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Abstract

In this paper, a complete biomass composite processing system based on agricultural waste powders, recycled plastics, and waste
oil is proposed. The wood-colored wallpaper, the green wallpaper, and the blue wallpaper are produced by this processing
system. These wallpapers are new products with low cost, high added value, and environmental friendliness. These wallpapers
have also been systematically tested. Based on the analysis of test results, a 3D model of material formation mechanism,
liquefaction filling technology, and hybrid network model construction technology are obtained. The experiment found the
reasonable RLDPE and RLLDPE ratio (1:0.26), the reasonable ratio of biomass to specialty solvents (1:1.5), the reasonable
dose of the solid dye (3%), and the reasonable concentration of dye solutions. Wood-colored bio-composite wallpaper products
have a smooth surface, wood color (AE = 36.7), natural aroma, and good comprehensive mechanical properties (tensile strength
9.255 MPa; elongation at break 20.998%; Young’s modulus 2229.475 MPa). The processing system and wallpaper products in
this article not only promote the plastic recycling economy and sustainable agricultural development but also provide new
channels for the development of waste oil reuse and new ideas for the development of high value-added biocomposite materials.

Keywords Green products - Garbage reuse - Novel dyeing technology - Processing system

Introduction

Since 1950, 50% of plastic waste has been landfilled on land
and the rest has entered the ocean (d’Ambriéres 2019). Eight
million tons of marine debris appears in the ocean per year,
some of which form a 1.6-million-square kilometer Pacific
landfill (Cheranov et al. 2019). Marine debris not only causes
harm to people through the food chain (Chatterjee and Sharma
2019) but also creates ecosystem deterioration and a tremen-
dous “tragedy of the commons” in oceans and rivers (Barnes
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2019). On March 27, 2019, The European Parliament voted to
pass a ban on disposable plastic products to recycle 90% of
plastic waste. The wallpaper product developed in this article
is in conformity with the concept of plastic recycling economy
(Defruyt 2019).

China’s gas pollution caused by straw burning is one of the
biggest threats to Chinese health (Qu et al. 2012), which leads
to the premature death of 1.2 million people (Yang et al. 2013).
Straw burning has played a big role in air pollution as a seasonal
source (Zhang et al. 2014). It produces harmful substances such
as air pollutants (CO, NH3, NOx, SO,, NMHC), particulate
matter, and smog (Jain et al. 2014) on the one hand and destroys
the soil by injuring the microorganisms in the soil such as
bacteria on the other hand (Xiue 2003). The cultivation of rice,
wheat, and corn in China is regional and intensive, which leads
to a large concentration of waste (Cao et al. 2008). Direct com-
bustion of these wastes causes smog (Wang et al. 2009) and the
abandonment of wastes causes water’s eutrophication (Yang
Chunhe 2005). Further technological innovations in waste re-
cycle fields are necessary (Wei et al. 2011).

As a kind of novel material with low density and eco-
friendly nature, biomass composites have been extensively
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studied by many scholars (Saba et al. 2014) (Ku et al.
2011). The wood-plastic composites link the timber indus-
try to the plastics industry (Clemons 2002). Some scholars
focus on the pretreatment of biomass. For example, Liu
(Liu et al. 2014) used the wood flour pretreated by the
nitric acid—ethanol method to produce composites. Other
scholars concentrate on the effects of filler loading levels.
For example, Kaymakci (Kaymakci and Ayrilmis 2014)
used three parts of sawdust flour with a mass fraction of
30%, 40%, or 50%, respectively, to mix with the polypro-
pylene to produce composites. The development of wood-
plastic composite leads to deforestation. So other biomass
fillers such as jute fibers and banana fibers have been stud-
ied. Patel (Patel et al. 2012) used epoxy resins as matrix
and jute fibers as filler to develop novel composites.
Pothan (Pothan et al. 1997) developed composites using
banana staple fiber and polyester. Directly using agricul-
tural products as fillers makes the cost of raw material
higher. Further surface modification and the addition of
expensive additives such as MAPP and MAPE (Patel
et al. 2012) (Ozmen 2012) have doubled the cost. The
combination of the above reasons has led to poor feasibil-
ity of these materials.

Polylactic acid biomass composite has been widely studied
by many scholars using different processing methods. Cecchi
(Cecchi et al. 2019) prepared composite with mussel shell
powders and PLA by directly stirring the mixture at constant
temperature (180 °C) for 15 min. Arena (Arena et al. 2011)
prepared PLA/fluorohectorite/montmorillonite composites by
melt-blending method. Some scholars have studied other bio-
mass composite such as PHBV/hemp composite (Miller et al.
2013). PLA and PHBYV are obtained from starch by a multi-
step ester conversion reaction which makes them very expen-
sive. This reason leads to high cost of materials. As the most
abundant raw material, straw has been widely studied in the
packaging industry (Gao et al. 2007) (Lin et al. 2011) and
many patented technologies have emerged (Wang 2001)
(Yin 2013). Although these studies are meaningful, their prod-
ucts are low value-added products. Some scholars pay atten-
tion to the particle size of straw (Lowa et al. 2017), while
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others pay attention to the content of additives such as
MAPE (Tajeddin and Ansari 2017). These scholars have not
considered that the thinner the straw, the higher the cost. The
plastic contamination caused by MAPE itself has also been
ignored. This paper introduces a new technology for the de-
velopment of high value—added new-scented colored biomass
composite wallpaper using agricultural waste powders (AWP)
and recycled plastics as raw materials. The high level of waste
recycling, the wide adaptability of raw materials, and the
harmless process make this technology environmentally
friendly and economical.

Material and methods
Materials
Detailed description of ingredients

Agricultural waste powders (AWP) Many scholars use a single
plant fiber as filler to design the process, which lacks practi-
cality and economy. Grain planting bases produce many types
of agricultural waste, which requires the process to have a
wide adaptability to raw materials. In this paper, a biomass
composite process suitable for the characteristics of the plant-
ing base’s agricultural waste is studied. As shown in Fig. 1 and
Table 1 below, the composition of the mixed powders used in
this paper and the situation of crops planted in the Langfang
planting base. The AWP is a mixture of agricultural wastes
mainly composed of wheat straw. The other components are
barley straw, discarded bamboo leaves, rice stems, rice leaves,
rice husks, corn stems, corn cob, and corn leaves. These raw
materials are provided from Langfang Yikang Flour Co., Ltd.
(Langfang, China) which is a grain planting base. The pow-
ders are produced by the joint factory of the Yikang company
and Kunming University of Science and Technology (KUST).

These agricultural wastes have been processed in three
stages. First, they are collected from farmland by agricultural
machines and sent to the large pulverizer. Then they are sent to
a large grinder for grinding after being washed and dried.
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Table 1

The composition of the mixed powder used in this paper and the situation of crops planted in the Langfang planting base

Agricultural waste types

Proportion (%)

Plant species Proportion (%)

Wheat straw (a) 30
Barley straw (b) 20
Discarded bamboo leaves (c) 10
Rice stems and leaves (d1)/rice husks (d2) 16/8
Corn stems and leaves (el)/corn cob (e2) 12/4

Wheat field (A) 30
Barley field (B) 20
Bamboo forest (C) 10
Rice field (D) 24
Com field (E) 16

Finally, they are sent to a jet mill for further grinding to refine
the particles. The obtained powders are dried again and stored
in a warchouse. The large pulverizer has large cutting gears
and blades that process the bulk material into small pieces.
The jet mill uses multiple high-pressure gas streams to grind
coarse particles into fine particles at the junction and separates
them by powerful centrifugation of the stage turbine.

Recycled plastic Recycled plastics used in this article were
supplied by Wang Brothers recycled plastic Co. Ltd.
(Yunnan, China). These products are produced by the joint
laboratory of the company and KUST. This company has a
complete set of patented technology and supporting equip-
ment. The waste plastics are washed and dried after classifi-
cation and collection. The pretreated waste plastic is sent to a
pulverizing device. Pulverized plastic powders are sent to the
melting furnace after being washed twice and dried again. The
melted plastic is extruded into wires after passing through a
decontaminating device and a decoloring device. The compa-
ny has a patented complete decontaminating device with mul-
tiple processes such as melt filtration, melt centrifugation, and
electrostatic separation to remove solid impurities and plastic
impurities. The patented decolorizing device has a melt ex-
traction and a multi-stage porous adsorption column to re-
move residual pigment impurities. The wires become oval
recycled plastic granules after a cold air hot cutting process.
According to the processing technology and technical data of
different products of this factory, the products of the factory
can be divided into three grades (Table 2).

Recycled linear low-density polyethylene (RLLDPE) is the
third class (powdery, MFI 2 g/10 min, density 0.918 g/cm’);
recycled low-density polyethylene (RLDPE) is the second
class (2-3 mm, MFI 1.6 g/10 min, density 0.923 g/cm®).

Table 2  Classification of the recycled plastics

Two kinds of raw materials recycled from the waste oil
Purified waste oil and solid waste oil powders are provided
by Kunming Lidian Co., Ltd. (Yunnan, China). The patented
technology for waste oil processing has four steps. The first
step is to collect enough waste oil in the restaurant’s waste
barrels and sewers. The second step is to use boilers for mul-
tiple boils and filter screens for multiple filtrations. The third
step is to add sodium hydroxide and calcium hydroxide into
the solution for alkali refining and wash the mixture with
water. The fourth step is to decolorize the solution with acti-
vated clay and activated carbon. After these four steps, the
purified waste oil is obtained. The saponin produced in the
alkali refining process and the collected waste solid animal oil
are sent to a heating furnace and mixed in a molten state. The
furnace temperature is controlled at 100—120 °C and the pro-
cess of heating and stirring the mixture is continued for 1-2 h.
The homogeneous mixture is sent to refrigeration equipment.
The refrigerating temperature is set at — 10 °C to — 5 °C and
the refrigerating time is 24 h. The obtained mixture is finally
frozen into pieces and sent to a freeze mill for grinding into
solid waste oil powders. After coming out of the twin-screw
extruder, the solid oil is more likely to solidify than the liquid
plastic. The easily solidified component facilitates the forma-
tion of the composite as curing agent.

Other reagents Erioglaucine disodium salt (5000 mesh) is
provided by Macleans Co., Ltd. (Shanghai, China). HLA-
TiO, (anatase-type titanium, hydrophilic, and lipophilic
anatase-type, 99.8% metals basis, 5-10 nm), calcium glu-
conate (USP level, 500 mesh), ultrafine kaolin (K100132,
5um), lauryl methacrylate (LMA) (96%, 500 ppm MEHQ
stabilizer) are provided by Aladdin Co. Ltd. (Shanghai,
China).

Product category Source of raw materials

Value (percentage of new plastic prices) (%)

First-class recycled plastic
Second-class recycled plastic Plastic used once

Third-class recycled plastic

Leftover material; bottom material

Plastic used twice and more than twice

70-80
50-70
30-50
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Ingredients and classification

The reagents and substances used in the experiment are listed
in Table 3.

The main processing equipment

The composite in this paper is processed by means of twin-
screw extrusion compounding. The compounding process is
finished by SY-6217-ZB laboratory twin-screw extruder
program-controlled type (Shiyan, Dongwan, China). The
screw of twin-screw extruder is 40CrNiMo chrome-
molybdenum alloy special tool steel. The screw has a feed
section, a compression section, a metering section, and a
mixing head. The nitride layer depth is 0.4-0.7 mm and the
nitride hardness is HRC55~60. The screw also has a polished
hard chrome plating. The screw diameter is 30 mm and L/D is
40:1. The twin screw system is a modular spiral combination
and the barrel is multi-stage combined. This machine is
equipped with a PLC programmable controller and a 10-in.
color touch screen display which can adjust speed and
temperature.

The granules of biomass composites are processed by SY-
6219 laboratory cast film machine (Shiyan, Dongwan, China)
to produce films. The cast film machine consists of two main
parts. One is a single-screw extruder and the other is a cast roll
and winding system. Both the single-screw extruder and the
cast roll and winding system need to be set to the applicable
parameters for the two parts to work together in coordination.
The single-screw extruder is equipped with four heating zones
and fed directly through a metal hopper. The granules are
added to the single-screw extruder which gradually heats
and melts the blend through four heating zones. The blend
passed through the single-screw extruder enters the die. The
blend is continuously heated to maintain a molten state. The
molten composite flows from the lip of the die and enters the

cast roll and the winding system. The screw of the single-
screw extruder is made of 38CrMoAl chrome-molybdenum
alloy. The screw diameter is 20 mm and L/D is 25:1. The main
components of the cast roll and winding system are the die, the
cold roll, the rubber nip roll, and the take-up roll. The films
with a thickness of 0.02—1.2 mm can be manufactured by
adjusting the knob. One end of the knob is connected to the
hydraulic control system and the other is connected to rubber
nip roll. Rotating the knob can change the nip roller height to
further control the thickness of the film. The chills roll is
200 mm OD and 320 mm wide. The rubber nip roll is
80 mm OD and 320 mm wide. The guide wheel is 30 mm
OD and 320 mm wide. The winding roll is 80 mm OD and
320 mm wide, which uses friction to wind up films. As
showed in Fig. 2, the die is a T-slot design. It consists of
heating zone and connection zone. The heating zone has six
zones. There are three small areas in the anterior part of the
rectangular heating zone. The width of the die lip is 300 mm.
The molten composite is extruded from the anterior three
small areas (1, 2, 3 zones) and processed under the action of
the pressure roller. There are also three small areas (4, 5, 6
zones) in the back part which are connected to the single-
screw extruder outlet. The operating situation of the system
are displayed on the processing condition monitor.

Compounding and processing
Experimental system

As showed in Fig. 3 below, the experimental system of the
development of high value—added new biomass composite
wallpaper in this paper contains four parts, the development
of nanoparticle-reinforced matrix (Part 1), the development of
original composites (Part 2), the development of composites
treated with solid dyes (Part 3), and the development of com-
posites treated with liquid dyes (Part 4). The entire

Table 3  Introduction of reagents and substances

Label Classification/function Composition

A Biomass component Agricultural waste powders
B Plastic component #1 RLDPE

C Plastic component #2 RLLDPE

D filler Ultrafine kaolin

E Nanoparticle-reinforced matrix (granules no.1) RLDPE;RLLDPE;HLA-TiO,
F Solid staining agent/nano-strengthener HLA-TiO,

G Coupling agent Lauryl methacrylate(LMA)
H Multifunctional curing agent Solid waste oil particles

I Dyeware Erioglaucine disodium salt

J Dyeing solution Lauryl methacrylate/erioglaucine disodium salt
L Special solvent Calcium gluconate

K Adhesive/lubricant Purified waste oil
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Fig. 2 Structure drawing of the
die of the casting film machine

experimental system adopts a pyramidal structure to screen
out the optimal formula layer by layer. The front part provides
the raw material for the latter part.

As showed in Tables 4, 5, and 6 in part 1, the total mass of
the basic composition in each sample is constant at 500 g. The
ratio of the RLDPE and RLLDPE is changed to carry out the
experiment while the mass of other ingredients is controlled.
The purpose of this part is to screen out the best formulation of
RLDPE and RLLDPE, on which based the granules of an
optimal nanoparticle-reinforced matrix (granules no. 1) are
produced. In part 2, the total mass of the basic composition
in each sample is constant at 500 g. The ratio of the AWP and
calcium gluconate is changed to carry out the experiment
while the mass of granules no.1 and other ingredients is con-
trolled. Part 2 is to screen out the best formulation of AWP and
calcium gluconate, which provides optimal original compos-
ites (granules no. 2) for part 3. In part 3, the mass of granules

Casting cold rolls
and winding system

Outlet of the
single-screw extruder

Heating zone of die

Processing
condition monitor

no. 2 is controlled at 500 g, the weight of HLA-TiO; is
changed to carry out the experiment. HLA-TiO, is addition-
ally added reagent which is not included in 500 g. Part 3 is to
screen out the optimal weight of HLA-TiO,, which provides
the granules of optimal composites treated with solid dyes
(granules no. 3) for part 4. In part 4, the mass of granules
no. 3 is controlled at 515 g and the addition of the weight of
the dyeing solvent is controlled at 30 g, while the concentra-
tion of dyeing solution is changed to carry out the experiment.
Part 4 is to screen out the best dyeing solvent concentration,
which is the basis for the development of colored scented
biomass composite wallpaper.

The raw material pretreatment section

The moisture in the air enters AWP during transportation and
storage, which causes agglomeration. As showed in Fig. 4

the development of

| optimize liquid stain concentration L_—__ composites treated with

C ional scented bi posi llpap liquid dyes
[the granules of optimal compostes treated with solid dyes
% ¢ ! - J optimize proportion of solid dye ! the devel of comp treated
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| the granules of optimal original composites

the development of original composites
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the development of nanoparticle-reinforced matrix )

Fig. 3 The experimental system of the development of high value-added new biomass composite wallpaper
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Table 4  List of ingredients of the part 1

Code Partl The amount of various raw materials added

Composition B:C B C F K
1 BCFK (47/50/2/1) 1:1.06 235 250 10 5
2 BCFK (57/40/2/1) 1:0.70 285 200 10 5
3 BCFK (67/30/2/1) 1:0.44 335 150 10 5
4 BCFK (77/20/2/1) & E (granules no.1) 1:0.26 385 100 10 5
5 BCFK (87/10/2/1) 1:0.11 435 50 10 5
6 BCFK (92/5/2/1) 1:0.05 460 25 10 5
7 B (100) Na 500 0 0 0
8 BFK(97/2/1) Na 485 0 10 5
9 C(100) Na 0 500 0 0
10 CFK (97/2/1) Na 0 485 10 5

above, a superfine pulverizer WFJ-60 (Zhengze, Jiangyin,
China) and 500 mesh screens are used to process the agricul-
tural waste powders. Refined straw powders are only opti-
mized for particle size, they also carry a lot of dust and pesti-
cide residues. The next step is to place deionized water in
several 2-L beakers containing the AWP and place them on
magnetic stirrers. Heat the water to 100 °C and mix the mix-
ture evenly. The boiling process can promote the decomposi-
tion of impurities such as wax and pectin of biomass. Boiling
water soaking treatment takes an hour, after which the suction
filter bottles, funnels, and vacuum pumps (Secris, Henan,
China) are used to separate. Then the separated AWP are
placed in several 1-L evaporating dishes with covers. The
separated AWP in the evaporating dishes are immersed with
an appropriate amount of 8% sodium hydroxide. The evapo-
rating dishes are placed in several KQ-500E ultrasonic gener-
ators (Chenglian, Shanghai, China) whose working tempera-
ture is set to 80 °C and working time is set to 2 h.

After the ultrasound-assisted lye soaking treatment, the
AWP undergo a complete set of standardized washing, steril-
ization, and drying procedures finished by JP-2012GH auto-
matic washing machine (Jiemeng, Shenzhen, China). The cav-
itation of the ultrasonic waves makes the plant fibers in the

AWP loose. It also increases the specific surface area of the
fibers and promotes the outflow of impurities. The role of the
lye is to increase the surface hydroxyl groups of AWP and
activate the existing surface hydroxyl groups of AWP. Ding
Fangfang (Fangfang et al. 2011) also used an approximate
pretreatment method in the preparation of corn stalk fiber/
PBS composites and had good results. The purified waste oil
is taken from the refrigeration system. A ZNCL-BS smart
magnetic stirrer (Yue Zhong, Shanghai, China) and 50-ml
beakers are used to heat oil to 80 °C. This process can reduce
the absolute viscosity of oil to 3.8-4.5 cP. The oil with better
fluidity does not block the pipeline. The heated oil is poured
into stainless steel sprayers (Maijia, Guangzhou, China).
Some ash and salt enter plastic material during transportation
and storage. The RLDPE and RLLDPE also are processed by
the automatic washing machine. Stainless steel mesh boxes
are used to carry the cleaned RLDPE and RLLDPE.

Compounding process of composites
In many reports, the direct utilization of the ellipsoidal LDPE

particles produced by the factory and extremely fine biomass
powders causes some problems. The low relative specific

Table 5 List of ingredients of the part 2

Code Composition AL A D E H L
11 ADE (granules no. 1) HL (0/3/75/2/20) Na 0 15 375 10 100
12 ADE (granules no. 1) HL (4/3/75/2/16) 1:4 20 15 375 10 80
13 ADE (granules no. 1) HL (8/3/75/2/12) 1:1.5 40 15 375 10 60
14 ADE (granules no. 1) HL(10/3/75/2/10) 1:1 50 15 375 10 50
15 ADE (granules no. 1) HL (12/3/75/2/8) 1:0.67 60 15 375 10 40
16 ADE (granules no. 1) HL (16/3/75/2/4) 1:0.25 80 15 375 10 20
17 ADE (granules no. 1) HL (20/3/75/2/0) Na 100 15 375 10 0

Granules no.2 ADE (granules no. 1) HL (8/3/75/2/12) 1:1.5 40 15 375 10 60
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Table 6 Lists of ingredients of the part 3 and part 4

Code Composition Ganulesno.2 F Code Composition; additive amount of dye solvent Ganules no. 3 1 J B (%)
18 Granules no. 2; F 500 25 24 Granules no. 3 (515 g); J (30 g) 515 0 50 0
19 Granules no. 2; F 500 5 25 Granules no. 3 (515 g); J (30 g) 515 0.2 50 040
20 Granules no. 2; F 500 10 26 Granules no. 3 (515 g); J (30 g) 515 0.5 50 0.99
21 Granules no. 2; F 500 15 27 Granules no. 3 (515 g); J (30 g) 515 1 50 1.96
22 Granules no. 2; F 500 20 28 Granules no. 3 (515 g); J (30 g) 515 1.5 50 2091
23 Granules no. 2; F 500 25 29 Granules no. 3 (515 g); J (30 g) 515 2 50 3.85

Granules no. 3 Granules no. 2; F 500 15 Concentration: 3 =1/J(%)

surface area of the ellipsoidal LDPE particles will lead to
uneven mixing of filler and plastic. The low relative specific
surface area also let fillers not completely penetrate into the
matrix. The extremely fine biomass powders require more
advanced grinding techniques which cause the cost to rise
sharply, while static electricity increases agglomeration of
powders. In part 1, innovative screw wire pulling granulation
technology and particle surface coating liquid film technology
are used to solve these problems. The parameters of the twin-
screw extruder required for the wire pulling granulation tech-
nology are as shown in Table 7 and Fig. 5. The weights of
ingredients are weighed with a YP1002 electronic balance
(Dingke, Shanghai, China).

This linear temperature profile causes the ellipsoidal plastic
particles to be gradually heated to a temperature of about
170 °C above their melting point and the molten plastic has
good deformation and ductility. As showed in Fig. 5, the in-
telligent pelletizer uses a gear-shaped blade to bite the wire
and the shaft torque can be changed to apply a larger axial
pulling force to the wires by increasing the speed. The axial
friction generated by the conveyor belt which directly
contacted with the wire. The molten plastic is subjected to
not only the axial pulling action of the pelletizer and the con-
veyor belt but also the radial pressing action of the twin-screw
extruder. Under the combined action, the molten plastic be-
comes ultra-fine plastic wires which are cut into small cylin-
drical plastic particles by the blade of the pelletizer. The small
cylindrical RLDPE granules are produced. The particle sur-
face coating liquid film technology facilitates better contact
between the HLA-TiO2 powders and the plastic granules.
Several stainless steel sprayers (Maijia, Guangzhou, China)
containing heated purified waste oil are used to spray the oil
mist onto the surface of the plastic particles. The oil covers the
surface of the oval plastic particles to form an oil film. The
respective weights of the oil and plastic particles are weighed
with balance before this process. After spraying 2—3 times at
different angles using a sprayer, the stainless steel spoon was
used to stir the mixture. Repeat this operation several times
until the oil is consumed. Then HLA-TiO, powders are added
to the pot using a small spoon and the mixture is stirred with
the stainless steel spoon. The amount of HLA-TiO, powders

added in one time is 1-2 g and the addition is completed in 3—
4 times. This operation allows the HLA-TiO, powders to be
uniformly adhered to the surface of plastic granules which
coated with a uniform oil film. In addition to strengthening
of the properties of the composite, the white HLA-TiO, nano-
particles play a role as a marker to distinguish composite from
the ordinary RLDPE wires. Finally, the mixture is sent to a
twin-screw extruder for compounding processing according to
the following parameter settings. Purified waste oil not only
functions as an adhesive but also acts as a lubricant to promote
better movement of the molten material under the action of the
two screws (Table 8).

As shown in Tables 4, 5, and 6, the twin-screw
compounding process in part 1 produced a total of ten kinds
of granules. They are fed to a cast film machine under the
parameters shown in Table 10 to produce corresponding film
samples. The optimal ratio of RLDPE and RLLDPE is select-
ed according to the mechanical analysis of these samples, on
which based a large number of granules no. 1 for part 2 are
produced. As shown in Table 9, a small cylindrical granule no.
1 has a specific surface area of 3.889 mm?/mm?, which is
about twice the specific surface area of an ellipsoidal normal
plastic granule. The small cylindrical RLDPE granule has the
highest specific surface area of 4.567 mm?*/mm?>. These two
technologies result in an increase in the contact area of the
matrix with the fillers and allow the fillers to be better embed-
ded into the matrix Fig. 6.

As shown in Table 11, granules no. 1 in part 2 and other
ingredients are premixed by pots, spoons, and YLT-50L small
experimental high-efficiency mixer (Yilang, Guangdong,
China). The high-efficiency mixer has a temperature range
between 30 and 150 °C, a speed adjustment between 0 and
50 rpm, and a pneumatic discharge mode. Steps 1 to 2 are used
to dehumidify. Steps 3 to 7 are used to gradually mix the
various starting materials to obtain a homogeneous mixture.

The mixture processed by the YLT-50L small experi-
mental high-efficiency mixer is poured into a twin-screw
extruder and subjected to a compounding process under
the parameters showed in the following Table 12. The
granules are fed to a cast film machine under the param-
eters shown in the above Table 10 to produce the samples.
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Fig. 4 The processing system of
the development of high value—
added new biomass composite
wallpaper

Pull the wires and
cut the wires
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development of

reinforced
matrix

Selection

Main ingredient

Solid staining agent

Granules no. 2 for part 3 are obtained by the same anal-
ysis and selection method as granules no. 1.

Table 7 The parameters of the twin-screw extruder required for pro-
duction of the small RLDPE cylindrical plastic particles

Zone number 6(die) 5 4 3 2 1 S; S, S3 Sy Py
°C+5 r/min bar

Temperature 190 180 160 140 120 100 6 8 5 49 3-7

S, feed screw speed, S, twin screw speed, S3 conveyor speed, S, pelletizer
cutting speed, P; Twin screw internal pressure

@ Springer
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Nozzle stomization

Granules no. 2 from part 2 above are baked in the
HLB-965 electronic plastic baking box (Hualu,
Dongwan, China) at 140 °C for 1 h. The baking process
not only removes moisture but also melts the mixture of
glucose and biomass on the surface of the granules
(Table 11). This process makes the HLA-TiO, powders
to stick to the surface of the granules. The baked gran-
ules and HLA-TiO, powders are mixed in a pot using a
big spoon. The amount of HLA-TiO, powder added in
one time is 1-2 g and the addition is completed in sev-
eral times. HLA-TiO, powder-coated granules are
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ingredients l S1

wires of biocomposite A

two rollers hold wires

pelletizer
Cutting gear bites wires

Fig. 5 Working principle diagram of twin-screw extruder

subjected to a compounding process under the parame-
ters showed in Table 12. Granules no. 3 for part 4 are
selected and obtained by the same method above.

In part 4, the lauryl methacrylate from the refrigera-
tion system is poured into a 50-ml small beaker and a
stirrer is used to heat it to 80 °C which makes the sol-
vent have better fluidity. After setting the ZNCL-BS
smart magnetic stirrer’s speed to 10 rpm, the
erioglaucine disodium salt was added to the solution with
a small spoon. The amount of solute added in one time
is 0.1-0.2 g and the addition is completed in several
times. The obtained dye solution is poured into several
stainless steel sprayers which are used to spray the dye
solution mist onto the surface of granules no. 3. After
spraying two to three times at different angles using a
sprayer, the stainless steel spoon was used to stir the
mixture. The dyed granules are fed to a twin-screw ex-
truder and a cast film machine under the parameters
which are the same as the parameters in part 2. The best
formula can be obtained by the research of granules no.
3 treated with different concentrations of dye solution,
which is used to produce products.

Table 8 The parameters of the twin-screw extruder required for the
development of nanoparticle-reinforced matrix

Zone number 6(die) 5 4 3 2 1 S S, S35 S4 Py
°C+5 r/min bar

Temperature 180 160 140 120 100 80 7 9 5 49 48

axial friction

=
T
g R
e

~
radial pressing action

twin-screw extruder

=

conveyor belt

Measurement and analysis
Mechanical analysis

The LX-DN-LL101 type 10 kN electronic universal testing
machine (Lixiong, Dongwan, China) is used to determine
the mechanical properties of the biocomposite sheets based
on ISO 527-1: 1993 and ISO 527-3: 1995, whose precision
of force measurement is 0.5%. The manufactured
biocomposite sheets were processed into the specified sample
(sample type 2 illustrated by the above specification) at
200 mm long and 10 mm wide by 5410801 type photo cutting
machine (Fellowes, Shanghai, China) according to the ISO
standard. The electronic universal testing machine has a pro-
grammable operator panel that can be used to program special
formulas. The Young’s modulus is obtained by importing the
machine with the following formula by referring to the stan-
dard ISO 527-1: 1993. The test speed is 50 mm/min, and the
speed measurement accuracy is 0.5%.

02701
El‘ -

Er—¢€1

E: elastic modulus (Mpa);

0,: the measure stress value when the strain value &, is
0.0005;

o, the measured stress value when the strain value &5 is
0.0025

Eight test strips were used for each sample measurement.
The average of the test data represents the mechanical prop-
erties of the sample. The distance between the two fixtures is
100 mm (£5 mm). An external extensometer with a 50-mm
grip separating distance is used. Each sample’s width was
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Table 9  The parameters of three types granules

Granules type Particle size (mm)

Calculation formula Specific surface area (Sy)

12 & 3.6 (d1 & h1)
1 & 3.5 (d2 & h2)
3&2&2(2a & 2b & 2¢)

Small cylindrical granules No.1
Small cylindrical RLDPE granules
Ellipsoidal normal plastic granules

3.889mm%/mm’
4.567 mm*/mm’

1.778 mm?*/mm’

Sy = (™ 4 ndihy ) /(4 by

= (=22 dy?
Sy = ("5=+ ndyhy | [\ "F T2
Sy = [2m(ab + bc + ca)] / (3 mabc)

measured with a Vernier caliper (accuracy = 0.02 mm) and its
thickness was measured with a micrometer (accuracy = 0.
001 mm). Three measurement points, 40 mm apart, are taken
on each sample to estimate the average thickness of each sam-
ple. The average sample thickness was calculated and the
cross-sectional area was calculated.

Micromorphology observation

The samples were subjected to liquid nitrogen freezing
treatment and a good surface was obtained before the
micromorphology observation. Before the micromorphol-
ogy observation, the samples are bonded to observation
bases by conductive glue. The colored images of the
samples without metal spraying process are taken firstly
by the AxioVision SE641 SP2 3D microscope (ZEISS,
USA). This microscope is equipped with Z-axis series
shooting technology and Nyquist graphics optimization
algorithm. The details and features of the particularly
rough surface of the samples which are sputter-coated
with gold are observed by JSM-7610F field emission
scanning electronic microscope (HITACHI, Japan) and
Tungsten gun emission scanning electron microscope
(FEI, Czech Republic).

The Chroma detection

The Chroma detection of the processed colored scented bio-
mass composite wallpaper is finished by YS6060 desktop

grating spectrophotometer (3Nh, Shenzhen, China), whose
illumination mode: reflection D/8°, transmission D/0° (includ-
ing UV/exclude UV measurement). YS6060 desktop grating
spectrophotometer also has a TFT true color 7 in. capacitive
touch screen, a full light source, and a dual array 256-pixel
CMOS detector. After black and white correction, the total
color difference can be obtained by using this device. The
color card of the sample can be obtained by inputting the lab
value of the sample into a color converter. The calculation
formula of the total color difference value is designed accord-
ing to the equipment specification and the relevant standard
(ISO 11664-4:2008).

AE = [(Lo-L) + (ar-a)’ + (t)'] "

Lo, ag, bo: L, a, b values of white base as standard

L, a, b: L, a, b values of the sample

AE: total color difference

When using a white base as standard, the formula changes
to the following form:

12
AE = [(100—L>2 ta+ bz}

In order to better observe the color, detail, and flaws of the
object, a EOS-1DX Mark II digital SLR camera (Canon,
Japan) is used to take photos of the sample. The body of this
camera is made of magnesium alloy, with effective pixels of

Fig. 6 Physical photos small cylindrical RLDPE granules, small cylindrical granules no. 1, and ellipsoidal normal plastic granules
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Table 10  The parameters of the cast film machine
1. Single screw extruder parameters
Zone number 4 (die) 3 2 1 Ss P,

175 °C 150 °C 125 °C 100 °C 60 rpm 19-23 bar
2. The casting chill roll and winding system parameters
Die zone position Temperature °C Winding speed rpm Traction speed rpm

Exit 175(1)
Entrance 175(4)

175(2)
160(5)

175(3)
175(6)

152
88

S5 screw speed, P, internal pressure of the single screw extruder

2020 megapixels, sensor type CMOS, ISO sensitivity of ISO
100-51200.

Results and discussions

Liquefaction filling technology and hybrid network
model construction technology

Based on the results of the various measurements above, the
mechanism of the material formation process can be analyzed.
Based on this mechanism, the theory of the liquefaction filling
technology and hybrid network model (Table 13) construction
technology can be developed. As showed in Fig. 7, state 1 is
the microstructure of the nanoparticle-reinforced matrix,
which shows that the HLA-TiO2 nanoparticles coated with
purified waste oil are uniformly dispersed in the hybrid plastic
matrix of RLDPE and RLLDPE. The uniform dispersion of
the nanoparticles has a reinforcing effect on the material prop-
erties. The nanoparticle-reinforced matrix can be used as a
basic material for the development of other kinds of materials.
State 2 illustrates the formation mechanism of the original
composites. To make the illustration clearer, it is divided into
state 2.1 and state 2.2. State 2.1 shows the initial composite
state of the raw material entering the twin-screw extruder.
State 2.2 shows the microstructure of the granules of the

Table 11 The corresponding method of adding and mixing raw
materials
Step  Substance Equipment Temperature and time
1 A E Pots and spoons 22 °C & 2 min
2 AE High mixing machine 100 °C & 10 min
3 A,E, L Pots and spoons 22 °C & 2 min
4 A,E, L High mixing machine 60 °C & 3 min
5 A,E, LD Pots and spoons 22 °C & 2 min
6 A,E, LD High mixing machine 60 °C & 3 min
7 A,D,E,L,H Pots and spoons 22 °C & 3 min

original composites. As showed in state 2.1, the particles of
AWP, calcium gluconate, and ultrafine kaolin are mixed into
the nanoparticle-reinforced matrix and their distribution is
messy. The particles of AWP and calcium gluconate are in
contact with each other and are uniformly mixed. Solid waste
oil particles are rapidly heated and melted. They distribute in
the form of thin strips inside the material to act as a lubricant.
The ordinary liquid solvent like water will stick the powder
into blocks, which cause blockage of the channel, but the
calcium gluconate does not have this problem as a special
solvent. As showed in state 2.2, the ingredients in the twin-
screw extruder are in a high-temperature and high-pressure
environment. They are also subjected to shear forces applied
by the screw. The solid solvent calcium gluconate becomes
liquid. The liquid calcium gluconate is uniformly mixed with
AWP in the form of fine powders to form a solvent. Both
cellulose and calcium gluconate are sugars. Both AWP and
calcium gluconate contain a large number of hydroxyl groups
and have a certain structural similarity, which makes them
have good affinity and compatibility with each other.
Hybrids of AWP and calcium gluconate based on the theory
of similarity and intermiscibility are uniformly diffused in the
form of a liquid in the nanoparticle-reinforced matrix. The
hybrids are subjected to shear forces from the screw, tension
from the pelletizer, and pressure from the liquid plastic and
cavity. The hybrids are dispersed in the material in an irregular
sheet form. Most of AWP and calcium gluconate are mixed
with each other to form a solution, which is mixed into the
nano-matrix as a kind of liquid biomass filler. A kind of new
hybrid is formed by mixing the liquid biomass filler with a
portion of the liquid plastic, which exhibits an irregular sheet-
like structure after cooling and solidification. Some of AWP
and calcium gluconate fuse with each other. They form anoth-
er kind of hybrid of a neuron-like structure embedded in the
sheet structure due to unavoidable agglomeration and local
differences. This neuron-like structure is mainly composed
of the composite of biomass, glucose, and liquid plastic. It
also contains a small number of biomass particles. It can be
attached to the sheet-like structure with less impact on the
properties of the material. Unlike the traditional filling
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Table 12 The parameters of the

twin-screw extruder required in Zone number 6 (die) 5 4 3 2 1 St S S5 Sy Py
part 2 °C+5 r/min bar
Temperature 175 180 175 150 120 100 15 35 5 15 18-22 bar

technology, the biomass component is mixed with liquid plas-
tic in liquid form and has a good dispersibility. The special
sheet-like structures produced by this technology not only has
a large contact area with the plastic matrix but also form the
framework with the matrix. The purpose of ultrafine kaolin is
to fill a small number of inevitable voids inside the material.
State 3 illustrates the microstructure of the composites treated
with solid dyes. After repeated compound processing, the
sheet-like structures change greatly. Some of the sheet-like
structures become longer and thinner under the combined ac-
tion, showing a long strip shape. The other sheet-like struc-
tures are split. The splitted structures are adhered to the long
strip shape structure to form several kelp-like branch struc-
tures. This new long strip shape structures with kelp-like
branch structures are the grown sheet-like structures. In addi-
tion to some changes in appearance, the new structures have
denser structures than the sheet-like structure of the previous
state 2 due to the more complete fusion. As the fusion process
is more complete, the neuron-like structures have undergone
some changes. Their tentacles become longer and they them-
selves become longer and thinner. The appearance of the
grown sheet-like structures and the grown neuron-like struc-
tures is due to the more complete fusion process and the long-
term synergy of the three mechanical effects. A lot of HLA-
TiO, nanoparticles are attached to their dense structure. In
addition to changing the overall color, nanoparticles increase
the overall stiffness of the material. State 4 illustrates the mi-
crostructure of the composites treated with liquid dyes. The
feature of this microstructure is the presence of a large number

of network structures. There are two types of network-like
structures. The first type is like a fine fishing net which is
produced by the polymerization and cross-linking reaction
of lauryl methacrylate itself. The second type is like a neural
network in the human body. The lauryl methacrylate fused
with the grown neuron-like structure of state 3 undergoes po-
lymerization and cross-linking reaction, thereby connecting
the grown neuron-like structures to each other to form a net-
work. The first type is directly embedded in the grown sheet-
like structure, while the second type is overlaid on the first
layer and entangled with the first network. This composite
network structure not only has good elasticity but also fills
in tiny cracks in the material.

Mechanical properties of material

The high value—added new scented biomass composite wall-
paper is produced by the casting film machine. Tensile
strength(TS), elongation at break(EAB), and Young’s modu-
lus (YM) are three important indicators for assessing their
mechanical properties. Figure 8 shows the effect of nanopar-
ticle content on the mechanical properties of matrix reinforced
by nanoparticles. Comparison of sample 7 and sample 8 found
that the TS of the material increased from 14.5 to 16.1 MP.
Comparison of sample 9 and sample 10 found that the TS of
the material increased from 6.1 to 7.3 MP. The addition of
2 wt% HLA-TiO, can increase the TS, EAB, and YM of the
material. Researcher Laida (Cano et al. 2017) also obtained
similar conclusions when studying the effect of nano titanium

Table 13 Supplementary description of the schematic diagram

Code Name Color

1 HLA-TiO; nanoparticles Pure white

2 Calcium gluconate Light blue

3 AWP particles Orange

4 Ultrafine kaolin particles Purple

5 Molten solid waste oil particles Dark yellow

6 The sheet-like structure Brown

7 The neuron-like structure Golden(fused structure); orange; light blue
8 The grown sheet-like structure Wheat-colored

9 The grown neuron-like structure Golden (fused structure); orange; light blue
10 First type network-like structures Light green

11 Second type network-like structures Dark green
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Fig. 7 The schematic diagram of
the entire microscopic mechanism
of the material formation process

Hn

dioxide on the properties of nanocomposites. LDPE has long
chain branches, while LLDPE has only short chain branches.
This makes RLLDPE more rigid than RLDPE, which means
RLLDPE has a higher YM. It also explains that the YM of
samples 1 to 6 drops from 673.7 to 259.2 MPa. The addition
of nanoparticles also increases the YM of the material due to
the relatively high hardness of the nanoparticles themselves.
Both RLLDPE and RLDPE are recycled and reprocessed
plastics, and their mechanical properties deteriorate and
change a lot compared to new plastics. The lower the grade
of waste plastic, the worse the mechanical properties of
recycled plastics. Adding nanoparticles to RLLDPE not only

Hybrid based on the theory
of similarity and intermiscibility

Molecular structure
three-dimensional graphics

Both substances contain a large amount of
hydroxyl groups and have structural similaritics
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improves the overall stiffness of the composite but also trans-
fers stress (Nagarajan et al. 2013). As shown in Figs. 11 and
12, the comparison of the micrographs of sample no. 13 and
sample no. 18 found that after adding some nanoparticles, the
gap in the sample not only decreased in size but also decreased
in depth. SEM pictures of the two samples indicate that gaps
in the sample not only changed in size but also changed in
shape. The nanoparticles fill many small gaps existing in the
RLLDPE and the stress is transmitted uniformly and effective-
ly when the material is subjected to a tensile force applied by
the universal testing machine. This is beneficial to the plastic
deformation of the material and prevents the partial tear of the

@ Springer



2612

Environ Sci Pollut Res (2020) 27:2599-2621

Tensile strength(MPa)

2000

1820.11856.3
ol 820.1

MPa)
-
8 8
1 1

1200 4
ler3z

602.4
495.9 499
4295 368.1
242.5 259.2
200 1 1
0 T T T T T T £ ) i o
#1 #2 #3 #4 #6

T T -’
#5 #7  #8  #9  #10
Code

Young's modulus(
» D @ 8
o o (=} o
o o o o
1 1 1

500 ~

S
8

325.6
305.5 309.3

w
8

Elongation at break(%)
8
1

#1#2  #3  #4  #5 #6 #7 #8 #9 #10
Code

500
~#— Tensile strength*100

—e— Elongation at break(%)
400 Young's modulus(MPa)*0.1

300

Trend

200

100

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10

Fig. 8 Columnar section drawing of mechanical properties of sample 1 to sample 10

material. RLLDPE has a high EAB because of its molecular
structure characterized by linear backbones. As a kind of
third-class recycled plastic recycled from the plastic used
twice and more than twice, RLLDPE has many impurity par-
ticles distributed unevenly inside, which makes it high in ri-
gidity and high in YM. However, uneven impurity particles
and gaps also cause many stress concentration points to reduce
the TS of the material. The combination of RLLDPE and
RLDPE can improve the overall deformability of the material
while keeping the proper TS of the material. The addition
amount of RLLDPE also has a certain regular relationship
with the EAB. But when the ratio of RLLDPE and RLDPE
is unreasonable, many fine cracks and gaps appear inside the
material, which makes the partial tear is prone to occur and the
TS of the material decrease. A suitable ratio allows the
RLDPE and RLLDPE to be mixed more uniformly and the
nanoparticles can better fill the cracks and transfer stress. As a
kind of matrix material, the nanoparticle-reinforced matrix is
required to have not only excellent ductility but also reason-
able toughness and rigidity. Sample 4 has a relatively good
EAB (309.3%), a suitable YM (499 MPa), and a suitable TS
(11.4 MPa). Sample 4 not only meets the mechanical proper-
ties but also reduces the cost by containing a certain amount of

@ Springer

RLLDPE. As a result, it is the best nanoparticle-reinforced
matrix for the development of original composites.

As shown in Fig. 9, samples 11 and 17 represent two spe-
cific composite materials, respectively. The biomass filler of
sample 17 was embedded in the plastic matrix in the form of
solid particles during the compounding process while the
AWP of the sample 11 was uniformly mixed with the plastic
matrix in a molten liquid state during the compounding pro-
cess. The stress transfer of the particles gives sample 17 better
TS (10.6 MPa). But granular biomass filler can destruct the
structural integrity of the matrix (Njoku et al. 2012), which
contributes to the low EAB values of the composites (8%).
The addition of biomass particles with a certain hardness can
increase the YM of the composite (Bhagat et al. 2014).
However, the structure of ordinary biomass particles embed-
ded in a plastic matrix is prone to local tensile fracture and
deformation, which is not suitable for the development of
wallpaper. In addition to cellulose, biomass particles also con-
tain impurities such as hemicellulose, lignin, and pectin,
which reduce the adhesion between the biomass particles
and the hydrophobic plastic matrix (Ku et al. 2011). The com-
posites in the twin-screw extruder are not only in high tem-
perature and high pressure environment but also subjected to
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shear forces applied by the screw. The substances containing a
large number of hydroxyl groups such as cellulose, hemicel-
lulose, lignin, and pectin are dissolved in the liquid glucose
containing hydroxyl groups based on the theory of similarity
and intermiscibility. From sample 11 to sample 16, the bio-
mass content of the composite gradually increased, but the TS
of the composite increased from 6.3 to 8.7 MPa and then
decreased to 6.6 MPa. The peak-like change in TS is similar
to the discovery of Zhenghao Ge’s research of straw flour/
styrene butadiene styrene composite (Ge et al. 2017). The
change of YM also shows a peak shape, which first rises from
768.22 to 1263.1 MPa, then decreases to 841.7 MPa. The
EAB has a different trend, it gradually decreased from 50.2
to 9.1% as the biomass content increased. The change in me-
chanical properties is mainly affected by the solubility of bio-
mass components in liquid glucose. The liquid glucose of
sample 11 is dispersed in the plastic, the damage to the sub-
strate is small, so the composite has a high EAB. The YM of
the original composite is increased compared to sample 4. The
mobility of the plastic molecular chain in the composite
formed by the addition of biomass is greatly limited, which
causes the YM of the composite to rise. For sample 12, the
concentration of biomass in glucose was relatively low and the
solubility of biomass in glucose did not reach saturation. At
this time, the overall performance of the composite has been
slightly improved. For sample 15 and sample 16, the biomass
component at this time was severely excessive, far exceeding

the solubility of glucose. Granular biomass fillers are present
in large quantities. The interaction between the biomass fillers
and the matrix is much weaker than the interaction between
the biomass fillers, resulting in a decrease in the TS of the
material. Some scholars have found similar phenomena in
their research (Sreekumar et al. 2007) (Lowa et al. 2017).
Agglomeration of particles creates several weak spots within
the material sensitive to fracture, which damages the ductility
of the material. For samples 13 and 14, the solubility of bio-
mass in glucose is within a short interval around the saturation
point. The solution of biomass and glucose in sample 13 is in
an optimal state, when glucose dissolves most of the biomass
particles and also contains traces of particles. This solution
allows the filler to be uniformly dispersed in the molten state
of the plastic, resulting in a large amount of chain interlacing
inside the composite and good mechanical continuity of the
system. The trace amount of particles increases the overall
stiffness. The above reasons cause the YM of sample 13 to
be the highest (1263.1 MPa). The biomass filler and glucose
are dispersed in a plastic matrix in the form of a wide and
irregularly shaped long piece structure which has a large con-
tact area with the plastic matrix and a better compatibility. The
long piece structure is very different from the hard particles.
Hard particles can only cause serious obstacles to the molec-
ular motion of the polymer chain (Guo et al. 2018). In addition
to hindering the molecular motion of the polymer chain, long
piece structure can transmit stress and have a certain degree of
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plastic deformation under a certain degree of external tension.
Among these samples, sample 13 has the best comprehensive
mechanical properties (TS 8.0 MPa; EAB 28.2%; YM
1263.1 Mpa).

The addition of HLA-TiO, has two effects on the material,
which affects the mechanical properties of the material in ad-
dition to changing the color of the material. A suitable amount
of addition of HLA-TiO, can render the wallpaper into a nat-
ural wood color without unduly damaging the mechanical
properties of the material. As shown in Fig. 10, from sample
18 to sample 20, the TS increased from 7.8 to 9.3 MPa, the
elongation did not change much and the YM remained at a
high level. It is obvious that nanoparticles play a role as the
mechanical reinforcement composition, which can especially
improve the YM and TS, without affecting considerably the
EAB. Some scholars have also discovered similar experimen-
tal phenomena (Amin 2012) (Mallakpour and Madani 2015).
In their samples, the internal mechanism in the composite is
the intercalated/aggregated structure (Chivrac et al. 2010).
The nanoparticles fill some of the internal small cracks and
are evenly dispersed in the matrix.

However, from samples 21 to 23, many changes have oc-
curred. When the amount of nanoparticles added is too high,
the TS and EAB of the composite decrease due to the aggre-
gation of the nanoparticles, which is similar to the experimen-
tal conclusions of Amin (Amin 2012) and Norranattrakul

(Norranattrakul et al. 2013). The nanoparticle content is too
high, far exceeding the carrying capacity of the plastic matrix,
resulting in severe powder agglomeration and exfoliated struc-
ture (Chivrac et al. 2010). The exfoliated structure is much
less rigid than the intercalated/aggregated structure, which re-
sults in a decline in the overall YM of the composite. Among
these samples, sample 21 has the best comprehensive mechan-
ical properties (TS 9.4 MPa; EAB 12.3%; YM 2000.1 Mpa).

At a suitable temperature and pressure, lauryl methacrylate
containing an unsaturated bond undergoes polymerization and
cross-linking reactions under certain external stimulation (Li
and Wei 2012; Waguespack et al. 2005). In the twin-screw
extruder, lauryl methacrylate is subjected to a shearing force
while in high-temperature and high-pressure environment,
which makes it prone to cross-link and polymerize. Lauryl
methacrylate contains a non-polar long chain and unsaturated
bonds which make the polymer and cross-linking product of
lauryl methacrylate structurally similar to the plastic matrix
(Daugaard et al. 2014). The similar structure let the lauryl
methacrylate have a good compatibility with plastic matrix.
Lauryl methacrylate can fill small cracks inside the material
and bond the filler to the plastic matrix. As shown in Figs. 10
and 13, from sample 24 to sample 29, the erioglaucine
disodium salt content of the formulation gradually increased
and the color of the sample gradually became darker. The YM
of these samples dropped from 2229.5 to 751.2 MPa due to
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Fig. 11 Microscopic morphology of several typical samples

the following reason. The lauryl methacrylate is directly em-
bedded in the plastic matrix after polymerization and cross-
linking reaction. As the content of erioglaucine disodium salt
increases, more and more erioglaucine disodium salt particles
will precipitate from the dye solution during the compounding
process, which will damage the adhesion between lauryl
methacrylate and the plastic matrix. The TS of these samples
decreased from 9.3 to 6.8 MPa and then slightly increased
from 6.8 to 7.9 MPa. The EAB from sample 24 to sample
27 remained stable, the EAB of sample 28 rose to 26.6%
and sample 29 fell again to 17.9%. In Samples 26 and 27, a
certain amount of erioglaucine disodium salt particles were
precipitated from the dyeing solution in the cross-linking re-
action and polymerization. The connection between the plas-
tic matrix and the cross-linked product was impaired, which
caused a decrease in YM. For sample 28, a large amount of
erioglaucine disodium salt particles were deposited on the
surface of the cross-linked product and polymer network,
leaving the network partially detached from the plastic matrix.
In this case, the cross-linked product and the polymer are only
inserted into the sheet-like structure of the material instead of
wrapping it, which in turn causes damage to the original sheet
structure. This phenomenon causes some of the fillers to

loosen, resulting in a severe decline in the TS and YM of the
material. The detached cross-linked product and polymer net-
work have good ductility and the hindrance to plastic defor-
mation is reduced which make EAB increase, but the overall
stiffness of the material is seriously degraded. For sample 29,
a severe excess of erioglaucine disodium salt not only disrupts
the interface interaction between the network and the plastic
matrix but also damages the network itself. Although the
erioglaucine disodium salt particles themselves can exert a
certain stress transfer effect and the TS is slightly increased,
but the clustering of the particles causes a plurality of stress
concentration points to appear in the network which lower the
EAB. Once partial separation appeared, the cross-linked prod-
uct and polymer network are inserted directly into the sheet
structure, which can cause fatal damage to the overall stiffness
of the material. The Sample 29 is not suitable for the develop-
ment of wallpaper products. The dyeing solvent requires a
reasonable concentration.

Morphological structure analysis

In this article, several typical samples were analyzed using
different magnification microscopic morphology. HLA-TiO,
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Fig. 12 SEM pictures of several
typical samples

nanoparticles are blue in the field of view of the microscope
and the place where the HLA-TiO, nanoparticles agglomerate
is dark blue. As the picture shows, the microscopic morphol-
ogy of sample 4 is much smoother than that of sample 6. There
are some shallow pits and some scratches in the microscopic
morphology of sample 4. However, there is a big difference in
the microscopic morphology of sample 6. In addition to pits
and scratches, there are a large number of messy distribution
holes which are deeper. Scratches are caused by the defects of
the recycled plastic itself and the shearing force of the screw.
The pits and holes are caused by the agglomeration of the
HLA-TiO, nanoparticles and the uneven mixing of the molten
plastic. The formulation of RLDPE and RLLDPE in sample 4
is reasonable. The RLLDPE with short chain branches is not
only more ductile but also has a higher MFI. RLLDPE melts

@ Springer

rapidly after being heated and the liquid RLLDPE can encap-
sulate nanoparticles well. Liquid RLLDPE with good fluidity
and ductility can well fill the gaps and holes in the composite,
making the nanoparticles more dispersible. This greatly re-
duces the areas of particle agglomeration and uneven mixing
in the composite The particle agglomeration creates stress
concentration points which are prone to fracture. These rea-
sons make the overall mechanical properties of sample 4 bet-
ter. The microscopic morphology of sample 17 is also very
different from the microscopic morphology of sample 13. The
relatively wide and deep gaps appeared in the microscopic
morphology of sample 17 and its color is darker. Zykova
(Zykova et al. 2017) also found a similar microscopic image.
As the amount of biomass added increased, the color of the
sample gradually deepened and the agglomeration became
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more pronounced. In sample 13, the liquefaction filling tech-
nology allows the biomass particles to be filled into the plastic
matrix in a liquid form, greatly reducing the gaps caused by
particle agglomeration. The number of gaps and holes in sam-
ple 21 was larger than that of the sample 18, but the color of
the sample 21 became light. As a kind of solid staining agent,
the addition of HLA-TiO, nanoparticles can change the color
of the material, but when the amount is too high, serious
agglomeration will occur, resulting in many gaps and holes
inside the composite. These gaps and holes cause the mechan-
ical properties of the material to deteriorate. Samples 25 and
28 showed green and blue due to the difference in dyeing
solvent concentration. The shallow gaps and pits in sample
25 and sample 28 were filled with cross-linked products and
polyaddition products of LMA. These places have a scar-like
appearance. The deep gaps and pits become shallower after
being filled with the polymer and cross-linking product of
LMA. The edges of gaps and the pits are the contact areas of
the agglomerated particles and the plastic matrix, the interface

12 3 456 7 8 910111213 14151617 18 19 20 21 22 23 24 25 26 27 28 29
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Fig. 13 The physical pictures and chrominance information of the samples

interaction at these places is relatively poor. This networked
product covers the edges of the gaps and pits, making the filler
and plastic connections at the edges tighter.

To further analyze the internal structure of the material, two
scanning electron microscopes were used to observe these
samples. As showed in Fig. 13 below, the agglomeration prob-
lem of nanoparticles in sample 6 is more serious than that in
sample 4. The HLA-TiO, nanoparticles in the sample 6 ag-
glomerated to form a circular region of regular shape. The
HLA-TiO, nanoparticles in the composite of sample 4 are
dispersed in the plastic matrix and exhibit an irregular distri-
bution as a whole. These circular regions contain more multi-
ple stress concentration points which can cause damage to the
mechanical properties of the material. The image difference
between sample 17 and sample 13 is particularly large. Both
humps and voids are characteristic due to a large amount of
agglomeration of the powders inside the material. In addition
to the irregular small piles in the image of the sample 17, a
large swollen hump appeared. This hump is mainly formed by

@ Springer



2618

Environ Sci Pollut Res (2020) 27:2599-2621

the agglomeration of large particles like biomass powders.
The agglomerates of large particle size biomass particles are
mixed with a small amount of liquid plastic to form the body
of the hump. The agglomerates of small particle size materials
such as HLA-TiO, nanoparticles particles and ultrafine kaolin
are distributed in the internal gaps and surfaces of the hump.
Hump and piles both destruct the structural integrity of the
matrix and they are harmful to the material. The hybrid created
by mixing the liquid biomass filler with a portion of the liquid
plastic exhibits a sheet-like structure. These sheet-like struc-
tures are widely distributed in the plastic matrix. Some of the
hybrids exhibit an irregular neuron-like structure due to un-
avoidable agglomeration and local differences. These irregu-
lar structures are embedded in many sheet structures. The
small piles embedded in the sheet-like structure in the
Fig. 13 represents this irregular neuron-like structure. The
liquid biomass filler and the liquid plastic can be more uni-
formly mixed due to their similar phase, which greatly reduces
the gaps. The liquefaction filling technology not only dis-
solves cellulose but also dissolves impurities such as hemicel-
lulose, lignin, and pectin. It improves interface interaction
between the biomass particles and the hydrophobic plastic
matrix. The above reasons result in fewer gaps in the compos-
ite and let the sample 13 have better overall mechanical prop-
erties. Satapathy (Satapathy and Kothapalli 2018) drew a sim-
ilar conclusion that filler particles are well dispersed in the
RHDPE/BF matrix resulting in fewer flaws and defects.
After the composite in sample 18 was subjected to a further
compounding process, the internal sheet structure was greatly
changed. A part of the sheet-like structures become longer and
thinner under the combined action, which exhibit long strip
shape. The other part of the sheet-like structures are split and
the split structures are adhered to the long strip shape struc-
tures to form several kelp-like branch structures. The irregular
neuron-like structures also become longer and thinner. The
white and bright piles of the sample 18 appear in Fig. 13
represent the grown irregular neuron-like structures which
contain more HLA-TiO, nanoparticles than the neuron-like
structure of sample 13. The new structures in sample 18 are
denser than the old structures in the sample 13. The stiffness of
the sample 18 is improved due to the more complete fusion
process and the long-term synergy of the three mechanical
effects.

The feature in sample 28 is the presence of a large number
of network structures inside and on the surface of the material.
There are two types of network-like structures that appeared in
Fig. 13. These network structures exhibit a two-layer distribu-
tion. The lower layer network is also the first type of network-
like structures, which are a kind of fine fishing net-like net-
work structures created by the polymerization and cross-
linking reaction of LMA. The second type of network-like
structures are like a neural network in the human body. This
kind of network-like structures are distributed on the upper
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layer, they are produced by another special process: after the
lauryl methacrylate was fused with the grown neuron-like
structures in the sample 18, a polymerization and cross-
linking reaction occur, thereby new network-like structures
are formed by connecting the grown neuron-like structures
to each other. The two-layer compound structures fill in tiny
cracks in the composite while enhancing the mechanical prop-
erty of the material. This two-layer compound structures can
not only strengthen the interface between the biomass filler
and the plastic matrix but also transmit stress well when they
are subjected to load. They greatly improve the EAB and TS
of the material. Uitterhaegena (Uitterhaegen et al. 2018) also
found similar results. The addition of the coupling agent can
reduce the disintegration of the interface and facilitate the
stress transfer inside the biocomposite material.

Chroma analysis of materials

The color of the sample is showed in Fig. 14. For the
nanoparticle-reinforced matrix, the color difference of the
object is difficult to observe with the naked eye. The ob-
jects are snowy white, but there is a slight difference in hue
and gray. The total color difference of samples 7 and 8 is
relatively high, indicating that RLDPE is mixed with some
colored impurities during the recycling process.
Conversely, sample 9 and sample 10 have a smaller total
color difference, indicating that RLLDPE is whiter. The
variation of the total color difference from sample 1 to
sample 6 indicates that the color of the material can be
adjusted by using RLLDPE and nanoparticles. From the
analysis of the chroma card, sample 4 has not only better
mechanical properties but also better whiteness. From sam-
ple 11 to sample 17, the total color difference gradually
increases as the content of the biomass component im-
proves. This is because the biomass component is inevita-
bly carbonized when it is heated for a long time. The more
biomass components, the more carbonized biomass com-
ponents, the deeper the color of the material. The analysis
of physical photographs reveals that excessive biomass
levels have two additional side effects in addition to deep-
ening the color of the material. One is that the powder
agglomerates on the surface of the material, resulting in a
very rough surface. The other is that powder agglomeration
leads to small holes and flaws on the surface of the mate-
rial. This problem is particularly severe in sample 17 and
this problem of sample 18 is mitigated by the application of
liquid filling technology. Sample 13 has not only good
mechanical properties but also a color in a suitable range.
From sample 18 to sample 23, the total color difference of
the material gradually decreased. The addition of the HLA-
TiO, nanoparticles can improve the color of the material,
but not as much as possible. Although excessive HLA-
TiO, nanoparticles give the material a good whiteness,
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they can impair the mechanical properties of the material
and increase the surface roughness of the material. Sample
23 has such a problem. Sample 21 having a relatively good
overall performance can be developed by adding an appro-
priate amount of HLA-TiO, nanoparticles. Sample 24,
which was developed on the basis of sample 21, showed
no significant change in the total color difference. This
indicates that the cross-linking reaction and polymerization
of LMA do not have a large effect on the color of the
material. Sample 24 has the color of pear wood and its
mechanical properties were also improved. It is an ideal
material for making wood color wallpapers. From sample
25 to sample 29, as the concentration of the dye solution
increases, the total color difference of the material gradu-
ally increases. Through a comprehensive analysis of phys-
ical pictures and chroma cards, it was found that samples
26 and 28 are the rational materials for the development of
green and blue wallpapers, respectively. The green color of
sample 25 is accompanied by a certain yellow hue, the
color of sample 27 is between green and blue. The concen-
tration of the dye solution of sample 29 is too high
resulting in the unnecessary increase in cost and the de-
cline of material mechanical properties.

Feasibility analysis of dyes

The feasibility of a suitable dye is very important for the
dyeing process of wallpaper. Pigments such as anthocya-
nins and chlorophyll extracted from natural plants have
good affinity with biomass components and are not toxic
to humans. But high cost makes it unsuitable for wallpa-
per development. Azo dyes and metal complex dyes are
widely used in industry, but they have some problems.
Aromatic amines produced by the metabolism can cause
various malignant tumors such as liver cancer (Feng et al.
2012) (Chung 2016) when the azo dye entered the human
body through the esophagus and skin mucosa. The
discarded product contained metal complex dyes will
bring the heavy metals to the soil and water bodies, seri-
ously damaging the ecological environment. Erioglaucine
disodium salt is one of the common food colors. It not
only has a certain affinity with biomass but also is non-
toxic and environmentally friendly. According to the data
provided by Macleans Co., Ltd. (Shanghai, China), the
purchase of the same weight of 25 g of raw materials,
erioglaucine disodium salt costs 72 yuan, chlorophyll
costs 426 yuan, while anthocyanin costs 844.50 yuan.
The erioglaucine disodium salt used in this paper is eco-
nomical. The erioglaucine disodium is in powder form at
normal temperature and its melting point is 100 °C. These
performances let it have the advantages of convenient
addition and easy to melt. As a kind of solid dye, nano
titanium dioxide has two main crystalline forms: anatase

and rutile. There are three types of anatase-type titanium
dioxide: hydrophilic and lipophilic anatase-type titanium
dioxide, hydrophilic anatase-type titanium dioxide, and
lipophilic anatase-type titanium dioxide. The hydrophilic
and lipophilic anatase-type titanium dioxide has a good
compatibility with the biomass component containing
abundant hydroxyls and the cross-linking agent contain-
ing ester group. HLA-TiO, has a higher reflectance in the
short-wave portion of visible light than rutile-type titani-
um dioxide, so it exhibits a blue hue in the above picture.
The HLA-TiO; not only reduces the formaldehyde gener-
ated during decoration and improves the environmental
friendliness of the wallpaper due to its high photo cata-
lytic activity but also gives the wallpaper a certain degree
of self-cleaning ability. The free radicals with strong pho-
tooxidation are generated by anatase-type titanium diox-
ide that exposed to sunlight, which can cause the catalyze
photolysis of various organic substances such as formal-
dehyde, oil stains, and bacteria on the surface of the wall-
paper. These substances will be converted into gasses or
substances that can be easily rubbed off.

Conclusions

The wallpaper product developed in this article is in confor-
mity with the concept of plastic recycling economy and the
sustainable development of agriculture. A complete set of
process system and theories of Liquefaction filling technology
and hybrid network model construction technology are pro-
posed. Based on the results of characterization, this paper
proposes a specific 3D model of material formation mecha-
nism. The experiment found that the matrix products with the
reasonable RLDPE and RLLDPE ratio (1:0.26) have good
particle stress transfer effect and good comprehensive me-
chanical properties (TS 11.4 MPa; EAB 309.3%; YM
499 MPa). The reasonable ratio of biomass to specialty sol-
vents is 1:1.5. The product developed based on this ratio has
excellent filler dispersion, good filler/matrix interface, and
good comprehensive mechanical properties (TS 8.009 MPa;
EAB 28.2%; YM 1263.1 Mpa). When the solid dye is addi-
tionally added at 15 g, the sample has not only good whiteness
(AE =35.84) but also the best mechanical properties (TS
9.406 MPa; EAB 12.3%; YM 2000.1 Mpa). The reasonable
concentration of the dye solution for the development of the
pear wood color wallpaper product (AE =36.7), the green
wallpaper product (AE = 61.28), and the blue wallpaper prod-
uct (AE=67.03) is 0%, 0.99%, and 2.91%, respectively. The
two-layer network structure produced by cross-linking reac-
tion and polymerization can improve the mechanical proper-
ties of the material such as the wood-colored wallpaper. Its TS
is 9.255 MPa, the EAB is 20.998%, and the YM is
2229.475 MPa.
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