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1. Introduction

Thermoplastic wood-polymer composites (TWPC) 
based on secondary polyolefins – polyethylene (PE), poly-
propylene (PP), polyvinyl chloride (PVC), polystyrene 
(PS), polycarbonate (PC) ‒ are promising for the produc-
tion of modern building materials for various purposes. The 
processing of composites into products is carried out by the 
methods of extrusion, injection molding, pressing, rotational 
formation. TWPC are used to make various building articles 
and structures, construction boards and floor boards, terrac-
es, pipes, fences, sidings, wall panels, roof panels, products to 
clad building structures, etc. Compared with traditional ma-
terials, the benefits of products and structures from TWPC 
are high operational characteristics, durability, resistance 
to aggressive environments, ease of machining and envi-
ronmental friendliness. Development of new TWPC solves 

the task of rational use of secondary polymers and organic 
wastes of different industries.

2. Literature review and problem statement

One of the directions for creating TWPC with improved 
operational characteristics is the addition of dispersed fill-
ers from the waste of plant origin. The main type of filler 
for TWPC based on primary and secondary polyolefins is 
traditionally wood flour – a by-product of processing dif-
ferent types of wood [1–6]. Recently, in addition to wood, 
using non-wood fillers has become widely popular. There are 
studies, for example, into utilization of wastes and products 
of processing of agricultural and woodworking industry. 
These are the products of processing grain crops ‒ the husk 
of rice [7, 8], buckwheat [5, 6, 9, 10], oat [4–6], wheat [4]. 
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The wastes of recycling certain vegetable crops are flax seed 
fiber [11], the stalks of cotton [12] and sunflower. The wastes 
of wood processing are needle flour [5, 6], palm [13] and 
pineapple leaves [14]. Household waste [15] and waste paper 
[4] were also used.

In paper [4], authors investigated the physical-mechan-
ical properties of TWPC based on PE and PP. Wood dust 
and flour, chopped money waste paper, the husks and straw 
of wheat and oats served as fillers. The samples of composites 
were obtained by the methods of extrusion and hot pressing. 
It is established that at the content of fillers in the compo-
sitions of 50 %, the best indicators of strength at stretching 
and bending, impact viscosity and the modulus of elasticity 
were demonstrated by composites with wood fillers.

Authors of [5, 6] studied composites based on the recycled 
PP, filled with wood and coniferous flour and buckwheat and 
oats husk. The samples were made by the extrusion method. 
The best impact viscosity was demonstrated by composites 
with flour of pine needles, and strength at bending ‒ by those 
with buckwheat husk. In both cases, the optimum content 
of filler in the composite is 60 %. In the course of the study, 
the authors established a correlation between chemical com-
position, structural-rheological properties of the fillers and 
physical-mechanical characteristics of the composites.

The authors of study [8] focused on the development of 
TWPC from rice husk and PVC. They examined the impact 
of size and the content of particles of rice husk on the me-
chanical properties and physical appearance of composites. 
Experimental results showed that impact viscosity typically 
decreases with an increase in the content of a filler. Compos-
ites with a larger size of particles have the highest impact 
viscosity. When loaded at stretching and bending, a larger 
modulus of elasticity and maximum strength were exhibited 
by composites with a filler content of up to 60 %. Beyond 
the limits of this concentration the examined indicators de-
crease due to the formation of agglomerates of rice husk. It 
was established that the particle size greater than 106 µm is 
embedded into a matrix of PVC.

Papers [9, 10] studied physical-mechanical properties 
of composites based on PE of high density and buckwheat 
husks, its hydrolyzed lignin and the hydrolyzed ligning of 
wood. The samples were made by mixing in a melt using the 
extruder. It was found that for the composite with hydro-
lyzed lignin of buckwheat hulls, an increase in the content of 
a filler results in the growth of tensile strength at stretching 
while for other fillers a reverse dependence is observed.

In article [13], authors designed composites of palm 
leaves and polymeric wastes of PC, PS and PVC. Samples 
of the composites with a ratio of components of 1:1 were pre-
pared by the extrusion method. They examined density, wa-
ter absorption, hardness, modulus of elasticity (at stretching 
and bending), impact strength and the rate of linear combus-
tion of the samples. It is established that the developed com-
posites with shredded palm leaves are characterized by lower 
water absorption, combustion rate, and hardness. The larger 
density allows using composites for external structures.

Thus, the effect of fillers on the physical-mechanical, rhe-
ological, operational and other characteristics of composites 
is associated by researchers with many factors. The most 
important of them is the chemical nature, size, morphology 
and pretreatment of particles, as well as the content and the 
technique of adding a filler to the composite. However, as it 
was revealed, the nature and properties of surface of the fill-
ers particles, which directly affect inter-phase interactions 

in the composite material, and determine its properties, have 
practically been ignored.

In establishing the influence of the nature of the surface 
of fillers on the characteristics of composites, it is necessary 
to undertake research into physical-chemical and acid-base 
surface characteristics. Surface properties are predeter-
mined by the chemical nature, conditions of storage, and the 
technique of chemical, physical or mechanical pretreatment. 
Organic fillers of vegetable origin have a complex chemical 
structure, unstable nature of the surface; studying the sur-
face properties is one of the unresolved chemical-technolog-
ical problems. The methods of preliminary indirect assess-
ment of surface properties are qualitative and quantitative 
analyses [16, 17]. Information is also provided when deter-
mining the sorption properties of fillers particles relative to 
the substances of different chemical nature [18]. In this case, 
results of the experiments correlate with the properties of 
composites and a search for specific correlation dependences 
is conducted.

Special attention must be paid to studying the acid-base 
properties of the surface. The acid-base characteristics are 
important because in the compositions, when mixed, there 
may occur interactions between functional groups (func-
tionals) of the filler’s surface and the polymer’s surface on 
the surface of inter-phases. There is a sufficient number of 
theoretical and experimental studies related to the acid-base 
nature of inter-phase interactions in the polymeric filled 
materials [19–26]. It is shown that the information about the 
acid-base properties of surface functionals makes it possible 
to predict interactions on the surface of interface between 
the filler and the polymer [19–21] and to control operational 
properties of composites [22–26].

The existence of functional groups at the surface of 
dispersed fillers of vegetable origin and the acid-base char-
acter is confirmed by studies [18]. The sorption properties 
were explored of buckwheat and sunflower husk relative 
to various organic and inorganic substances. It was found 
that pretreatment using the acid-alkaline technique [27] 
increases the adsorption capacity of husk particles from 
both species by 2.6‒2.9 times. It is known that polymers 
based on polyolefins after recycling, due to the oxidation of 
hydrocarbons, may contain a certain number of functional 
groups [28, 29]. It was, for example, experimentally deter-
mined [28] that there are carboxylic groups with рKа≈5.7 
on the surface of a PP fiber, which practically coincides 
with the acid strength of groups of acetic acid. Thus, in the 
presence of functional groups, there is a high probability 
of acid-base interactions at the inter-phase surface, which 
will substantially affect the properties and characteristics 
of composite materials.

To determine the acid-base properties of solid surfac-
es, most often used are the methods for measuring free 
surface energy and the components – dispersive and polar 
(acid-base) [30, 31]. Physical-chemical methods are also em-
ployed, such as potentiometric or spectral analysis [28, 29]. 
In this case, much of the research addresses the wood fillers, 
while data on other promising materials of vegetable origin 
are practically absent. 

Thus, still lacking is the study into acid-base properties 
of the surface of fillers of vegetable origin that hold prom-
ise for the production of TWPC. Insufficiently explored 
and non-systemized are also relations between chemical 
composition, surface physical-chemical characteristics and 
acid-base properties of the surface of organic fillers.
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3. The aim and objectives of the study

The aim of present work is to study acid-base properties 
of the surface of dispersed fillers of vegetable origin. This 
will make it possible to predict acid-base interactions be-
tween the filler and the polymeric matrix and to control the 
properties of polymeric composite materials.

To achieve the aim, the following tasks have been set:
– to explore chemical composition, surface and physi-

cal-chemical properties of the dispersed fillers of plant origin;
– to establish the relationship between chemical com-

position, physical-chemical characteristics and acid-base 
properties of the surface of fillers particles.

4. Materials and methods of research

We chose to study materials from the wastes after pro-
cessing multi-tonnage agricultural products and woodwork-
ing industry, which are accumulated in large quantities in 
Ukraine. These include buckwheat husk (BH) and oat hulls 
(OH). In order to compare the properties, we selected wood 
flour (WF) and needle flour (NF). Materials of plant origin 
were crashed using the mill and dried under the same condi-
tions in the drying chamber at a temperature of 105 ºC until 
reaching a constant weight.

Structural-rheological characteristics of fillers, namely, 
bulk density ρb and density after compaction ρcomp were 
determined applying known techniques for dispersed mate-
rials. Specific surface to an accuracy of ±10 % was measured 
by the BET method of BETH (Brownauer, Emmett and 
Teller) by the adsorption of gaseous nitrogen at tempera-
ture ‒ 196 ºC. The samples were prepared by degassing for 
one hour at room temperature (25−30 ºC) and a pressure of  
0.01 mm Hg Art. Weighing of samples was carried out with 
to accuracy of 0.00001 g. Microscopic studies were carried 
out using the electron microscope Digital Microscope HD-
color CMOS Sensor (China).

Potentiometric study of aqueous suspensions of fillers by 
the method of A. P. Nechyporenko [32] was carried out at 
room temperature (20‒25 ºC) using the portable pH-meter 
SX 711 with an accuracy of measuring the hydrogen index 
of ±0.001 pH. In accordance with the procedure, we studied 
the pattern of change in the values of рНsusp. over time τ. We 
added 10 cm3 of distilled boiled water with рН0=6.8–7.0 
to the potentiometric cell with a glass and silver chloride 
electrodes. After stabilization of the potential of glass elec-
trode (in 2–3 minutes at continuous agitation with a mag-
netic stirrer), we added a batch of the filler with a weight of  
(~0.2 g). We started a stopwatch simultaneously. Measure-
ment of рНsusp. was performed every 5 seconds over the first 
minute of contact between the filler and water and after 
each minute over the following 5 minutes. By the position of 
extrema on the constructed graph of dependence рНsusp.=f(τ) 
we assessed the instantaneous surface reaction, which indi-
cates the type of active centers that dominate on the surface. 
Using the graph, we also determined the value of pHsusp in 
the state of chemical equilibrium .р

suspрН  The values of pHIIP 
were calculated from formula:

( ) ( )= + ⋅0 . 0 0– –6 .р
Т suspрН рН рН рН рН   (1)

In this case, it was assumed that рKа of active centers 
that dominate are in the range of . – .р

suspТрН рН

5. Examining chemical composition, surface morphology, 
and physical-chemical properties of fillers

In order to characterize the fillers and to interpret re-
sults of the experiments, we obtained microscopic images 
and measured certain physical-chemical characteristics ‒ 
bulk density ρb, density after compaction ρcomp, the volume 
of voids V0 and specific surface Ssp. 

The microphotographs received are presented in Fig. 1. 
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Fig. 1. Microphotographs of the particles:  
a, b – BH; c, d – OH; e, f – WF; g, h – NF, approximation: 

100 % (a, c, e, g), and 500 % (b, d, f, h)

Results of the morphological studies, shown in Fig. 1, 
demonstrate that OH, WF and NF have a needle structure 
while BH is characterized by the laminar structure of par-
ticles. Particles of all fillers, except BH, are covered with 
resin or oily substances, as evidenced by the noticeable shine 
on microphotographs with large approximation (500 %). It 
should be noted that the range of particle size of BH and OH 
is, obviously, narrower than that of WF and NF, which, along 
with particles of a rather large size, contain particles, close in 
size to dust. Uneven distribution of particles by size results 
in a loose arrangement, and, consequently, reduces the bulk 
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density and density after compaction while increasing the 
volume of voids in the dispersed material. This assumption 
is confirmed by data on measuring the physical-chemical 
characteristics, given in Table 1.

Table 1

Physical-chemical characteristics of fillers

Filler ρb, kg/m3 ρcomp, kg/m3 V0, % Ssp, m2/g

BH 0.49 0.67 27 0.68

OH 0.27 0.48 45 0.75

WF 0.17 0.21 20 1.20

NF 0.20 0.32 37 0.92

The measured values of specific surface turned out 
to be the highest for particles of WF (1.2 m2/g) and NF 
(0.92 m2/g). This may indicate a large number of both the 
surface pores, openings and caverns and the centers absorp-
tion, which can include, among others, acid-base functional 
groups of organic molecules that come to the surface. The 
causes of increased capacity of particles for agglomeration 
and association is the presence of surface functionals and the 
acid-base interactions between them, for example, with the 
formation of hydrogen bonds. This leads to a decrease in the 
values of ρb and ρcomp. The results given in Table 1 confirm 
these conclusions. 

Surface functionals that can come to the surface of 
the particles are predetermined primarily by the chemical 
composition of a filler. Based on sources from the scientific 
literature, we compiled a comparative characteristic of ap-
proximate chemical composition of the examined fillers by 
some known components, given in Table 2.

Table 2

Chemical composition of fillers, % by weight

Filler Cellulose Lignin Proteins Lipids Starch
Ash  

content

BH 29–39 30−35 1−5 1−5 1−2 4−5

OH 45–50 17−20 4−7 0.5−2 − 3−4

WF 65–70 22−28 − − − 0.2−2

NF 44–52 27−30 1−5 4−5 − 0.2−1.5

It follows from data in Table 2 follows that for all the 
examined fillers the main chemical components are the 
two kinds of organic matter: the polysaccharide cellulose 
and lignin – a mixture of aromatic polymers. Cellulose 
and lignin are not soluble and do not hydrolyze in water 
as a result of a large molecular weight and the formation 
of numerous intra- and intermolecular hydrogen bonds. 
Complex molecules of these substances contain a great 
number of different functional groups: hydroxyl, me-
thoxyl, groups of simple and complex ethers, aldehydic, 
carbonyl. When emerging at the surface, the functionals 
create a wide range of active centers with a different func-
tion of acidity.

Cellulose and lignin are flammable substances, which is 
an essential disadvantage in terms of using the fillers of plant 
origin for producing TWPC. According to data from Table 
2, the total content of cellulose and lignin in the examined 
fillers decreases in the series:

WF (87–98 %)>NF (71–82 %)>
>BH (59–74 %)>OH (62–70 %). (2)

This series converges with the results of research into 
processes of thermo-oxidative destruction using the dif-
ferential-thermal, differential-thermographic and thermo-
gravimetric methods of analysis, which were derived in 
paper [33]. It was established that significant thermo-oxi-
dative degradation of BH starts at a temperature of about  
Т≥220 ºC, and that of OH at Т≥200 ºC, with that of WF  
and NF at Т≥160–170 ºС. Thus, it was found that the parti- 
cles of BH have a greater resistance to thermo-oxidative de-
struction than those of OH, NF and WF. This is obviously due 
not only to the reduced total content of cellulose and lignin, 
but also to the relatively larger number of inorganic compo-
nents (ash content is 4‒5 %) and the presence in the com-
position of BH of heat-resistant and non-combustible starch  
(1‒2 %). Thus, it can be argued that when assessing resistance 
of the fillers of plant origin to high temperatures, one of the 
criteria can be a total content of cellulose and lignin.

Protein substances are contained in the composition of 
all fillers, except for WF. These are mostly difficult soluble 
fibrillary proteins, the bulk of which is represented by ker-
atin [16, 17, 34, 35]. A typical type of bond in the protein 
molecules is the peptide bond, which is characterized by 
amphoteric character and can predetermine both acidic and 
basic properties of the surface. 

The presence of insoluble lipids can provide basic prop-
erties of the surface. This is due to the presence in the mol-
ecules of fat of functional groups of complex ethers, which 
exhibit Lewis basicity.

The presence of pigments, insoluble in water (BH. NF), 
whose molecules contain polar functional groups (hydroxyl, 
phenolic, carbonyl, complex ethers, etc.) may also predeter-
mine acidity of the surface of fillers. 

According to data [16–18, 27, 34, 35], in addition to wa-
ter-insoluble components, the examined fillers may contain 
small amounts of water-soluble organic compounds. These 
include, for example, free amino acids, tannins, gums, some 
pigments, pectins, organic acids (ascorbic, folic, etc.). Most 
of these compounds are characterized by acidic character. 
The presence of water-soluble substances can complicate 
interpretation of results derived from studies into aqueous 
solutions.

6. Discussion of results of potentiometric study into the 
acid-base properties of surfaces of the fillers of  

plant origin

The nature and acid-base properties of surface function-
al groups were studied in detail for the fillers of inorganic 
nature [32, 36, 37]. This is due to the fact that inorganic 
materials possess a more or less stable chemical composition 
and in most cases, a crystalline structure. The difficulty of 
research into materials of plant origin is caused by the re-
quirement of simultaneous identification of a wide range of 
substances with different chemical nature. The characteris-
tics of the components of fillers – density, molecular weight, 
molecular and supramolecular structure, decomposition 
temperature, solubility in solvents, heat capacity ‒ have 
a very wide range. That is why most of the chemical and 
physical-chemical methods for studying surface properties 
of natural organic materials are not applicable.

In the study of surface acidity of inorganic dispersible 
materials, the potentiometric methods of research into aque-
ous suspensions were developed and are widely used [32]. In 
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order to assess the extent of integral (total) acidity of the 
surface of a solid body, the term “surface isostate” is applied. 
Isostate is an equilibrium steady state of inertia of the sur-
face of a solid body in a solution, which is defined by the ab-
sence of mass transport of charged ions and is characterized 
by an isopoint (IP). At this point, over a certain time, the 
equilibrium is preserved between the ions of the hard surface 
and the ions in the solution. In terms of mass, there occurs 
the isoadsorption state (point of zero charge, PZC). In terms 
of charge, the system is characterized by the isoelectric state 
(isoelectric point, IEP).

We selected the pH-metric method for determining 
рНsusp. of aqueous suspensions by the technique of A. P. Ne- 
chyporenko to run a potentiometric analysis of the fillers 
of plant origin. The choice of the method for determining 
рНsusp. is due to the possibility of determining pH of the 
isoadsorption point (the point of zero charge) рНІІP, that is, 
such a value of pH of the suspension, at which there is no a 
mass transfer of protoions from the solution to the surface 
of a solid body. A change in the values of рНsusp. over the 
time of contact between a solid body and a solution can be 
considered as the structure/property diagram. After a cer-
tain short period, the isoadsorption state of a solid surface is 
achieved, which is preserved over a certain long time. When 
considering the process and the patterns of change in рНsusp. 
over time, it becomes possible to determine the integral (to-
tal) acidity of the solid surface and the interface, as well as 
certain qualitative characteristics of the surface’s active cen-
ters. The value of рНІІP indicates superiority of the surface’s 
acid or base active centers: the lower the acidic properties 
that characterize the surface in contact with an electrolyte, 
the larger the рНІІP value in the given electrolyte. But it 
is necessary to take into account that the presence of wa-
ter-soluble substances in the composition of fillers may com-
plicate interpretation of the obtained results of experiments.

Results of the study into examined fillers employing the 
technique of A. P. Nechyporenko are shown in Fig. 2 and in 
Table 3.

Fig. 2. Dependences of change in рНsusp. of aqueous 
suspensions on the duration of contact between fillers and 

water

When analyzing results shown in Fig. 2, it should be 
noted that at the moment of contact between the surface of 
fillers and water, pH of the suspension in all cases decreases 
dramatically, but the equilibrium is established after a while. 
The state of equilibrium in suspensions is preserved for 18–
20 minutes. After this period, the values of рНsusp. change 
sharply. Over the period to 20 minutes, a change in pH of 

the suspensions is related to the processes of absorption, 
hydration, dissociation, hydrolysis, and others, which occur 
on the surface of the particles of fillers. Probably, beyond this 
period, in the future, as a result of absorption of water mole-
cules and ions and swelling, the processes will proceed inside 
the particles. Therefore, in order to analyze surface proper-
ties of the fillers of plant origin in aqueous suspensions, the 
observations are required over the first 20 minutes from the 
moment of contact with aqueous environment.

Table 3

Results of experimental determining of integral (total) acidity 
of the surface of fillers

Filler рН0 .р
suspрН рНІІP

Time of reaching  
the equilibrium state, s

BH
6.76 
6.76

5.53 
6.16

5.83 
6.30

40

OH
6.96 
6.96

6.15 
6.30

6.18 
6.32

100

WF 6.85 5.29 5.52 180

NF 6.81 5.02 5.36 120

The duration of the period of time to establish the 
equilibrium state in a suspension can characterize the total 
quantity of acid-base surface’s active centers (functionals), 
which participate in the interactions with molecules of wa-
ter. Indeed, the value of this period correlates with the indi-
cators of specific surface of the fillers, and follows a directly 
proportional dependence: an increase in the specific surface 
results in the increased period of establishment of the equi-
librium state in a suspension. In addition, based on data 
from Table 1, it can be noted that an increase in the period 
of establishing the equilibrium in a suspension leads to the 
increased capability of particles of a filler for agglomeration 
and association.

It was revealed in the course of research that there 
are two types of active centers at the surface of BH: 
weakly-acidic (рKа≈5.53–5.83) and almost neutral (рKа≈ 
≈6.16–6.30). The surface of OH is of a character close 
to the neutral with an acidic strength of active centers of 
рKа≈6.15–6.32. The surfaces of WF and NF are of total 
weakly-acidic character with centers рKа≈5.29–5.52 and 
рKа≈5.02–5.36, respectively. In general, integral acidity of 
the surface of fillers decreases in the series:

NF>WF>BH>OH. (3)

By comparing the obtained series – expressions (2) and 
(3), one can pay attention to the fact that both patterns are 
virtually the same. The exception is the greater acidity of the 
surface of NF than that of WF at a smaller total content of 
cellulose and lignin. The higher acidic character of the NF 
suspension can be explained by the presence of essential oils 
in the composition. Essential oils contain a mixture of vari-
ous water-soluble substances of acidic character: water-solu-
ble free amino acid, ascorbic and folic acid, pectin [34]. 

Thus, by summarizing the obtained results of potentio-
metric studies, it can be argued that the total acidity of the 
surface of fillers of plant origin depends in a greater extent 
on the total contents of basic components. It was established 
that an increase in the sum of basic components of cellulose 
and lignin results in the growth of surface acidity of the 
particles of fillers.
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7. Conclusions

1. We conducted experimental studies into surface and 
physical-chemical properties of dispersed fillers of plant ori-
gin – buckwheat husk, oats husk, wood flour and pine needle 
flour. Microscopic studies have allowed us to determine mor-
phology of the surface and a range of distribution of particles 
by size. A comparative characteristic of the chemical compo-
sition of fillers is considered. Based on the assumption that 
the functional groups of organic components can come to 
the surface of particles, an analysis was performed regarding 
a potential acid-base character of the surfaces. A correlation 
was found between a chemical composition and the physi-
cal-chemical characteristics of fillers. It is shown that the 
total content of cellulose and lignin can be one of the criteria 
for evaluating resistance of fillers to high temperatures. It 
was established that a decrease in the content of cellulose 

and lignin leads to an increase in the resistance of fillers to 
high temperatures.

2. Employing a potentiometric analysis of aqueous suspen-
sions by the technique of A. P. Nechyporenko, we investigated 
acid-base properties of the surface of fillers. It is shown that the 
use of this method makes it possible to accurately characterize 
the total relative quantity and acidic strength of the surface’s 
functionals (active centers), which dominated on the surface of 
particles. It was revealed that the surface of BH is dominated 
by two types of active centers: weakly-acidic (рKа≈5.53–5.83) 
and almost neutral (рKа≈6.16–6.30). The surface of OH is of 
a character close to the neutral with an acid strength of active 
centers of рKа≈6.15–6.32. The surfaces of WF and NF are 
characterized as the weakly-acidic with centers рKа≈5.29–5.52 
and рKа≈5.02–5.36, respectively. It was established that the 
acidity of the surface is directly proportional to the total con-
tent of cellulose and lignin in the composition of fillers.
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