tests were not continued using this temperature. Therefore, heating to 250 °C is
not necessary. The compressive force F = 2 tf did not ensure required flexural strength. The compacts of oat bran did not
achieve the flexural strength of 10 N mm2. Therefore, oat bran is not suitable as the raw material for the production of
tableware.

Table 7. Data on the compacts made from rye bran

Work mode Flexural strength, N mm Standard deviation Standard error
150 °C, 15tf, 60 s 12.17 0.85 0.49
150 °C, 15tf, 90 s 13.24 1.11 0.64
150 °C, 30 tf, 90 s 10.14 0.33 0.19
200 °C, 15tf,60's 14.61 1.07 0.62
200 °C, 15tf, 905 13.95 2.81 1.62
200 °C, 15tf, 120 s 13.14 2.19 1.26
200 °C, 30 tf, 60 s 10.69 3.14 1.81
200 °C, 15tf, 3+90 s 13.18 1.79 1.04

All flexural strengths listed in Table 7 remained in the range of 10.69-14.61 N mm2 and all of them were greater than
10 N mm?; therefore, the parameters were sufficient. The most suitable work mode was T =200 °C, F=15tf,t =60 s.

Table 8. Data on the compacts made from oat bran

Work mode Flexural strength, N mm2 Stapdz_ird Standard error
deviation

200 °C, 15tf,3+90s 14.24 2.05 1.18

The compacts made from wheat bran (a material already known on the market) were done only to compare the
compression results of rye bran and only in one work mode. The purpose of the test was to obtain a reference flexural
strength of plates made from wheat bran by applying pressure to the compact for 3 seconds and by holding the mould
together for 90 seconds after the removal of pressure. It became evident (Table 8) that the flexural strength of compacts
made from rye bran is comparable to that of compacts made from wheat bran. Table 9 compares the data on the compacts
made from wheat bran and rye bran in the same work mode.
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Table 9. Data on the compacts made from wheat bran, rye bran and oat bran (T =200 °C, F =30 tf, t =90 s)

Mixture Flexural strength, N/mm? Standard deviation Standard error
Wheat bran and oat bran 10.92 3.97 1.98
Rye bran and oat bran 10.25 2.83 1.60
Rye bran and wheat bran 12.18 1.99 0.99

Here it must be noted that no compacts were achieved from oat bran that would have met the requirements in the
planned work modes. Therefore, oat bran is not suitable for making compacts in these work modes. This may be caused
by the high starch content of the oat bran.

Table 10. Average densities of the compacts g cm3
Wheat bran Rye bran Oat bran Mixture of rye bran ~ Mixture of wheat bran ~ Mixture of rye bran
and oat bran and oat bran and wheat bran
1.05 1.07 1.07 1.06 1.10 1.04

Table 10 shows that the densities of compacts remained in the range of 1.03-1,10 g cm?. Table 11 presents the
summary of compacts made from rye bran and oat bran.

Composting of the test bodies. The composting of test bodies were started in the beginning of October 2018
(Figure 1) and it lasted till 17" November 2018.

Figure 1. Test bodies in the composting area on Figure 2. Test bodies in the composting area on
3" October 2018 7 November 2018 (35" day)

The test bodies for the composting test were chosen among the compacts made from oat bran, wheat bran and rye
bran these were placed into the compact bin. Composting was monitored weekly during the period (Figs 2, 3 and 4).

¥ X

. o 3 ¢ z AL 35 -
Figure 3. Test bodies in the composting area on Figure 4. Test bodies in the composting area on
14" November 2018 (42" day) 20" November 2018 (48™ day)

Figure 4 illustrates that the test bodies meant for composting had already decayed and composted, which was
anticipated as the raw material for the test bodies was a biological material.

CONCLUSIONS

1. Compostable tableware is mostly produced by compression of the by-products of cereal milling. In addition to wheat
bran, rice bran and corn bran, tableware can be made of the bran of other cereals and their mixtures.

2. The growing area of cereals has increased to ca 350,000 ha during this century and the total harvest amounts to
1,535,300 tons (year 2015). The milling of the cereal harvest gives about 20,000 tons of bran per year. If 40% of this
amount is used to manufacture tableware, namely plates, then the total annual production volume may amount to 20
million compostable plates, which is a significant relief for the environment.

3. All of the 10 test bodies compressed from rye bran, wheat bran and oat bran composted completely within 48 days
and left no hazardous residues.

4. The study showed that the flexural strengths of test bodies made from wheat bran slightly exceeded those made of
rye bran and the mixture of rye bran and wheat bran. Therefore, the materials suitable for the production of tableware
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include, in addition to wheat bran, also rye bran and the mixture of rye bran and wheat bran. In order to reduce the
cost price of production, the recipe may include ground cereal straws and chaff, which are also lignocellulose
biological materials and compostable.
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