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Abstract: Vanadium precipitation is the key step in producing vanadium products from vanadium
solution. The sustainable development of the vanadium industry requires new environmentally
friendly processes for vanadium precipitation. In this study, NaVO3 solution was pretreated with
manganese salt to preliminarily separate the vanadium and sodium components. The product of
vanadium extraction by manganese salt was dissolved by acid to produce manganese vanadate
solution. After vanadium precipitation by hydrolysis, manganese removal, and calcination, the
target product V2O5 was obtained. Scanning electron microscopy (SEM), X-ray diffraction (XRD),
inductively coupled plasma emission spectrometry (ICP-OES), and atomic absorption spectrometry
(AAS) were used to perform the characterization and analyses. The results showed that vanadium
and manganese have a strong binding ability. The rate of vanadium extraction by manganese salt
reached 99.75%, and the product of vanadium extraction by manganese salt was Mn2V2O7, with a
sodium content of only 0.089%, confirming the effective separation of vanadium and sodium. The
acid dissolution rate of the vanadium extraction product reached 99.95%, and the rate of vanadium
precipitation by hydrolysis reached 97.87%. After manganese removal and calcination, the purity of
the V2O5 product reached 98.92%. In addition, the recyclability of manganese sulfate and ammonium
sulfate was analyzed. The process reduced the production of ammonia–nitrogen wastewater, laying
a foundation for researching new technologies for extracting vanadium from vanadium slag.

Keywords: sodium metavanadate solution; manganese vanadate; acid dissolution; vanadium precip-
itation by hydrolysis

1. Introduction

Vanadium is an indispensable nonferrous metal, an important strategic resource
in modern national defense and industry [1,2]. Vanadium slag is obtained by smelting
vanadium–titanium magnetite in a blast furnace and blowing vanadium in a converter.
V2O5 is prepared by extracting vanadium from vanadium slag, which is widely used
in steel, the chemical industry, medical treatments, aerospace, new energy, and other
fields [3–10]. This wide usage necessitates establishing an industrial chain for the clean and
efficient preparation of V2O5 products for the utilization of vanadium resources and the
development of the vanadium industry.

The roasting and leaching process group of vanadium slag includes sodium roasting–
water leaching, calcification roasting, and manganese roasting–acid leaching [11–13]. The
sodium roasting–water leaching process is widely used because of its high leaching rate.
NaVO3 [14–16] is the main vanadium-containing phase in the sodium roasting clinker of
vanadium slag, with its leaching solution obtained through water immersion. Vanadium
pentoxide is mainly prepared from a vanadium-containing leaching solution through
chemical precipitation, ion exchange, and extraction [17–21]. However, the ion exchange
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and extraction methods are relatively complex and costly, making them more suitable for
experimental studies on vanadium extraction rather than large-scale industrial applications.
Hence, the chemical precipitation method is widely used because of its short process,
simple operation, and low production cost.

The chemical precipitation method mainly includes the ammonium salt precipitation
and hydrolysis precipitation methods [22–28]. Xiong [29] studied a vanadium-containing
solution with a vanadium concentration of about 18 g/L and a sodium concentration
of about 23 g/L. Vanadium was precipitated by ammonium salt at a pH of 8.0, and
the precipitation rate was 99.52%. The sodium impurity in the V2O5 product was high,
leading to a purity of only 92.37%. At a pH of 2.0, reaction temperature of 90 ◦C, and
reaction time of 60 min, the vanadium precipitation rate and product purity could exceed
99%. However, the ammonium salt precipitation method cannot separate ammonium and
sodium, leading to the generation of a considerable amount of refractory ammonia–nitrogen
wastewater, which pollutes the environment and affects the ecological balance [30–33]. The
hydrolysis precipitation method is more environmentally friendly than the ammonium salt
precipitation method, but it has a low vanadium precipitation rate and produces low-purity
vanadium products, which is due to the sodium ion concentration in solution. Wu [34]
studied the hydrolysis and precipitation of the leaching solution of sodium roasting of
vanadium–chromium slag. The vanadium concentration of the solution was 17.86 g/L,
and the sodium concentration was 54.80 g/L. At a reaction pH of 1.8, reaction temperature
of 95 ◦C, and reaction time of 60 min, the vanadium precipitation rate reached 91.61%,
and the sodium content in the vanadium products was approximately 7.71%. Meanwhile,
the process of sodium ion concentration in the solution from 35.2 to 90 g/L was studied,
and the vanadium precipitation rate showed an obvious downward trend. Evidently, an
excessively high sodium concentration adversely affects both the vanadium precipitation
rate and the product purity in the processes of alkaline ammonium salt precipitation and
vanadium precipitation by hydrolysis.

Therefore, if an additive is added to the sodium vanadate solution to separate vana-
dium and sodium, it would be crucial to improve the vanadium precipitation rate and
enhance the product purity during the vanadium precipitation by hydrolysis. Wen [35]
found that manganese has a strong binding capacity with vanadium. Under specific roast-
ing conditions, vanadium and manganese combine to form Mn2V2O7, which dissolves
in a sulfuric acid medium to yield a vanadium-containing solution, transforming vana-
dium from solid to liquid. This process establishes a foundation for the clean and efficient
preparation of V2O5 products through the hydrolysis and precipitation of vanadium.

In this study, we used NaVO3 solution instead of a leaching solution of sodium-roasted
vanadium slag to eliminate the influence of other impurity ions. We studied the effects
of vanadium extraction conditions on the vanadium extraction rate of manganese salt,
acid dissolution conditions on vanadium dissolution rate, and vanadium precipitation
conditions on vanadium precipitation rate. The vanadium precipitation product was
washed to remove manganese and calcined to obtain V2O5, and the purity of the related
products was analyzed.

2. Experiment

2.1. Experimental Materials

NaVO3 (Macklin Bio-Chemical Co., Ltd., Shanghai, China, analytical purity > 99%)
was used as the experimental raw material. MnSO4 (Fucheng (Tianjin) Chemical Reagents
Co., Ltd., Tianjin, China, analytical purity > 99%) was used for vanadium extraction by
manganese salt. H2SO4 (Sinopharm Chemical Reagent Co., Ltd., Beijing, China, analytical
purity > 98%) was the acid dissolution leaching medium and was also used to adjust the pH
during vanadium precipitation by hydrolysis. (NH4)2SO4 (Sinopharm Chemical Reagent
Co., Ltd., Beijing, China, analytical purity > 99%) was used to wash and remove impurities
in the product.
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Other chemical reagents were used to titrate vanadium with standard ammonium sul-
fate. H3PO4 (Sinopharm Chemical Reagent Co., Ltd., Beijing, China, analytical purity > 85%)
solution (50% volume fraction) was used to acidify the vanadium solution. KMnO4
(Sinopharm Chemical Reagent Co., Ltd., analytical purity > 99%) solution (20 g/L) was
used to oxidize vanadium ions. NaNO2 (Sinopharm Chemical Reagent Co., Ltd., analytical
purity > 99%) solution (20 g/L) and urea (Sinopharm Chemical Reagent Co., Ltd., analytical
purity > 99%) solution (100 g/L) were used to reduce excess potassium permanganate.
N-phenylanthranilic acid (Sinopharm Chemical Reagent Co., Ltd., analytical purity > 99%)
solution (2 g/L) was used as a vanadium indicator. (NH4)2Fe(SO4)2 (Sinopharm Chemical
Reagent Co., Ltd., analytical purity > 99.5%) solution (50 g/L) was used to reduce vanadium
and other high-valent ions, and (NH4)2Fe(SO4)2 standard titration solution (0.005 mol/L)
was used to titrate vanadium until the titration ended.

2.2. Experimental Process

We prepared a NaVO3 solution with a specific concentration and pH that are consistent
with those of an actual vanadium slag sodium roasting leaching solution. NaOH solution
was used to adjust the pH of the solution to 11 during the preparation.

2.2.1. Vanadium Extraction by Manganese Salt

A 30 mL aliquot of the NaVO3 solution was placed in a conical flask, and a certain
amount of MnSO4 was added. According to the experimental conditions outlined in
Table 1, the content was placed in a constant-temperature water bath for the reaction
to occur. After the reaction was completed, the resultant mixture was vacuum-filtered.
The solid obtained from this filtration step was designated as the vanadium extraction
product by manganese salt, which was used to perform characterization analysis and the
subsequent acid dissolution process. A specified volume of the filtrate was designated as
the waste liquor from the vanadium extraction by manganese salt; this volume was used to
calculate the rate.

Table 1. Experimental parameter design.

Parameter Setting pH T/◦C t/min n(Mn)/n(V)

Vanadium extraction by manganese salt 11 20, 30, 50, 70, 90 5, 15, 30, 45, 60 0.5, 0.75, 1.0, 1.25, 1.5
Acid dissolution 1.9, 2.2, 2.5, 2.8, 3.1, 3.4, 3.7 60 5, 10, 20, 40, 60 —

Vanadium precipitation by hydrolysis 1.4, 1.6, 1.8, 2.0, 2.2 40, 60, 80, 90, 95 10, 30, 45, 60, 90 —

2.2.2. Acid Dissolution

We placed 2 g of the vanadium extraction product by manganese salt into a three-
necked flask and added 20 mL of deionized water. In accordance with the reaction
conditions outlined in Table 1, the three-necked flask was positioned within a constant-
temperature water bath pot, and H2SO4 was gradually added in a dropwise manner to
adjust the pH of the solution. Upon completion of the reaction, vacuum filtration was
performed on the mixture to obtain a specific volume of liquid, which was designated as
the manganese vanadate solution and subsequently used in the vanadium precipitation
by hydrolysis. Furthermore, the insoluble solid was dried to a constant mass at 110 ◦C for
24 h, and the acid solubility of the product was calculated by determining the difference in
solid mass before and after the reaction.

2.2.3. Vanadium Precipitation by Hydrolysis

We placed 40 mL of manganese vanadate solution, with a concentration of 17.29 g/L,
into a three-necked flask. In accordance with the reaction conditions detailed in Table 1, the
flask was positioned within a constant-temperature water bath to facilitate the reaction,
and H2SO4 was gradually added to adjust the pH of the solution. Upon completion of
the reaction, vacuum filtration was performed. The solid obtained was designated as the
vanadium precipitation product by hydrolysis, which was subjected to characterization
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and calcination processes to yield the target product. The liquid obtained was designated
as the waste liquor from vanadium precipitation by hydrolysis and used for calculating the
rate of vanadium precipitation by hydrolysis.

The hydrolyzed vanadium precipitate was washed with (NH4)2SO4 solution in a
conical flask [36]. The product was calcined in a muffle furnace at 550 ◦C for 2 h to obtain
the V2O5 product. The experimental flow chart of this study is shown in Figure 1. The
vanadium content in the solution is calculated using Equation (1), while the vanadium
precipitation or dissolution rate is calculated using Equation (2).

m =
n × CV × VV × 50.94

1000
(1)

L =
m1 − m2

m1
× 100% (2)

where m is the mass of vanadium in the solution, g; n is the volume of solution, mL; CV is
the concentration of (NH4)2Fe(SO4)2 standard titration solution, mol/L; VV is the volume of
(NH4)2Fe(SO4)2 standard titration solution consumed by 1 mL solution; 50.94 is the molar
mass of vanadium, g/mol; L is the rate, %; m1 is the mass of vanadium before precipitation
or dissolution, g; m2 the mass of vanadium after precipitation or dissolution, g.

Figure 1. Experimental flowchart. ( 1© Vanadium extraction by manganese salt; 2© Acid dissolution;
3© Vanadium precipitation by hydrolysis).

2.3. Characterization

The concentration of vanadium in the liquid was determined through ammonium fer-
rous sulfate titration. The contents of manganese and vanadium in the solid samples were
determined by inductively coupled plasma emission spectrometry (ICP-OES, Perkin Elmer
Optima-4300 DV, Perkin Elmer Enterprise Management (Shanghai) Co., Ltd., Shanghai,
China). The phases of the vanadium precipitation product obtained by manganese salt,
vanadium precipitation products obtained by hydrolysis, and V2O5 were characterized
using a powder X-ray diffraction system (XRD, X Pertpro, PANalytical B.V., Almelo, The
Netherlands). The sodium content was quantified using an atomic absorption spectropho-
tometer (AAS, TAS-990, Beijing Purkinje general Instrument Co., Ltd., Beijing, China). The
micro-morphology and distribution of the product were observed using a scanning electron
microscope (Ultra Plus, Zeiss, Germany).

4



Materials 2024, 17, 6223

3. Experimental Results and Analysis

3.1. Vanadium Extraction by Manganese Salt

Figure 2a depicts the impact of various reaction temperatures on the rate of vana-
dium extraction by manganese salt at the n(Mn)/n(V) ratio of 1.5 and a reaction time
of 30 min. The results indicate that the rate of vanadium extraction by manganese salt
steadily increased as the reaction temperature rose from 20 ◦C to 70 ◦C. This is because
vanadium extraction by manganese salt is an endothermic reaction [37], meaning a rise
in temperature will increase the molecular kinetic energy and the number of activated
molecules, thus speeding up the reaction. The extraction rate of vanadium was 99.73% at
70 ◦C. The reaction temperature rose until it reached 90 ◦C, and the vanadium extraction
rate remained basically unchanged. This result indicates that a reaction temperature of
70 ◦C is optimal for this process. Thus, vanadium extraction by manganese salt has a very
high efficiency, proving the feasibility of its application in vanadium purification. Figure 2b
illustrates the impact of varying reaction times on the vanadium extraction rate using man-
ganese salt, maintaining the n(Mn)/n(V) ratio at 1.5 at a reaction temperature of 70 ◦C. The
results indicate a gradual increase in the vanadium extraction rate from 97.60% to 99.73%
as the reaction time extends from 5 to 30 min. This result further indicates that vanadium
extraction from manganese salt has a very high efficiency. Extending the reaction time to
60 min does not further enhance the rate of vanadium extraction, which accelerates notably
within the first 15 min and stabilizing at approximately 30 min. This stability behavior
suggests that the optimal reaction duration is approximately 30 min. Figure 2c depicts
how various n(Mn)/n(V) ratios affect the vanadium extraction rate when using manganese
salt at a reaction temperature of 70 ◦C and at a duration of 30 min. The results represent
the n(Mn)/n(V) ratio from 0.5 to 1.0; the vanadium extraction rate increases, indicating
that the amount of manganese is insufficient and the vanadium in the solution cannot be
completely extracted. As the n(Mn)/n(V) ratio increases from 1.0 to 1.25, the extraction
rate also increases from 93.20% to 99.75%. However, when the ratio of n(Mn)/n(V) is
1.5, no further increase in speed is obse n(Mn)/n(V)rved. Therefore, the optimal ratio of
n(Mn)/n(V) is 1.25.

Figure 2. Effect of reaction conditions on rate of vanadium extraction by manganese salt. (a) Temper-
ature; (b) Time; (c) n(Mn)/n(V).
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The XRD diffraction peak of the vanadium extraction product obtained by manganese
salt is depicted in Figure 3I, and the crystallinity of the product is poor. To improve the
crystallinity and determine the phase composition of the product, the temperature was
raised to 500 ◦C under an N2 atmosphere and maintained at that level for 30 min. This
process helps to avoid other reactions involving the manganese vanadate products [37].
The XRD diffraction peak of the product after high-temperature crystallization is shown in
Figure 3II. It closely aligns with the standard JCPDS card number 00-022-0436, confirming
that the product is Mn2V2O7. No diffraction peaks of sodium-related compounds are
observed in the figure: thus, vanadium remains in the solid phase in the form of Mn2V2O7,
whereas sodium remains in the liquid phase in the form of Na2SO4, verifying the separation
of vanadium and sodium. The reaction mechanism for vanadium extraction by manganese
salt is expressed in Equation (3).

Figure 3. XRD characterization of vanadium extraction product by manganese salt.

Figure 4a,b show SEM images of vanadium extraction products by manganese salts
at different magnifications. This product has a loose, flaky microstructure. Figure 4c,d
depict the vanadium extraction products by manganese salts after being enhanced by crys-
tallization at 500 ◦C in an N2 atmosphere for 30 min. This process prevents other reactions
between vanadium and manganese [38]. The vanadium precipitation product resulting
from the manganese salt process has a compact, massive microstructure. A compara-
tive analysis reveals that the product’s degree of crystallization is significantly improved.
Figure 4e shows that vanadium is distributed in various regions of the product. Figure 4f
shows that manganese is distributed in all regions of the product, which is consistent
with the distribution region of vanadium. Figure 4g shows that the distribution regions of
oxygen components and vanadium–manganese components coincide. Figure 4h shows
that the sodium component area is dark, with obvious changes in brightness observed.
This result indicates that sodium mainly adheres to the product because of incomplete
washing during the suction filtration process. Figure 4i shows the X-ray energy spectrum
of the product, which indicates three main energy spectrum peaks of vanadium, man-
ganese, and oxygen; the energy spectrum peaks of sodium are few, and the peak intensity
is low. Figure 4j is the EDS analysis of point A in Figure 4b, which shows that the mass
fractions and atomic percentages of vanadium, oxygen, and manganese are similar to those
of the three elements in Mn2V2O7; this observation is consistent with the XRD analysis

6



Materials 2024, 17, 6223

results. Therefore, the product of vanadium precipitation by manganese salt is Mn2V2O7,
confirming the separation of vanadium and sodium.

2MnSO4 + 2NaVO3 + 2NaOH = Mn2V2O7↓ + 2Na2SO4 + H2O (3)

Figure 4. SEM and EDS characterization of vanadium extraction product by manganese salt. (a,b) Dif-
ferent magnification images of the product before crystallization; (c,d) Different magnification images
of the product after crystallization; (e–h) elements mappings; (i,j) EDS analysis.

Table 2 describes the chemical composition of the product. The product shows a mass
ratio m(Mn)/m(V) of 1.055, which is equal to the mass ratio m(Mn)/m(V) of Mn2V2O7 of
1.058. The sodium content in the product is only 0.089%, indicating an efficient separation
of vanadium and sodium. This extraction method effectively achieves the purification of
vanadium in the NaVO3 solution and also lays a foundation for the subsequent vanadium
precipitation by hydrolysis.

Table 2. Chemical composition of vanadium extraction product by manganese salt (wt%).

Element V Mn Na

content 30.8 32.5 0.089

3.2. Acid Dissolution

Figure 5 shows that the acid solubility of vanadium extraction products by manganese
salt gradually decreases with a decrease in the pH value in the range of 1.9–2.5. This
behavior occurs because as the pH decreases, the vanadium solution obtained through
acid dissolution undergoes hydrolysis and precipitation, transforming vanadium from
a liquid to a solid state. In the pH range of 2.8–3.4, the acid solubility of the vanadium
extraction product by manganese salt is relatively stable above 99.60%. However, as the
pH rises continuously, the time required for the pH of the solution to stabilize during acid
dissolution (the time required from the start of the reaction to the slight changes in the pH
of the solution) is prolonged. Meanwhile, the acid solubility of the vanadium extraction
product is reduced at the same reaction time. For example, when the reaction time is
60 min, the acid solubility of the vanadium extraction product from manganese salt is
only 81.32% at pH 3.7, which is because the leaching acidity decreases with the increase
in pH, and the reaction rate decreases. Therefore, pH 2.8 is a suitable acid dissolution
condition, considering that the vanadium solution will be hydrolyzed when the pH is too
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low. Moreover, the reaction rate will be reduced and the reaction time will be prolonged
when the pH is too high. The acid dissolution mechanism of this product is expressed as
Equation (4).

Mn2V2O7 + 6H+ = (VO2)2
2+ + 2Mn2+ + 3H2O (4)

Figure 5. Effect of pH on acid dissolution rate of vanadium extraction product by manganese salt.

Figure 6 illustrates the effect of reaction time on the acid solubility of the vanadium
extraction product by manganese salt. This investigation was conducted at a reaction
temperature of 60 ◦C and a reaction pH of 2.8. Within a reaction time of 5 min, 99.84% of
the product was dissolved in the acid solution, and when the reaction time was extended
to 20 min, 99.95% of the product was dissolved in the acid solution. As the reaction time
further increased, the acid solubility decreased slightly, and the product solubility decreased
to 99.78% in 40 min and 99.68% in 60 min. This is because as the reaction time is extended,
weak hydrolysis and precipitation reactions occur in the vanadium solution, resulting in
the transformation of liquid manganese vanadate solution after acid dissolution into solid
hydrolysis and precipitation products, and the acid solubility decreases. To sum up, if the
reaction pH is too low or the reaction time is too long, vanadium will undergo hydrolysis
and precipitation, reducing the acid solubility of the vanadium extraction products from
manganese salts. Therefore, the optimal dissolution conditions are a pH of 2.8 and a
reaction time of 20 min, under which 99.95% of the product is dissolved in the acid solution.

Figure 6. Effect of time on acid dissolution rate of vanadium extraction product by manganese salt.

8
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3.3. Hydrolyzing and Precipitating Vanadium: Washing and Calcination

As depicted in Figure 7a, with the increase in pH, the rate of hydrolysis and precip-
itation of vanadium first increases and then decreases. At a pH of 2.0, the rate peaks at
97.87%. However, as the pH decreases to 1.6, the vanadium precipitation product begins to
dissolve, decreasing the rate of vanadium precipitation by hydrolysis to 95.99%. When the
pH is reduced to 1.2, a notable decrease is observed in the rate of vanadium precipitation by
hydrolysis, reaching only 91.44%. This result shows that the vanadium precipitation product
becomes soluble at high acidity. At a pH of 2.2, the hydrolysis precipitation rate of vanadium
is only 72.51%, suggesting that a further increase in the pH becomes unfavorable for the
hydrolysis precipitation of vanadium. It can be seen from Figure 7a that the separation
of vanadium and manganese is relatively stable, and the change in pH has little effect on
the concentration of manganese ions in the vanadium precipitation waste liquid. These
manganese ions in the waste liquid can be recovered in the form of manganese sulfate
by evaporation and crystallization. As shown in Figure 7b, when the reaction tempera-
ture rises from 40 ◦C to 80 ◦C, the precipitation rate of vanadium by hydrolysis increases
significantly from 42.37% to 97.42%. From a reaction temperature of 80 ◦C to 95 ◦C, the
hydrolysis and precipitation rate of vanadium increases from 97.42% to 97.87%, indicating
that the hydrolysis and precipitation effect of vanadium is optimal in this temperature range.
Further, with a rise in reaction temperature, the concentration of manganese ions in the
waste liquid of vanadium precipitation increase slightly, indicating that more manganese
ions could be recovered from the waste liquid. An evident increase is observed in the rate of
vanadium precipitation by hydrolysis in Figure 7c, rising from 45.83% to 95.88% when the
reaction time is extended from 10 min to 30 min. Extending the reaction time from 30 min to
60 min yields a relatively small increase in the rate of vanadium precipitation by hydrolysis,
from 95.88% to 97.87%. However, as the reaction time is prolonged to 90 min, the rate of
vanadium precipitation through hydrolysis decreases to 95.49%. This result shows that if the
reaction time is too long, the precipitate obtained by hydrolysis will dissolve, decreasing the
vanadium precipitation rate by hydrolysis. Meanwhile, Figure 7c shows that the reaction
time has little effect on the concentration of manganese ions in the vanadium precipitation
waste liquid. To sum up, the optimum conditions for vanadium precipitation by hydrolysis
are a pH of 2.0, a reaction temperature of 95 ◦C, and a reaction time of 60 min.

Figure 7. Effect of reaction conditions on vanadium precipitation rate by hydrolysis. (a) pH; (b) Tem-
perature; (c) Time.
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Figure 8a shows the XRD pattern of the product of hydrolysis and vanadium precipi-
tation under optimum conditions: a pH of 2.0, reaction temperature of 95 ◦C, and reaction
time of 60 min. The diffraction peak is consistent with the standard peak of JCPDS card
number 00-047-0146, indicating that the product of vanadium precipitation by hydrolysis
is a compound of MnV12O31 10H2O. As observed in Figure 9, at a pH of 2.0, the vanadium
solution of 0.3394 mol/L (17.29 g/L) mainly exists in the form of H2V10O28

4−, and the
hydrolysis and vanadium precipitation reactions are expressed in Equation (5). However,
at this pH, the H+ in the polymer is replaced by Mn2+, as illustrated in Equation (6). The
results show that under these reaction conditions, a small amount of Mn2+ will replace H+

to participate in the hydrolysis and precipitation process of vanadium. Figure 8b shows the
XRD pattern of the product obtained by calcining the hydrolyzed vanadium precipitation
product at 550 ◦C for 2 h, and its diffraction peak is consistent with the standard JCPDS
card number 01-077-2418. These results demonstrate that under these reaction conditions,
a small amount of Mn2+ replaces H+ to participate in the hydrolysis and precipitation
process of vanadium. However, there are also low-intensity diffraction peaks correspond-
ing to MnV2O6. This is because manganese in the hydrolysis precipitation product, after
calcination, exists in the form of MnV2O6.

6H2V10O28
4− + 24H+ = 5H2V12O31↓ + 13H2O (5)

H2V12O31 + Mn2+ = 5MnV12O31 + 2H+ (6)

Figure 8. XRD images of the hydrolyzed product and calcined product. (a) Vanadium precipitation
product; (b) V2O5.

Figure 10 shows SEM and EDS images of hydrolyzed vanadium precipitation products.
Figure 10a,b are images of vanadium precipitation products at different magnifications,
which reveal a network structure. Figure 10c,d show the surface scanning distribution
of each element in the product. The product is mainly composed of vanadium, oxygen,
and a small amount of manganese. Figure 10f shows the energy spectrum diagram of the
product, demonstrating pronounced energy spectrum peaks for vanadium and oxygen,
whereas those for manganese are comparatively weak. Figure 10g, on the other hand,
shows the EDS results for point B in Figure 10b. The results indicate that the product
is mainly composed of vanadium and oxygen, as well as a small amount of manganese,
which is consistent with the XRD result.
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Figure 9. Existing form of vanadium at different pH values and concentrations [28].

Figure 10. SEM and EDS images of a hydrolyzed product. (a,b) Different magnifications; (c–e) ele-
ments mappings; (f,g) EDS analysis.

Figure 11 presents the SEM and EDS diagrams of V2O5 obtained by calcining the
hydrolysis vanadium precipitation product. Figure 11a,b V2O5 are images at different
magnifications, which reveal a rod structure. Figure 11c,e show the surface scanning
distribution of each element in the product. The images show that the product is primarily
composed of vanadium and oxygen, including a small amount of manganese. Figure 11f
shows the energy spectrum of the product, with obvious peaks of vanadium and oxygen,
whereas the peaks of manganese are relatively weak. Figure 11g shows the EDS results of
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point C in Figure 11b. The product is mainly composed of vanadium and oxygen, including
a small amount of manganese, which is consistent with the XRD results in Figure 8b.

Figure 11. SEM and EDS images of a calcined product. (a,b) Different magnifications; (c–e) elements
mappings; (f,g) EDS analysis.

Table 3 presents the chemical composition of V2O5 obtained by calcining hydrolysis
and vanadium precipitation products. According to the previous analysis, manganese in-
evitably enters the hydrolysis solution during the vanadium precipitation by hydrolysis.
Therefore, the V2O5 product contains 5.930% manganese and 0.048% sodium without
washing with (NH4)2SO4 solution, and the purity of the V2O5 product is 92.21%. At the
n(NH4

+)/V2O5) ratio of 2, reaction temperature of 65 ◦C, reaction time of 5 min, and
using the (NH4)2SO4 solution to wash twice to hydrolyze and precipitate vanadium,
the V2O5 product contains 0.818% manganese and 0.006% sodium; its purity after man-
ganese removal is 98.92%. NH4

+ can replace Mn2+ and Na+ in the product of vanadium
precipitation by hydrolysis. The pH of the (NH4)2SO4 solution after manganese removal
is adjusted with ammonia water to precipitate Mn2+ as Mn(OH)2, and it is further ad-
justed with sulfuric acid for recycling. This process greatly reduces the production of
ammonia nitrogen wastewater compared with the ammonium salt, direct vanadium
precipitation process.

Table 3. Chemical composition of products before and after impurity removal (wt%).

Sample V2O5 Mn Na

V2O5 before manganese removal 92.21 5.930 0.048
V2O5 after manganese removal 98.92 0.818 0.006
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4. Conclusions

This study investigated the manganese salt pretreatment of NaVO3 solution, which
yields vanadium extraction product by manganese salt and separates vanadium from
sodium. This process establishes a foundation for the subsequent vanadium precipitation
by hydrolysis from the vanadium solution. The manganese vanadate products undergo
acid dissolution, facilitating the transformation of vanadium from solid to liquid, resulting
in a manganese vanadate solution. The vanadium solution then undergoes precipitation
by hydrolysis, followed by impurity removal and calcination to obtain the target prod-
uct, V2O5. Through theoretical analysis and characterization, we draw the following
conclusions:

(1) The optimum technological conditions for extracting vanadium from manganese
salt of the NaVO3 solution are as follows: reaction temperature of 70 ◦C, reaction
time of 30 min, and n(Mn)/n(V) ratio of 1.25, with a 99.75% vanadium extraction
efficiency. The final product of vanadium extraction mediated by manganese salt is
Mn2V2O7, which contains only 0.089% sodium, effectively completing the purification
of vanadium.

(2) The most favorable conditions for the acid dissolution of Mn2V2O7 products are a pH
of 2.8 and reaction time of 20 min, yielding a dissolution rate of 99.95%. Mn2V2O7
shows excellent solubility in a sulfuric acid medium.

(3) The optimum conditions for vanadium precipitation by hydrolysis are a pH of 2.0,
reaction temperature of 95 ◦C, and reaction time of 60 min, yielding a vanadium
precipitation rate of 97.87%. The purity of V2O5 after washing, manganese removal,
and calcination reaches 98.92%. In addition, MnSO4 can be recovered by evaporation
and crystallization. Meanwhile, the (NH4)2SO4 solution can also be recycled, greatly
reducing the production of ammonia–nitrogen wastewater.
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Abstract: The coordinated optimization of energy conservation, efficiency improvement, and pollu-
tion reduction in the sintering production process is vital for the efficient and sustainable development
of the sintering department. However, previous studies have shown shortcomings in the multi-
objective collaborative optimization of sintering systems and the quantification of pollutant impacts.
To address these, this paper proposes a multi-objective optimization method integrated with the
NSGA-III algorithm and establishes an integrated system optimization model for sintered ore produc-
tion and high-temperature waste heat recovery. The results demonstrate significant improvements:
energy utilization efficiency increased by 0.67%, energy consumption decreased by 17.3 MJ/t, pro-
duction costs were reduced by 11.45 CNY/t, and the emissions of CO2, SO2, and NOx were reduced
by 0.464 kg/t, 0.034 kg/t, and 0.008 kg/t, respectively. Additionally, the study identified optimal
configuration parameters and analyzed the quantitative impact of several key factors on multiple
indicators. The results also show that reducing the water content of the mixture, decreasing the
middling coal content in the fuel, and increasing the thickness of the material layer are effective
strategies to reduce energy consumption and pollutant emissions in the sintering process. Overall,
implementing these optimizations can bring significant economic and environmental benefits to the
steel industry.

Keywords: sintering process; multi-objective optimization; energy saving; improving efficiency;
reducing pollution emissions

1. Introduction

As a typical representative of heavy industry, the steel industry has continually faced
challenges such as high energy consumption, significant pollution, and economic fluctua-
tions. In 2022, global steel production reached 1.890 billion tons, with energy consumption
per ton of steel exceeding 20.99 GJ [1]. In the complex production chain of steel, sintered ore
is the most important raw material in the ironmaking process, and its production scale has
exceeded 1.078 billion tons in 2022 [2]. Notably, it is worth stating that the sintering process
accounts for the second-largest proportion of energy consumption and carbon emissions
in the steel manufacturing process, accounting for 6–10% and 5.7–7.8% [1,2], respectively.
Sintering is also the process with the highest pollutant emissions in the entire steel smelting
process, with SO2, NOx, and particulate matter accounting for 64.84%, 78.72%, and 56.40%
of the total emissions in the blast furnace-converter steelmaking route [3,4], respectively.
Therefore, optimizing sintering operations and process parameters to achieve high effi-
ciency, energy conservation, environmental protection, and cost reduction has become
crucial for enhancing the competitiveness and sustainable development of steel enterprises.
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At present, significant progress has been made in energy conservation and pollution
reduction in the sintering process within the steel industry. These advancements can be
roughly divided into the following categories. Firstly, fuel substitution involves using
cleaner and more efficient energy sources [5,6], such as semi-coke, biomass, and natural
gas, to replace coke powder and coal [7]. Secondly, efficient combustion and material ratio
optimization involve the rational combination of fuel components [8], the optimization of
low-carbon batching schemes, and the precise monitoring and control of key parameters.
Thirdly, comprehensive treatment of air leakage and air volume control technology for
large-scale sintering machines and systems has been adopted, reducing the air leakage
rate to below 35% [2]. Fourthly, there is full recovery and use of the waste heat generated
during the sintering process [9–11]. This involves constructing and optimizing systems
to recover waste heat from flue gases and sensible heat from sintered ore [12]. Fifth,
flue gas purification and resource recycling have reduced emissions of SO2, NOx, and
particulate matter by nearly 80% and have increased the recycling of iron-containing waste
materials [6,13]. These technological advancements have resulted in significant energy
savings and a substantial reduction in environmental impact.

Among these advancements, optimization plays a crucial role in industrial process
control and technological development. Previous studies have found that optimization
research for sintering primarily focuses on two aspects: optimization of the sintering
thermal process and optimization of waste heat recovery. In terms of the optimization of
the thermal process, Liu et al. [14,15] proposed a sintering ore ratio optimization model
based on mathematical programming, which improved the energy-saving and emission
reduction effect by 4.92%. Yuan et al. [16] achieved a cost reduction of 8.46% in the overall
optimization of the steel manufacturing process while meeting the requirements for ore
blending in the production process. In addition, when aiming for a comprehensive carbon
ratio in the sintering process, Hu et al. [17] developed an integrated prediction model for
the comprehensive coke ratio in multiple modes for real-time predicting and optimizing
of carbon efficiency during the process [18]. Chen et al. [19] used backpropagation neural
network (BPNN) modeling and the particle swarm optimization (PSO) algorithm to reduce
the comprehensive carbon ratio by 2.40 kg/t.

On the other hand, in optimizing the recovery of high-temperature sintered ore waste
heat, Feng et al. [20] aimed to maximize the exercise output. They determined the optimal
fabric height of the sintered ore layer in the circular cooler, resulting in a 22.80% increase
in the exercise output. When optimizing the waste heat recovery and exergy destruction
quantity of the sintering vertical cooling furnace, they increased the waste heat recovery
rate to 83.02% by determining the optimal structural and operating parameters [21]. Under
the optimal temperature parameter combination, the recovery rate of the low-grade sinter
cooling flux gas reached 64.86% [22]. Tian et al. [23] quantified the influence of sintering
cooler operating parameters on indicators such as waste heat recovery rate and final sinter-
ing temperature. They used the Non-Dominated Sorting Genetic Algorithm II (NSGA-II) to
solve the multi-objective optimization model and identify the optimal operating conditions.
Liu et al. [24] also used NSGA-II to achieve the dual objectives of waste heat utilization and
cost for sintered ore cooling beds, and found the optimal operating conditions of air flow
rate to be about 400 kg/s, the cooling bed to be 0.8 m to 1.0 m, and the moving speed to be
0.020 m to 0.022 m. Overall, previous studies have mainly optimized processes [25] and
key operating parameters [26,27], such as operating speed, flow rate, temperature, time,
pressure, and atmosphere, which can effectively improve energy utilization and recovery
rates. However, these studies have primarily focused on optimizing either the thermal
process or waste heat recovery individually. There is a lack of comprehensive models that
integrate the sintering thermal process with waste heat recovery into a unified system.
Additionally, there is insufficient collaborative research addressing the interplay between
energy efficiency, cost, energy consumption, and pollutants. The analysis of how sintering
process operations and parameter optimization affect pollutant emissions is also lacking,
particularly concerning the key factors influencing the synergy between energy conserva-
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tion and pollutant emission in multi-objective integrated optimization. Therefore, this study
addresses these gaps by developing a comprehensive model, conducting multi-objective
optimization, and analyzing parameter impacts to advance the coordinated improvement
of sintering processes in terms of energy conservation, environmental protection, and
efficiency enhancement.

Therefore, based on the intricate principles of metallurgical chemistry and the process
mechanisms involved in sintered ore formation, this study establishes a comprehensive
system model for both sintered ore production and high-temperature waste heat recovery.
The Non-Dominated Sorting Genetic Algorithm III (NSGA-III) optimization algorithm is
utilized to perform multi-objective optimization targeting energy efficiency, energy con-
sumption, and economic costs in the sintering process. This approach identifies the Pareto
front and determines the optimal solutions for balancing quality, energy conservation,
and cost objectives. Additionally, it derives the optimal operating conditions for resource
allocation and analyzes the quantitative effects of various key factors on multiple objectives
and pollutant emissions throughout the production process. This paper is organized as
follows. Section 2 provides the explanation of the methodology, Section 3 describes the
optimization algorithms and data sources, Section 4 analyzes and discusses the multi-
objective optimization results of the sintering plant, including a comparison of evaluation
indicators before and after optimization and an examination of various influencing factors,
and Section 5 draws conclusions based on the above analysis and discussion.

2. Materials and Methods

2.1. Research Boundary

This study takes the sintering plant (SP) of a steel enterprise as the research subject,
The specific materials and processes are illustrated in Figure 1, which includes two main
components: the high-temperature sintering process and the high-temperature waste
heat recovery from sintered ore. The sintering plant involves the combination of ore
and auxiliary materials at high temperatures, generated by fuel combustion, to form a
solid mass. The equipment used in this process includes silos, mixers, igniters, sintering
machines, crushers, fans, and flues. The sensible heat recovery process involves a blower
directing cooling air onto the ring cooling bed. This cold air undergoes multi-stage gas-solid
heat exchange with the high-temperature sintered ore, absorbing heat from the sintered
ore. The heated air is then collected by hoods on top of the sintered ore cooling bed and
recycled through various heat exchangers. The equipment used in this process includes
ring coolers, hoods, pumps, fans, and heat exchangers.
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Figure 1. Sintering process and equipment employed in the production cycle at the SP [15,28].

2.2. Model Establishment

The sintering thermal process model involves the coupling of multiple pieces of field
information, including mass, heat, momentum, and chemical reactions. Firstly, there is
the material conversion process. This process describes the mass energy relationship of
SP based on various physical and chemical reaction mechanisms, using the principles of
conservation of matter and conservation of energy. The equilibrium relationships of each
element in the model can be summarized as follows:

∑
i

(
mSP,i,in × [X]SP,i,in

)
= ∑

j

(
mSP,j,out × [X]SP,j,out

)
(1)

where the left input item includes various sintering powders, quicklime, limestone, dolomite,
return ore, iron slag, coke powder, coal powder, gas, etc. [X] is the composition of element
X in the material or energy, and the components such as Fe, FeO, CaO, MgO, SiO2, Al2O3, P,
and S in the material have the same equilibrium relationship. The products or by-products
of the sintering process include sintered ore, return ore, furnace dust, flue gas, etc.
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The ingredients are meticulously produced to meet the specified alkalinity require-
ments. The required range for the ternary alkalinity of sintered ore is 1.75 to 2.10. The
calculation is as follows:

R =
∑I mSP,i,in × [CaO]SP,i,in + mSP,i,in × [MgO]SP,i,in

∑I

(
mSP,i,in × [SiO2]SP,i,in

) (2)

Secondly, the energy consumed and released during the material conversion process,
along with the flow and loss of energy, are primarily constrained by the first law of
thermodynamics. The overall heat balance equation is as follows:

QSP,sen,in + QSP,oxidi,in + QSP,air,in + QSP,circul,in
= QSP,sen,out + QSP,decom,out + QSP,circul,out + QSP,gas,out
+QSP,incom,out + QSP,loss

(3)

where the input heats are the sensible heat of various materials, the heat released by the
oxidation of fuel and iron-containing minerals, and the heat brought in by circulation. The
outputs are product and by-product sensible heat, reaction decomposition heat, cycle heat,
flue gas heat, incomplete combustion loss, and heat loss.

The calculation formulas for the sensible heat carried by materials and gases are:

Qm,i =
∫

mi × cm,i × dt (4)

Qv,i =
∫

Vi × cv,i × dt (5)

The reactions in the sintering process include water evaporation and condensation,
carbon combustion, carbonate decomposition, iron oxide decomposition, oxidation and
reduction reactions, removal of harmful substances such as sulfur and potassium, and
consolidation reactions. The main reactions and reaction heats involved in this model are
shown in Table 1.

Qr = ∑
r

(
∑

i

(
mSP,i,in × [X]SP,i,in

)
− ∑

j

(
mSP,j,out × [X]SP,j,out

))
/Mr × ΔHr (6)

Table 1. The main chemical reactions and reaction enthalpy reactions in SP.

Reaction Types Reaction ΔH/kJ·mol−1

Oxidation reaction

C + 0.5O2 = CO −110.5
C + O2 = CO2 −393.5

2Fe3O4 + 0.5O2 = 3Fe2O3 −235.8
3FeO + 0.5O2 = 3Fe3O4 −302.4

4FeS2 + 8O2 = 2Fe2O3 + 6SO2 −3310

Reduction reaction
CO2 + 2C = 2CO +172.5

3Fe2O3 + CO = 2Fe3O4+ CO2 −47.2
Fe3O4 + CO = 3FeO + CO2 +19.4

Decomposition reaction MeCO3 = MeO + CO2 FeCO3(+85.1), CaCO3(+178.6), MgCO3(+120.9)
MeSO4 = MeO + SO2+ 0.5O2 FeSO4(+340.4), CaSO4(+500.6), MgSO4(+221.6)

After the sintered ore is flipped, the sensible heat of the sintered ore is recovered by a
circular cooler. The circulating hot air, after heat exchange, enters the waste heat boiler to
generate steam.

QSP,SCR = aair · ηSCR · mSP,sinter,out

(∫ TSCR,sinter,in
TSCR,sinter,out

cSP,sinter(T)dT
)

= (∑ SSP,s,out × hs)
(7)

20



Materials 2024, 17, 5410

where aair is the comprehensive heat transfer coefficient between sintered ore and air,
and ηSRC is the efficiency of the waste heat boiler of the ring cooler, %. TSRC,sinter,in, and
TSRC,sinter,out refer to the temperatures of the sintered ore entering and exiting the sintering
ring cooler, respectively, K. Additionally, SSP,s,out and hs are the s-th steam extraction
amount and corresponding enthalpy values, kg/t and kJ/kg, respectively.

2.3. Evaluation Indexes
2.3.1. Heat Utilization Efficiency (HUE)

The definition and classification of energy efficiency quantitatively represents the
effective energy supply level of thermal equipment for specific purposes [29,30], as defined
in Equation (1). Energy efficiency is calculated as the ratio of the effective utilization of
energy to the energy input during the manufacturing process.

ηSP =
∑ Quse f ul

∑i Qi,in
(8)

where Quse f ul is the useful heat required for the material reaction process, the heat carried
by the product, and some by-products, kJ. ∑i Qi,in is the total energy input, which is
the heat brought into the equipment by the material and energy and the heat released
by the oxidation reaction, kJ. Effective heat refers to the heat required for the material
reaction process.

2.3.2. Energy Consumption (EC)

When studying energy conservation issues in steel enterprises or processes, the pri-
mary focus is on the energy consumption per ton of physical production. This is defined
as the difference between the energy consumed per unit of the product process and aux-
iliary production during the statistical period and the energy recovered and supplied
externally [31,32]. The specific process of energy consumption is as follows:

eSP =
∑i mi,in × εi,in − ∑k rk × εk

P
(9)

where eSP is the energy consumption of the SP, MJ/t. mi,in is the amount of i-th energy
consumption in the SP, kg/t, m3/t.

2.3.3. Production Costs (PC)

The production process cost index calculates the production cost of each process and
procedure based on the different sources of raw materials, solvents, energy, and power,
considering both the purchase price and some internal prices. The production cost of
each process product includes material cost, energy cost, maintenance cost, labor cost,
depreciation cost, and energy recovery income. The specific details are as follows:

Ccost = ∑
i
(ci × mi,in) +

(
cmain + clabor + cdep

)
− ∑

k
(ck × rk) (10)

where Ccost is the production cost per ton of sintered ore products, CNY/t. ci is the price
coefficient of the i-th material or energy, CNY/t/kg, CNY/t/m3, or CNY/t/kWh; cmain,
clabor, and cdep are the unit product maintenance, labor, and depreciation price coefficients,
respectively, CNY/t. ck is the price coefficient for the k-th energy recovered in the process,
CNY/t/kg, CNY/t/m3.

2.3.4. Pollutants and Carbon Emissions

The accounting of pollutant and carbon emissions in SP is as follows:

ESO2 =
(
1 − βSO2

)
∑
(

mSP,i,in × [S]SP,i,in − mSP,j,out × [S]SP,j,out

)
× OSP,i (11)
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ENOx = (1 − βNOx )∑
I

(
mSP,i,in × [N]SP,i,in

)
×ϕSP,NOx ,i (12)

ECO2 = ∑
(

mSP,i,in × [C]SP,i,in − mSP,j,out × [C]SP,j,out

)
× 44

12

+∑(mSP,i,in × f )
(13)

where OSP,i is the oxidation rate of sulfur, while βSO2 indicates the desulfurization rate of
the desulfurization equipment. [N]SP,i,in is the nitrogen content in the fuel. The coefficient
for nitrogen oxide generation is denoted as ϕSP,NOx ,i. Carbon emissions are categorized
into direct and indirect emissions. Direct carbon emissions refer to the amount of carbon
dioxide directly released from the process, whereas indirect carbon emissions pertain to the
emissions resulting from the energy consumed during production. The variable f represents
the carbon emission factor.

3. Optimization Algorithms and Data Sources

3.1. Optimization Algorithm

This paper aims to optimize the heat utilization efficiency, energy consumption, and
cost of the sintering process. The mathematical formulation of the multi-objective optimiza-
tion problem is described as follows:

Min(and Max) y = [ f1(x), f2(x), · · ·, fn (x)](n = 1, 2, . . . , N)
st.h(x) = [h1(x), h2(x), ..hm(x)] = 0, m = 1, 2, . . . M
g(x) = [g1(x), g2(x), ..gd(x)] ≤ 0, d = 1, 2, . . . D

x = [x1, x2, . . . , xi, . . . xI ]
xl ≤ x ≤ xu

(14)

where y is the objective function, and N is the total number of optimization objectives. fn (x)
is the n-th sub objective function. g(x) and h(x) represent the D-term inequality and M-term
equality constraint conditions, respectively. These constraints define the feasible domain.
Additionally, xl and xu are the lower and upper limits of the parameters, respectively.
The optimization objective of this paper is to maximize heat utilization efficiency while
minimizing energy consumption and carbon emissions during the sintering process. The
various constraints in the optimization model include product quality and composition,
process temperature, air volume requirements, and oxygen content.

In addition, NSGA-III is employed to solve multi-objective optimization problems
by introducing a set of predefined reference points generated using the Das-Dennis
method [33,34]. These reference points are evenly distributed within the objective space,
guiding the population to evenly cover the entire Pareto front. NSGA-III utilizes non-
dominated sorting and reference point-based selection mechanisms to maintain population
diversity effectively and prevent the solution set from becoming overly concentrated in
certain regions of the Pareto front [35,36]. This approach ensures a well-distributed set of
optimal solutions across the entire Pareto front, enhancing the robustness and comprehen-
siveness of the optimization process. Model building and optimization work using Python
language editing and 11th Gen Intel (R) Core (TM) i7-11700 @ 2.50 GHz 2.50 GHz processor,
128 GB memory server.

3.2. Data Sources

The primary data for this study are sourced from an advanced integrated steel plant
located in Tangshan, Hebei Province, China. The plant is equipped with state-of-the-art
sintering machines and circular cooling units, and utilizes a dual pressure waste heat boiler
to capture low-temperature flue gas. With an annual output of approximately 11 million
tons, the plant boasts a product qualification rate of 99% and a drum strength exceeding
81.0%. The main material components of the sintering plant as of August 2022 are detailed
in Tables A1–A4 of Appendix A.
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3.3. Model Validation

In order to ensure the model’s accuracy, on-site statistical data from the case enterprise
were used for validation. The comparison results between the field data and the model’s
operation are shown in Table 2. The small errors observed are within acceptable limits,
indicating that the model is effective and applicable. Additionally, the model’s accuracy
was further verified by comparing it with previous research results, as shown in Table 3.

Table 2. Comparison of the simulated results and field data.

Category Type Field Data Simulated Data

Input materials

Mixture materials (kg/t) 1176.030 1176.030
iron ore (kg/t) 888.378 888.378

Returned ore (kg/t) 159.457 159.457
Flux (kg/t) 128.691 128.691

Coke powder (kg/t) 49.952 49.952
COG (m3/t) 4.78 4.78

Output materials

Tfe (%) 56.902 56.994
FeO of sintered ore (%) 8.590 8.500

C of sintered ore (%) 0.059 0.043
CaO of sintered ore (%) 10.100 10.492
MgO of sintered ore (%) 1.784 2.107
SiO2 of sintered ore (%) 4.934 5.512

Al2O3 of sintered ore (%) 1.851 2.006
TiO2 of sintered ore (%) 0.108 0.071

P of sintered ore (%) 0.044 0.057
S of sintered ore (%) 0.025 0.004

Recovery of steam (kg/t) 39.62 39.19

Table 3. Comparison of the simulated and previous research results.

Index Field Data Simulated Wu et al. [8] Sun et al. [32]

Heat utilization efficiency 57.83% 57.98% 57.92% /
Energy consumption 1474.44 MJ 1464.76 MJ 1471.8 MJ 1402 MJ

4. Results and Discussion

4.1. Multi Objective Optimization Results

This paper is based on the established integrated model of the high-temperature
sintering process and high-temperature waste heat recovery in sintering plants. Using the
NSGA-III algorithm, we optimized the heat utilization efficiency, energy consumption, and
production cost of the sintering model, resulting in a solution set comprising 61 distinct so-
lutions. These solutions illustrate the trade-off relationships between the various objectives,
forming a Pareto front. Figure 2 provides a three-dimensional visualization, intuitively
showcasing the distribution of the solution set and the interrelationships among the objec-
tives. These solution sets offer a range of choices for sintering decision-makers. Sintering
managers typically focus on cost objectives when optimizing the ratio of various ores. To
further select multi-objective optimal solutions that prioritize cost, solutions with weights
of 0.2, 0.3, and 0.5 for heat utilization efficiency, energy consumption, and production cost
objectives, respectively, were chosen from the frontier solution set to identify the optimal
solution for the sintering production process. The results before and after optimization are
shown in Table 4.

The results showed that the optimized sintering process increased heat utilization
efficiency by 0.67%, indicating more efficient energy conversion and utilization under the
same production conditions, thereby reducing waste. Energy consumption decreased by
17.3 MJ/t, a reduction of 1.17%, effectively lowering energy use in the production process.
Production costs were reduced by 11.45 CNY/t, a decrease of 1.22%. Additionally, CO2,
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and SO2 emissions per ton of sintered ore decreased by 0.464 kg/t and 0.034 kg/t, and NOx
emissions decreased by 0.008 kg/t. This not only cuts production costs but also reduces
pollutants and carbon emissions, contributing positively to environmental protection. The
company currently produces over 34,900 tons of sintered ore per day, with an annual output
of approximately 11.74 million tons. This production can reduce energy consumption by
203.12 million MJ, production costs by 134.47 million CNY, CO2 emissions by 5.45 million
kg, SO2 emissions by 0.399 million kg, and NOX by 0.094 million kg annually. In summary,
the model method proposed in this article effectively optimizes the sintering process.
Implementing these optimizations enhances heat utilization efficiency, reduces production
costs, and minimizes environmental pollution, while also providing significant economic
and environmental benefits to the steel industry.

 
Figure 2. Pareto front of multi-objective optimization results.

Table 4. Comparison of results before and after optimization.

Index HUE (%) EC (MJ/t) PC (CNY/t) CO2(kg/t) SO2(kg/t) NOx (kg/t)

Before optimization 57.83 1474.44 942.38 160.040 0.781 0.484
After optimization 58.50 1457.14 930.93 159.576 0.747 0.476

4.2. Parameter and Energy Changes

Various ores and fluxes produce high-temperature sintering through oxidation, reduc-
tion, and solidification reactions in the action of fuel, producing exhaust gases containing
carbon dioxide, sulfur dioxide, and nitrogen oxides. The material and energy input/output
and conversion relationships of various sintering equipment and subsystems, both before
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and after multi-objective optimization, are illustrated in Figures 3 and 4. These figures
provide a detailed display of the flow direction and conversion process of materials and
energy. Through comparing different ore ratios, it was discovered that adjusting the mix
led to a decrease in the cost of sintered ore products from 942.38 CNY to 930.93 CNY per ton.
The highest unit price of ore6 decreased from 128.81 kg/t to 28.26 kg/t, while the lower unit
price of ore3 increased from 39.78 kg/t to 108.58 kg/t. This change significantly impacted
sintering costs and resulted in a substantial difference in iron content. This was achieved
by incorporating better iron ore powders such as ore2, ore8, and ore9, with increases of
29.71 kg/t, 22.17 kg/t, and 37.85 kg/t, respectively. Therefore, through multi-objective opti-
mization under strict production constraints, the ore ratio can be adjusted more effectively
to reduce sintering costs in a scientifically sound manner.

Figure 3. The material and energy parameters of the SP before optimization.

Figure 4. The material and energy parameters of the SP after optimization.

In addition, the amount of air injected during the high-temperature operation of sinter-
ing is determined by a comprehensive analysis of factors such as the theoretical air volume
needed for fuel combustion, air leakage, circulating air volume, and the limitation of oxygen
content in the flue gas. From Figures 3 and 4, it can be clearly seen that after optimization,
the air volume injected into the sintering process decreased from 1813.26 m3/t to 1691.78
m3/t, and the flue gas volume decreased from 1997.89 m3/t to 1874.45 m3/t. As illustrated
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in Figure 5a,b the optimization of the sintering high-temperature process significantly im-
pacted the proportion of heat input and output. Notably, the reduction in flue gas volume
led to a decrease in the proportion of heat loss carried away by the flue gas, reducing it from
21.56% to 20.73%. The reduction in air volume and the decrease in heat loss carried away by
flue gas after optimization are the primary reasons for the improvement in heat utilization
efficiency in the sintering process. This optimization also resulted in decreased energy
consumption, as reflected by a 0.45% reduction in coke powder consumption. Additionally,
although the circulating hot air volume in the sintering internal and external circulation
decreased from 497 m3/t before optimization to 466.74 m3/t, the utilization efficiency of
circulating heat slightly reduced. This slight reduction is also attributable to the decrease in
the total exhaust air volume.

 
(a) (b) 

Figure 5. Heat utilization input and output before (a) and after (b) optimization of sintering high-
temperature process.

The comparison of the proportion of heat input and output before and after optimiza-
tion is shown in Figure 5. Due to the adjustment of the ore type ratio after optimization,
the proportion of sensible heat conduction, moisture evaporation heat, and carbonate
decomposition heat of sintered ore increased by 0.3%, 0.2%, and 0.3%, respectively. This
improvement is due to the optimization of multiple ore ratios, in which increases the
grade of the mixed ores and sintered ore. This optimization leads to a slight reduction
in the amount of gangue and impurities introduced by the material, thereby decreasing
the energy consumption required for gangue melting and discharge. Consequently, more
heat is used for effective utilization in the production process. Additionally, the reduction
in exhaust volume decreases the proportion of exhaust heat loss by 0.83%. Overall, the
optimization of parameters such as ore blending and airflow in the sintering process, has
led to a reduction in the cost and energy consumption of the sintering process, as well as
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an improvement in heat utilization efficiency. It has also reduced the number of pollutants
and carbon emissions in the exhaust gas during the sintering process.

4.3. Analysis of Influencing Factors

Based on the in-depth analysis results in the previous section, we have identified the
significant impact of raw material parameters and operating parameters on determining
the quality, production efficiency, energy utilization efficiency, and emission characteristics
of sintered ore. To provide more systematic guidance for sintering production practice
and optimize process control, this section combines the basic principles of material layer
distribution, temperature gradient, and reaction interval in the sintering thermal process
(as shown in Figure 6a,b), and analyzes in detail the specific impact laws of raw material
chemical composition (iron ore grade, impurity content), and key operating parameters
(material layer thickness, mixture moisture content, and fuel ratio) on improving multiple
key sintering indicators.

(a) (b) 

Figure 6. (a) Distribution diagram of material layer in SP. (b) Temperature changes and reaction
processes of each material layer in SP [37].

4.3.1. Changes in Sintered Ore Grade

The quantitative relationship between the change in sintered ore grade and sintering
indicators is illustrated in Figure 7. The sintered ore grade has a positive correlation with
heat utilization efficiency and production cost of the sintering production process. For
every 1% increase in sintered ore grade, the heat utilization efficiency and production cost
decrease by 0.81% and 0.19%, respectively. However, the sintering energy consumption
increases by 0.15%. The impact of changes in sintered ore grade on sintering pollutants is
depicted in Figure 8. As the grade increases, sintering pollutants and carbon emissions are
significantly reduced. CO2, SO2, and NOx emissions are reduced by 3.13 kg/t, 0.058 kg/t,
and 0.009 kg/t, respectively. This reduction is mainly due to changes in ore powder. Higher
ore grades contain fewer impurities, leading to reduced heat consumption during the
sintering production process and decreased fuel consumption. Therefore, appropriately
increasing the sintered ore grade is beneficial for efficient sintering energy conservation,
pollution reduction, and high efficiency.
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Figure 7. The influence of changes in iron content in sintered ore on sintering heat utilization, energy
consumption, and cost.

 

Figure 8. The influence of changes in iron content in sintered ore on pollutant emissions and carbon
emissions in sintering plants.

4.3.2. Changes in the Thickness of the Material Layer

By increasing the thickness of the material layer, the energy utilization of the sintering
process can be promoted, fully utilizing the self-heat storage effect of the material layer and
improving the heat supply of the lower material layer [38,39]. Based on the constructed
model, this section briefly discusses and quantifies the impact of material layer thickness
changes on various sintering indicators under the condition that technology meets practical
production needs. As shown in Figures 9 and 10, the increase in the material layer can
greatly improve heat utilization efficiency. When the material layer changes from 820 mm
to 950 mm, the production cost and energy consumption decrease by 3.13% and 3.59%,
respectively, showing a linear relationship. This is mainly due to the increase in output and
the effect of thermal recycling. At the same time, SO2, NOX, and CO2 emissions decrease
by more than 2.5%. Overall, increasing the thickness of the sintering material layer is very
beneficial for the sustainable development of sintering.
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Figure 9. The influence of material layer thickness on sintering energy utilization, energy consump-
tion, and carbon emissions.

 

Figure 10. The influence of material layer thickness on sintering pollutants and carbon emissions.

4.3.3. Change in Coal Ratio

Figures 11 and 12 show the quantitative relationship between the change in the
proportion of middling coal consumption in the total fuel consumption and the impact on
the sintering index. Based on the energy content of the fuel, varying dosage ratios of coal
and coke powder are applied. As the proportion of coal increases from 10% to 54%, the
cost price of coke powder is lower than the market price of coal, but the calorific value is
higher than that of coal. As the coal consumption increases, the production cost and energy
consumption of sintering gradually increase. At the same time, with the production of the
same product, as the amount of coal used increases, it inevitably leads to an increase in
the total amount of coal and coke powder used, as well as an increase in the sulfur content
and nitrogen-containing substances in coal, especially the sulfur content. As a result, the
emissions of pollutants and carbon during the sintering process increase, with CO2, SO2,
and NOx emissions increasing by 5.82 kg/t, 0.432 kg/t, and 0.031 kg/t, respectively, which
is not conducive to energy conservation and pollution reduction in the sintering process.
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Compared to purchased coal, the coking process has already removed most impurities
from coal. Therefore, using coke powder instead of coal in the sintering process offers
several advantages.

Figure 11. The influence of changes in coal ratio in fuel on sintering heat utilization, energy consump-
tion, and cost.

 

Figure 12. The influence of changes in coal ratio in fuel on pollutant emissions and carbon emissions
in sintering plants.

4.3.4. Changes in Moisture Content of Materials

The moisture content of the material is shown in Figure 13. The change in moisture
content directly affects the energy consumption and carbon emissions of the sintering
process. As the moisture content increases from 5% to 8.5%, the energy consumption and
carbon emissions gradually increase. This is because more water evaporation requires
excessive heat consumption, which needs to be supplemented by an increase in fuel
consumption. Therefore, energy consumption and carbon emissions increase significantly,
by 7.84% and 7.91%, respectively, as a result of using coke powder in the sintering process;
other pollutant emissions remain unchanged. Therefore, accurately and strictly controlling
material moisture can effectively reduce energy consumption in the sintering process.
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Figure 13. Influence of material moisture content on sintering energy consumption and carbon emissions.

5. Conclusions

This paper is grounded in the complex principles and mechanisms of metallurgical
chemistry related to sintered ore formation. Firstly, an integrated system model for sintered
ore production and high-temperature waste heat recovery was established. A multi-
objective optimization method for the sintering process, combined with the NSGA-III
optimization algorithm, was then proposed. This method optimizes the heat utilization
efficiency, energy consumption, and production cost of the sintering process. Additionally,
it quantifies the influence of several typical factors on various sintering indicators and
pollutant emissions. The research has led to the following conclusions:

(1) Using the NSGA-III algorithm, a Pareto front solution set for the multi-objective
optimization of the sintering process was obtained, and the optimal solution for
balancing quality, energy saving, and cost objectives was found. After optimization,
the heat utilization efficiency of the sintering process increased by 0.67%, energy
consumption decreased by 17.3 MJ/t, and production costs decreased by 11.45 CNY/t.
Additionally, CO2 and SO2 emissions per ton of sintered ore decreased by 0.464 kg/t
and 0.034 kg/t, and NOx emissions decreased by 0.008 kg/t. This optimization
effectively improved the heat utilization efficiency of the sintering process while
reducing energy consumption, production costs, pollutants, and carbon emissions.

(2) In addition, optimized operating parameters for the optimal allocation of production
resources, such as ore blending, flux, fuel consumption, and various airflow parame-
ters, were obtained. These optimizations are beneficial for enhancing energy savings,
improving efficiency, and reducing pollution in the sintering process. By implement-
ing these optimizations, enterprises are expected to reduce energy consumption by
203.12 million MJ, production costs by 134.47 million CNY, CO2 emissions by 5.45 mil-
lion kg, SO2 emissions by 0.399 million kg, and NOX by 0.094 million kg annually. It
has brought significant economic and environmental benefits to the steel industry.

(3) By studying and quantifying the influence of various key factors on multiple targets
and pollutant emissions in the production process, especially changes in parameters
such as sintered ore grade, material layer thickness, mixed material moisture content,
and coal ratio, it was found that for every 1% increase in sintered ore grade, heat
utilization efficiency improved by 0.81%, energy consumption decreased by 0.19%,
and sintering production cost increased by 0.15%. Additionally, while ensuring
production quality requirements are met, reasonably reducing the moisture content in
the mixture and minimizing the consumption of coal in the fuel, along with increasing
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the material layer thickness, can contribute to lowering sintering energy consumption
and reducing pollutant emissions.

Author Contributions: Conceptualization, Y.Y.; Methodology, Y.Y. and J.S.; Software, Y.Y. and J.S.;
Validation, Y.Y., J.S. and L.Z.; Investigation, S.Y. and H.N.; Data Curation, Y.Y.; Writing—Original
Draft, Y.Y. and H.N.; Writing—Review and Editing, Y.Y. and T.D.; Visualization, J.S. and L.Z.;
Supervision, H.N.; Funding Acquisition, T.D. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors are grateful to the financial support provided by National Natural Science
Foundation of China (No.: 52270177), Young Elite Scientists Sponsorship Program by CAST (No.:
2022QNRC001), the 111Project (B16009), Jianlong Group-Northeastern University Youth Science and
Technology Innovation Fund (No.: 2023012600001) and Key Technical Research Project of Shenyang
(No.: 22-101-0-28).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

SP Sintering plant COG Coke Oven Gas
SRC Sintering ring cooler BFG Blast Furnace Gas
HUE Heat utilization efficiency NSGA-III Non-dominated Sorting Genetic Algorithm III
EC Energy consumption CNY Chinese Yuan
PC Production costs

i The i-th type of material or energy TSRC,sinter,in
Temperature of sintered ore entering the
ring cooler, ◦C

j The j-th type of output material or energy TSRC,sinter,out
Temperature of the sintered ore exiting the
ring cooler, ◦C

mSP,i,in
The input dosage of the i-th material or en-
ergy, kg/t

SSP,s,out
Extraction volume of the s-th type of
steam, kg/t

mSP,j,out
The output dosage of the j-th material or
energy, kg/t

hs Enthalpy value of the s-th type of steam, kJ/kg

R Dosage of material in process, kg/t eSP
energy consumption of the sintering pro-
cess, MJ/t

QSP,i,in The i-th type of input heat in SP, kJ/t rk
The dosage of k-th energy recovered and
supplied externally, kg/t, m3/t

QSP,j,out The j-th type of output heat in SP, kJ/t εi,in, εk
Conversion coefficient of standard coal,
MJ/t, MJ/m3

mi
The dosage of the i-th material or energy,
kg/t

P
The dosage of sintered ore produced during
the statistical period, kg/t

cm,i
The specific heat capacity of the i-th mate-
rial or energy, kJ/(kg·K)

Ccost
production cost per ton of sintered ore prod-
ucts, CNY/t

Vi The specific heat capacity of the i-th gas, m3/t ci
Price coefficient of the i-th substance or en-
ergy, CNY/kg, CNY/m3, CNY/kWh

cv,i
Specific heat capacity of the i-th gas,
kJ/(m3·K)

cmain,
clabor , cdep

Price coefficients for maintenance, labor,
and depreciation of unit products, CNY/t

r The r-th chemical reaction ck
Price coefficient for the k-th type of energy
recovery, CNY/kg, CNY/m3

Mr Relative molecular mass of the r-th material OSP,i Oxidation rate of sulfur, %

ΔHr Reaction enthalpy of the r-th reaction, kJ/mol βSO2

The desulfurization rate of desulfurization
equipment, %

aair
Comprehensive heat transfer coefficient be-
tween sintered ore and air, W/(m²·K)

ϕSP,NOx ,i Nitrogen oxide generation coefficient

ηSRC
Efficiency of waste heat boiler in sintering
ring cooler, %

f Carbon emission factor, kg/t, kg/m3,
kg/kWh
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Appendix A

Table A1. The composition and price parameters of raw material in sintering plant.

Material Species
Component (%)

Price (CNY)
TFe FeO SiO2 CaO MgO Al2O3 S P TiO2

Ore1 65.80 0.23 1.42 0.45 0.01 1.22 0.01 0.06 0.09 830.00
Ore2 62.50 0.22 4.20 0.48 0.03 2.30 0.02 0.09 0.10 815.00
Ore3 61.60 0.31 4.35 0.45 0.03 1.88 0.04 0.05 0.11 500.00
Ore4 58.50 0.23 4.16 0.44 0.01 1.42 0.01 0.05 0.09 795.00
Ore5 56.20 0.20 5.53 0.10 0.03 2.22 0.03 0.08 0.11 760.00
Ore6 66.60 26.00 2.50 0.60 0.40 1.30 0.11 0.01 0.17 870.00
Ore7 60.60 11.32 10.33 0.69 0.83 1.14 0.02 0.02 0.00 800.00
Ore8 66.03 26.01 2.08 0.55 1.04 0.90 0.19 0.02 0.00 840.00
Ore9 57.43 0.28 5.57 0.24 0.64 1.20 0.02 0.07 0.06 720.00
Ore10 58.74 0.91 5.16 0.01 0.10 2.61 0.02 0.05 0.00 730.00
Ore11 59.61 0.33 5.51 0.27 0.12 2.81 0.01 0.05 0.00 750.00

Quicklime 0.00 0.00 4.75 56.95 6.25 1.49 0.09 0.00 0.00 680.00
Limestone 0.00 0.00 0.84 51.14 3.01 0.93 0.02 0.00 0.00 500.00
Dolomite 0.00 0.00 1.83 31.09 20.29 0.00 0.02 0.00 0.00 180.00
Bentonite 1.18 0.00 68.40 1.51 2.48 13.95 0.00 0.00 0.08 300.00

Calciumlime 0.00 0.00 0.64 83.96 3.20 0.33 0.01 0.00 0.00 880.00

Table A2. Proportion of gas components in sintering plant.

Gas H2 O2 N2 CO CO2 CH4 C2H6 C3H8 C2H4 C2H2

COG 59.8 0.14 3.54 6.53 1.86 23.60 0.62 0.00 1.35 0.00
BFG 4.535 0.25 49.60 24.86 20.75 0.01 0.00 0.00 0.00 0.00

Table A3. The proportion of each component of fuel coal in sintering plant.

Coal Species Volatile Content (Vdaf/%) Carbon Content (Car/%) Sulfur Content (Std/%) Ash Content (Ad/%)

Anthracite 9.45 78.92 0.14 12.50
Coke 0.008752 85.77 0.59 11.95

Table A4. Composition requirements for sintered ore products in sintering plant.

Composition TFe FeO SiO2 CaO MgO Al2O3 S P TiO2

Sintered ore 55~58 ≤9.00 ≤5.80 ≤11.00 ≤2.50 ≤2.20 ≤0.03 ≤0.09 ≤0.25

Table A5. The composition of sintered ore before and after optimization.

Composition TFe FeO SiO2 CaO MgO Al2O3 S P TiO2

Before 56.32 8.50 5.75 10.95 2.42 2.09 0.0043 0.0016 0.084

After 56.68 8.40 5.66 10.94 2.47 2.02 0.0041 0.0011 0.068
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Abstract: An important issue addressed in research on the assessment of the quality of polymer
products is the quality of the polymer material itself and, in accordance with the idea of waste-
free management, the impact of its repeated processing on its properties and the quality of the
products. In this work, a biocomposite, based on poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) with short hemp fibers, was obtained and repeatedly processed, which is a continuation
of the research undertaken by the team in the field of this type of biocomposites. After subsequent
stages of processing, the selected mechanical, processing and functional properties of the products
were assessed. For this purpose, microscopic tests were carried out, mechanical properties were
tested in static tensile and impact tests, viscosity curves were determined after subsequent processing
cycles and changes in plastic pressure in the mold cavity were determined directly during processing.
The results of the presented research confirm only a slight decrease in the mechanical properties of
the produced type of biocomposite, even after it has been reprocessed five times, which gives extra
weight to arguments for its commercialization as a substitute for petrochemical-based plastics. No
significant changes were found in the used parameters and processing properties with the stages of
processing, which allows for a predictable and stable manufacturing process using, for example, the
injection molding process.

Keywords: PHBV; biocomposites; injection molding; biocomposites reprocessing; recycling

1. Introduction

Waste management is one of the most urgent challenges of modern society. In particu-
lar, the problem of plastic waste is becoming more and more urgent. Plastics are present in
many areas of our lives and are an integral part of the modern economy. However, their
durability and, in most cases, their lack of biodegradability, coupled with the growing
production and consumption of plastics, have led to a growing ecological crisis. When
these materials enter the environment, they remain there for dozens or even hundreds of
years, contributing to soil and water pollution. Some plastics, especially those containing
harmful chemicals, can lead to serious human health problems. For instance, phthalates
and bisphenol A (BPA) can disrupt the body’s hormonal balance and cause various types of
diseases. The lack of effective management of plastic waste results in the waste of mineral
resources. Despite progress in the field of plastic recycling, many challenges remain. The
lack of a uniform waste segregation and collection system, low recycling rates in some
countries and the lack of appropriate processing technologies are serious problems that
have prompted a search for new solutions [1–4].
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One of the most important steps in solving the problem of plastic waste management is
reducing the consumption of these materials. The introduction of innovative packaging, the
promotion of a circular economy and consumer education are key in this context. Creating
innovative recycling methods, such as the chemical decomposition of plastics into primary
components, may be an important step forward [5–7]. Furthermore, the development
of alternative biodegradable and compostable materials may contribute to solving the
problem and finding a solution. Promoting sustainable materials, such as bioplastics,
can lead to a reduced burden on the environment [8,9]. Among a fairly wide range of
bioplastics, special attention should be paid to double green polymers, because they are
of natural origin and are fully biodegradable. It is worth noting that their possibilities of
use may be multiplied due to the continuous circulation of this type of materials and their
derivatives in nature [10,11].

The circular economy is an economic model that aims to minimize the amount of
waste by maximizing the use and reprocessing of resources. Unlike the traditional linear
model, in which raw materials are consumed and discarded, the circular economy focuses
on closing product life cycles, reducing the impact on the environment and using resources
more efficiently [12]. With the growing problem of plastic pollution and the growing
environmental awareness of society, the need to find sustainable alternatives to traditional
plastics is becoming an increasingly pressing challenge. Polyhydroxyalkanoates (PHAs) are
emerging as a revolutionary category of biodegradable polymers, potentially transforming
the way we think about the production, consumption and disposal of materials [13].

Polyhydroxyalkanoates (PHAs) are a type of biodegradable polymer obtained from
natural sources, such as bacteria, which use them as energy storage substances. In recent
years, interest in these polymers has increased, due to their potential to replace traditional,
non-biodegradable plastics. They are distinguished not only by their ability to degrade in
the environment, but also by a variety of properties, which means they can be used in many
areas, from packaging to medicine [14]. The structure of PHAs may vary depending on
the source of the microorganisms which they are obtained from. Their structural diversity
depends mainly on the type of monomers from which they are composed [15]. There
are several key types, such as poly(3-hydroxybutyric acid) (PHB), poly(3-hydroxyvaleric
acid) (PHV), and copolymers such as poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid)
(PHBV). The PHA production process typically involves the use of bacteria. However, there
is also a growing interest in the production of PHAs using plant organisms, which opens
up new opportunities for the sustainable production of biodegradable plastics [16,17]. The
PHA production process uses microorganisms with a high storage capacity and diverse
biochemical processes, in order to increase the number of cycles of the “growth” and
“starvation” phases [18,19]. It is also worth noting that the sterilization of reactors for
the PHA production process is not necessary, and bacterial cultures are able to adapt to
various additional waste raw materials [20]. The main advantage of PHA production is the
ability to use real fermented waste as raw materials, such as agricultural or food industry
by-products, which reduces the costs of substrate use [21,22]. PHAs exhibit a variety of
properties that make them attractive for a variety of applications. Their biodegradability is
a key element that enables their decomposition in natural conditions. Their biocompati-
bility makes them useful in the field of medicine, and their thermoplasticity allows them
to be formed many times [23]. Despite promising prospects, the implementation of PHA
materials is a challenge. Production costs and ethical issues related to the genetic modi-
fication of organisms require further research. Nevertheless, technological advances and
society’s commitment towards sustainable alternatives will contribute to the development
of this group of polymers. The prospect of lower production costs and growing ecological
awareness opens the door for PHAs to become a key element in the global movement to
counteract petrochemical plastic pollution [24,25].

Polyhydroxybutyrate-co-valerate (PHBV) is a type of biodegradable polymer that
is a copolymer of poly(hydroxybutyrate) (PHB) and poly(hydroxyvalerate) (PHV). This
combination of two different monomers introduces flexibility into the polymer structure,
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which makes PHBV more elastic than PHB alone [26]. Therefore, this material has a number
of applications in various fields, such as the production of packaging, disposable products
and biodegradable films. Broader commercial uses of this biopolymer are still difficult
due to high production costs and a small difference between the melting point and the
degradation temperature of this polymer, as well as low flexibility and quite high brittle-
ness [27–30]. For this reason, further research plans of scientists include improving the
mechanical properties and processing window of this biopolymer, as well as the possibility
of producing composites based on PHBV [31,32]. It should be noted, however, that despite
these advantages, PHBV production still encounters challenges related to, for example,
production scaling. However, the development of this technology continues progressing,
with the hope of finding more effective and economical production methods. The work by
Guo, Stuckey and Murphy [33] presented the possibility of developing a PHBV produc-
tion system without the use of fossil fuels. PHBV polymers have a slightly lower energy
consumption during production per kg of polymer than petrochemical polymers. The
current production processes and scale of PHBV production are still largely undeveloped,
compared with the well-developed production of petrochemical polymers. It is forecast that
further optimization of PHBV production technology and the expansion of its production
scale may result in an improvement in the environmental condition. Additionally, the
results of the work show that the use of renewable sources, instead of fossil electricity and
heat resources required for the production of PHBV, will ensure the effective optimization
of the process. These results confirm the view that, due to the expansion in the develop-
ment of bioplastics production and changes in the sources of generation for the electricity
and heat consumed, the bioplastics production industry can be independent from fossil
fuel products.

One of the possible ways of commercializing ecological composite materials, especially
PHBV, may be the use of natural fillers, e.g., fibrous fillers in biopolymer matrices. It is
expected that their use will improve the mechanical properties of the manufactured com-
posites while maintaining complete biodegradability and low production costs, compared
with pure biopolymers [34]. Fibers of plant origin are cheaper than synthetic fibers, such
as glass fiber. Of course, it should be noted that the prices of natural fibers also depend
on geographical location, a very important aspect in terms of the availability of suitable
natural fibers [35,36]. In Europe, the main emphasis is placed on the production of flax
fibers and, to a lesser extent, hemp fibers, while in Asia, hemp, jute and kenaf fibers are
more popular. Kenaf is commercially grown in the United States, while sisal is widely
cultivated in tropical African countries, the West Indies and the Far East. The largest global
production of plant fibers is bamboo and sugar cane stalks [36]. Many car construction and
equipment elements are manufactured on the basis of composites based on thermoplastics
and natural fibers. Door panels, seat backrests, trunk elements and upholstery are made
of this type of composites [37]. The use of natural fiber composites is mainly due to their
lower production costs, weight reduction, recyclability and marketing incentives in the era
of environmental protection. Natural fibers, such as linen, hemp, cotton and jute, have long
been used in the production of textiles and other products, but now their role is expanding
to the area of plastics [38]. Adding natural fibers to polymers can provide a number of
benefits. Firstly, there is the potential to significantly reduce the amount of plastic used,
which directly translates into reduced waste. Moreover, natural fibers are biodegradable,
which means that products containing them will decompose more easily after the end of
the product’s life [39]. Natural fibers as fillers can also improve the mechanical properties
of plastics. For example, the addition of hemp fibers to a polymer can increase its tensile
strength and fracture resistance [40]. In addition, the variation in structure in natural fibers
adds an aesthetic appearance to products, which is particularly attractive to consumers
looking for more ecological options without sacrificing attractive design. However, intro-
ducing natural fibers into plastics is not without its challenges. The mixing and forming
processes must be adjusted to obtain optimal mechanical properties. Moreover, quality
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control and the standardization of production processes become crucial to maintain product
consistency [41].

An important issue is the possibility of developing modern biodegradable polymers
of natural origin, such as PHBV bioplastic and hemp fiber filler. Currently the studies
conducted [42–45] indicate an improvement in the properties of the obtained composites,
compared with pure PHBV, after the addition of this filler. Another very important issue,
that may significantly affect the possibilities of commercialization of this type of composites,
is the assessment of the possibility of their multiple reprocessing (recycling) and the
examination of the impact of subsequent reprocessing cycles on the functional, mechanical
and processing properties of the obtained materials and a quality of products.

2. Materials and Methods

2.1. Research Materials

A copolymer of poly(3-hydroxybutyric acid) and poly(3-hydroxyvaleric acid) PHBV
was used to produce the biocomposite, with the trade name ENMAT Y1000P NaturePlast
(Mondeville, France), a specific weight of 1250 kg/m3 and a softening temperature in the
range of 165 ◦C to 175 ◦C [46]. ENMAT Y1000P belongs to the group of polyhydroxyalka-
noates (PHA). The share of PHV in the biopolymer used was 8%.

The fillers used were hemp fibers with a length (L) of approximately 1 mm, produced
by EKOTEX company (Kowalowice, Poland) and surface-modified with a 10% sodium
hydroxide solution (the fibers were etched to improve adhesion to the polymer matrix).
Fibers with an approximate length to diameter ratio (L/d) of 10 were used. The fibers
were used to reduce production costs and improve some mechanical, processing and
functional properties, compared with pure biopolymers, while maintaining the ability to
biodegrade [42–45]. These fibers are characterized by a cellulose content of approximately
68%, a hemicellulose content of approximately 15%, and a lignin and other ingredients
content of approximately 10% [37,47].

The produced biocomposite contained 30% of the mass share of hemp fibers and 70%
of the mass share of the polymer matrix. The fiber type and the mass fraction of the filler
were chosen based on the results of previously conducted research, i.e., to improve the
mechanical, processing and functional properties, compared with pure PHBV [42–45].

Due to the large number of produced biocomposite moldings and reprocessed series,
markings were introduced for the series of tests, which are summarized in Table 1.

Table 1. List of produced and reprocessed series of biocomposites.

Designation Biocomposite/Multiple Processing

0x starting/primary material

1x reprocessed

2x twice processed

3x processed three times

4x processed four times

5x processed five times

2.2. Production of Composite and Test Samples

The process of manufacturing the PHBV–hemp fiber biocomposite consisted of several
stages. After mixing the hemp fiber with PHBV, the resulting mixture was dried in a
Chemland DZ-2BC (Szczecin Stargard, Poland) laboratory dryer equipped with a vacuum
pump. The drying process was carried out for 1 h at 90 ◦C.

The biocomposite of PHBV–hemp fiber was produced using an extrusion technological
line, consisting of a single-screw extruder from ZAMAK EHP-25E (produced by ZAMAK
Mercator company, Skawina, Poland) [48], a cooling bath and a granulator.
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The PHBV–hemp fiber biocomposite was extruded at the extruder processing temper-
ature profile shown in Table 2. The extrusion was carried out at a screw rotation speed of
100 rpm.

Table 2. Temperatures of the extruder heating zones.

Set Temperature [◦C]

Head Zone 3 Zone 2 Zone 1

175 170 160 150

The last stage of production was the granulation of the produced material and, as a
result, the obtaining of biocomposite granules. A Zamak granulator (produced by ZAMAK
Mercator company, Skawina, Poland) was used, equipped with a cutting tool (mill), which
allowed for the collection of granules with cylindrical geometry. The obtained granulate,
before the next stage of the process, was dried in a laboratory dryer for 1 h at 90 ◦C.

During the injection molding process for the test samples, a BOY55E injection molding
machine (produced by BOY Maschines Inc., Exton, PA, USA) with a Priamus system was
used, allowing for the control and monitoring of the injection molding machine.

The injection mold was equipped with temperature and pressure sensors (Figure 1) as
components of the Priamus system.

 

Figure 1. Injection mold with temperature and pressure sensors.

During the injection of the molded parts, the pressure in the mold cavity was measured
using Priamus 6002B piezoelectric sensors [49] and the Priased 5080A (produced by Priamus
System Technologies AG, Schaffhausen, Szwajcaria) four-channel amplifier integrated with
them. The Fill Control software (version 1.0) used allowed for the recording of data from
measurement channels for individual zones [50].

The temperature was measured using N-type thermoelectric sensors, which were
mounted in the flow path at the same distance as the pressure sensors. The obtained
measurements allowed the determination of the rheological characteristics of the composite
and its subsequent processed batches.

In the first stage of the research, the samples with dog-bone geometry were produced
from granules of the PHBV–hemp fiber biocomposite. The adjustable processing parameters
of this material are presented in Table 3. During subsequent injection cycles, the viscosity
values of the biocomposite, as a function of the shear rate and the profile of pressure
changes, were recorded.
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Table 3. Adjustable processing parameters for injection molding of the biocomposite.

Parameter Value

Mold temperature [◦C] 85

Melt temperature [◦C] 185

Cooling time [s] 25

Packing time [s] 25

Packing pressure [MPa] 30

Flow rate [cm3/s] 35

After mechanical property tests, the manufactured molded pieces were ground using
a Wanner C17 (Wertheim, Germany) plastics mill. The ground pieces were dried for 1 h at
90 ◦C, and then the samples with dog-bone geometry were injected again. Again, changes
in cavity pressure and viscosity were measured as a function of shear rate. The procedure
for subsequent processing of the tested biocomposite was carried out five times. During the
processing and testing of subsequent series of biocomposite, the same adjustable parameters
were used in the injection molding process. Correction of these parameters was not required,
due to the fact that the molded pieces obtained in subsequent series were of good quality,
in terms of their shape and dimensions (Figure 2). There were also no organoleptically
visible effects of degradation of the biocomposite in the form of flashes, burns or underflows
after subsequent series of reprocessing, which may confirm that the quality of the processed
biocomposite after repeated processing does not significantly deteriorate, in terms of the
possibility of another processing cycle.

 

Figure 2. Samples from the original composite (0x) and subsequent reprocessing cycles (1x–5x).

2.3. Research Methods

Uniaxial tensile test.

The Zwick Z030 (produced by Zwick Roell, Ulm, Germany) testing machine was
used to test the strength of the obtained composites. The uniaxial tensile test was carried
out in accordance with the EN ISO 527-1 standard [51] for molded pieces with dog-bone
geometry. Each series of samples consisted of seven molded pieces. Based on the obtained
test results, the following were analyzed: the Young’s modulus (E), tensile strength (σM)
and the relative elongation at maximum tensile stress (εM). The results were analyzed
statistically; the following were determined: the arithmetic mean (x), standard deviation (s)
and coefficient of variation (V).

Brinell hardness

The hardness assessment of the biocomposite was carried out using the Brinell method
with the EN ISO 2039-1 standard [52] in two areas of the sample (Figure 3), i.e., in the
measurement zone (zone A) and in the gripping part (zone B). A Zwick 3106 (produced
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by Zwick Roell, Ulm, Germany) hardness tester was used for this purpose. Each series of
samples consisted of seven pieces.

Figure 3. Areas of the sample for hardness testing.

Impact tensile test

In order to determine the impact tensile strength of biocomposites, tests were carried
out in accordance with the EN ISO 8256 standard [53] using a CEAST 9050 pendulum
hammer (produced by Instron Inc. Europe, Buckinghamshire, UK). The samples were
cut from the ones for uniaxial tensile testing, in accordance with the requirements of
the standard. The notch was made for entire sample packages. Each series included
seven samples.

Microstructure studies

To visually assess the sample surfaces and fiber geometry, a Nikon MM-800 workshop
(produced by Nikon Inc., Tokyo, Japan) microscope with E-MAX software was used. The
dimensions measured were min. fifty fibers on the top layer of the molded piece, for the
first and subsequent processed series. The measurements were performed for each sample
in the same area of the molded piece.

Microstructure tests were carried out using a HITACHI S-3400 scanning electron
microscope (SEM) (produced by Hitachi Inc., Tokyo, Japan), based on specimens from the
uniaxial tensile test.

Shrinkage assessment

The shrinkage of the molded parts with dog-bone geometry was tested partly based
on the EN ISO 294-4 standard [54] The primary shrinkage was tested after approx. 3 h,
and the secondary shrinkage was tested approx. 14 days after the molded pieces were
manufactured by means of the injection molding process. The tests were performed for a
series of seven samples.

Rheological test

The determination of the viscosity curves for the repeatedly injected biocomposite
was done by recording the pressure and temperature, using appropriate sensors mounted
in the injection mold cavity. The melted plastic is rheologically described by the Newtonian
model. Its viscosity, in this case, can be calculated as [55]:

η =
τ

γ
(1)

where:
η—viscosity,
τ—shear stress,
and γ—shear rate.
Calculation of the shear stress and shear rate is possible thanks to the knowledge of

the geometry of the injection mold cavity and the pressure values in two different places
along the flow path of the polymer material. For a rectangular mold cavity cross-section:

γ =
3 ∗

.
Q

4 ∗ k2 ∗ z
(2)

τ =
Δp ∗ k

W
(3)

where:.
Q—flow rate,
k—cavity height,
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z—cavity width,
Δp—pressure difference between pressure sensors,
and W—distance between pressure sensors.
Knowing the relationships for shear rate (2) and shear stress (3), Equation (1), used to

determine the viscosity, can be written as:

η =
τ

γ
=

Δp ∗ k
W

3 ∗
.

Q
4 ∗ k2 ∗ z

=
4 ∗ k3 ∗ z ∗ Δp

3 ∗
.

Q ∗ W
(4)

Viscosity curves were determined for newly produced (0x) and multi-reprocessed (1x,
2x, 3x, 4x, 5x) PHBV–hemp fiber biocomposites. Viscosity measurements were made for
various temperatures of the melt (180 ◦C, 185 ◦C and 190 ◦C), at injection rates ranging
from 10 to 70 cm3/s.

3. Results and Discussion

The results of the uniaxial tensile test were analyzed, taking into account the Young’s
modulus, tensile strength and elongation of the samples. When analyzing the values of the
Young’s modulus (Figure 4), there was no visible trend of a decrease or an increase in its
value. However, it was observed that, with the next reprocessing cycle, the dispersion of
the results increased, which may indicate a deteriorating homogeneity of the biocomposite.
In turn, in the case of tensile strength (Figure 5), there was a visible trend associated
with a decrease in its value after subsequent reprocessing cycles, by up to 18% (for the
5x biocomposite), compared with the originally produced biocomposite (0x). There was
also a noticeable decrease in the maximum elongation of the sample, by approximately
13% for the 5x biocomposite, compared with the 0x biocomposite. When analyzing these
three properties, a significant impact of reprocessing on the mechanical properties of the
products can be noted.

When adding natural fibers to the polymer matrix, one can increase the tensile strength
of the composite. These fibers act as reinforcement, improving the load-bearing capacity of
the composite along the tensile direction [44,56]. After repeated cycles of processing, the
fibers become mechanically shortened, and carry loads in their longitudinal direction to
a lesser extent, which reduces their tensile strength. The reduction in sample elongation
(Figure 6) may be related to the thermal load history of the biocomposite, which becomes
less and less flexible after each reprocessing. Additionally, multiple reprocessing can affect
the molecular structure of the polymer, which in turn affects its mechanical properties. This
may lead to a loss of elasticity and is manifested by a reduced ability to deform before
fracture [57,58].

Figure 4. Young’s modulus for multi-reprocessed biocomposites.
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Figure 5. Tensile strength for multi-reprocessed biocomposites.

Figure 6. Relative elongation at the maximum tensile stress for multi-reprocessed biocomposites.

The results of the Brinell hardness tests indicate a slight decrease after repeated
processing of the biocomposite in area A of the sample, i.e., in the narrowing (Figure 7a).
The decrease in value is approximately 6% for the 5-fold recycled biocomposite (5x),
compared with the originally produced one (0x), but this result is within the standard
deviation. In the case of hardness tests in area B (Figure 7b), there is a noticeable increase
in hardness by approximately 15% for the 5x biocomposite, compared with 0x. Basically,
it can be noted that, for the initially produced biocomposite (0x), there is a significant
difference in hardness in the area A (by approx. 28%) compared with area B. A significant
influence of the geometry and fiber distribution in the polymer matrix is visible here. The
fibers in the area of the measuring part of the sample are oriented along the length of the
sample and are parallel to each other, which results from the constant geometry of the mold
cavity. This results, among others, in an even distribution of fibers in layers throughout the
thickness of the molded part, including its surface layer, and a significant improvement
in its mechanical properties. In turn, in area B, i.e., the gripping part of the sample, the
fibers are distributed more chaotically, due to the change in the geometry of the forming
cavity. A similar trend is confirmed in publication [44], where the influence of adding
hemp, wood and linen filler (15% by mass) on the improvement in hardness in relation to
pure PHBV was examined—a significant improvement in hardness was found after adding
each of the fibrous fillers in areas A and B. A similar trend was also noted here, i.e., in area
A the hardness was significantly higher than in area B. From the tests carried out for the
composite reprocessed five times, it can be noted that the hardness values in both areas A
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and B are similar to each other. This fact may be due to the shortening of the fiber length
by the repeated grinding of the samples. As a result of the shortening of their length, the
fibers are characterized by a lower aspect ratio (L/d) and lose their mechanical properties
as a typical reinforcement of the polymer matrix.

(a) 

(b) 

Figure 7. Hardness for multi-reprocessed biocomposites, in areas A (a) and B (b) of the molding.

Testing the hardness of plastics using the Brinell method is an important tool in the
field of materials engineering, allowing for the assessment and control of the quality of
materials at various stages of the production process and during operation. In the context
of polymer biocomposites, this test is important because it allows one to determine how this
material behaves under load, how easily it is deformed and what its mechanical properties
are [59]. Hardness test results can be used to evaluate the quality, strength and applications
of a given plastic. In the context of the quality of materials evaluation, hardness is an
important parameter when assessing the quality of plastic products. Materials with higher
hardness are usually more durable and resistant to abrasion, which is crucial for many
applications, such as machine components, tools or structural elements [60,61]. Based
on the results obtained (Figure 7), in this context, changes in hardness after repeated
reprocessing cycles are small, and repeated reprocessing of the biocomposite itself may
result in uniform hardness in various areas of the molded product.

When analyzing the results of the impact tensile strength (Figure 8), a significant
decrease in this parameter can be noted after repeated cycles of reprocessing. The impact
tensile strength of the 5-times processed biocomposite (5x) is approximately 29% lower
than the original biocomposite (0x). It is also possible to notice a significant increase in the
dispersion of test results after subsequent reprocessing attempts, which proves a greater
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diversity of sample properties within the tested group. The fibers embedded in the polymer
matrix of the originally processed composite had a relatively constant length of approx-
imately 1 mm. After multiple processing cycles, some fibers were shortened as a result
of the grinding of the moldings, which varied the length of the fibers and, consequently,
influenced the differences in the impact tensile strength of the reprocessed samples.

Figure 8. Impact tensile strength for biocomposites depending on the multiplicity of processing.

The influence of the impact strength of biocomposites with fiber filler on the quality
of products may be significant, especially in the context of products that are exposed to
dynamic loads, such as impacts or vibrations. Fiber fillers such as plant-derived fibers can
improve the impact strength of biocomposites [44]. However, based on the impact tensile
results (Figure 8), it can be concluded that the mere presence of fibers does not automatically
guarantee an increase in impact strength. The impact strength of a biocomposite may be
influenced by many factors, such as the type of fibers, their length, their orientation, their
quantity and the repeated processing of the biocomposite [62].

Fiber fillers have a significant impact on the longitudinal shrinkage of materials. The
fibers reinforce the structure, which may reduce the tendency of longitudinal shrinkage.
Fibers of appropriate length and distribution can improve the elasticity of the material,
which translates into a reduced risk of deformation under the influence of longitudinal
stresses. Fibrous fillers also play a key role in controlling transverse shrinkage. Fibers,
dispersed evenly in the material, can prevent excessive transverse shrinkage, which is
especially important in the case of materials subject to changing environmental conditions.
It is also worth raising the issue of the impact of natural fibers on shrinkage through the
thickness of the product. Properly selected fibers can increase the density of the material,
which translates into greater thickness. However, there is a subtle balance between the
number of fibers and the preservation of mechanical properties. Excess fibers may lead
to the compaction of the material, which may consequently reduce the thickness of the
products [63–65].

When analyzing the values of longitudinal shrinkage (Figure 9a), a significant increase
in the value of this parameter can be found with subsequent reprocessing cycles. The fibers
shorten with each subsequent grinding of the moldings, which reduces the importance of
this filler as reinforcement in the longitudinal direction. The value of secondary longitudinal
shrinkage increased by almost 82% for the 5x biocomposite, compared with the original
0x. In turn, the value of secondary transverse shrinkage (Figure 9b) was reduced by
approximately 28% for the 5x biocomposite, compared with 0x. There was also a decrease
in the secondary shrinkage in thickness (Figure 9c) by approximately 14% for the 5-times
reprocessed biocomposite, compared with the original one. The reduction in shrinkage in
these directions may be caused by the fragmentation of the hemp fibers after reprocessing,
which are distributed throughout the entire volume of the melt, and not mainly in the
longitudinal direction, as was the case with the originally processed biocomposite.
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(a) 

(b) 

(c) 

Figure 9. Primary and secondary shrinkage of injection molded parts: (a) longitudinal, (b) transverse
and (c) in thickness, for multi-reprocessed biocomposites and the primary biocomposite.

Importantly, variable parameters characterizing the fibers after subsequent series of
reprocessing were the length (L) and diameter (d) of the fibers, and, consequently, the
so-called aspect ratio: L/d. This coefficient is important in the processing of composites
filled with short fibers because, after exceeding the critical length (above the critical L/d
value), the fibers do not function as reinforcement. They no longer improve the properties
of composites, especially in the direction of loads acting along the fiber axis. A too-small

47



Materials 2024, 17, 55

contact surface of the fiber with the polymer matrix makes them crack in the middle of
their length under the influence of stress [66–68].

When analyzing the lengths of the fibers presented in Table 4 and the photograph
(Figure 10), it can be noticed that, for each processed series of the biocomposite, the fibers
are shortened, and, after the final fifth processing cycle (5x), the hemp fibers were approx-
imately 41% shorter in length than the fibers in the originally manufactured moldings
(0x). There was no significant change in fiber diameter. As a consequence, the fiber aspect
ratio decreased by approximately 42%. This reduction in the value of the L/d parameter
results in, among others, the deterioration of the mechanical properties and the increased
shrinkage of the molded parts, as evidenced by the results obtained. In turn, referring to
the results regarding the rheological characteristics of the material, obtained experimentally
during injection, the shortening of the length of the fibers reduces the viscosity of the
flowing material (due to lower flow resistance, as the fibers are shorter after each injection
cycle) and the occurrence of lower pressure values in the mold cavity. It is noticeable that,
with each subsequent reprocessing cycle, the fibers are less and less oriented in a specific
direction. In addition, an interesting phenomenon noted during fiber length measurements
is the fact that the fibers are less and less visible on the surface layer of the molded part,
which may indicate that they tend to stick together in the core of the molded piece.

The fracture structure of the samples after the uniaxial tensile test is shown in Figure 11.
SEM photographs were taken for samples originally produced (0x) and samples processed
five times (5x). Photographs taken for the extreme conditions show increasing fiber frag-
mentation with the number of reprocessing cycles. The fibers also thin, and the polymer
matrix shows signs of heat stress. The photos also indicate a good, uniform distribution of
the fibers in the matrix. It can also be observed that the homogenization of fiber distribution
in the matrix increases with the number of processing times.

The processing properties of the PHBV–hemp fiber biocomposites were determined
for subsequent processing cycles (0x, 1x, 2x, 3x, 4x, 5x), during their injection into a special
injection mold, by determining the viscosity curve. For each biocomposite, viscosity mea-
surements were performed at various temperature of the melt plastic (180 ◦C, 185 ◦C and
190 ◦C) and at various injection speeds, ranging from 10 to 70 cm3/s. The experimentally
determined changes in the biocomposite viscosity in the injection mold cavity are shown,
for example, in Figure 12. It was noted that, with increasing temperatures and reprocessing
cycles, lower viscosity values were observed for the same shear rates. This relationship can
be observed in particular when comparing the determined viscosity curve for the 0x and
5x biocomposites (Figure 13).

Table 4. Average length L, diameter d and L/d aspect ratio for 50 fibers in the biocomposite after
subsequent processing cycles.

Average Values from the Measurements of 50 Fibers

Biocomposite L [mm] d [mm] Aspect Ratio L/d

0x 0.991 0.113 8.770

1x 0.782 0.110 7.109

2x 0.714 0.113 6.319

3x 0.604 0.105 5.752

4x 0.493 0.108 4.563

5x 0.403 0.109 3.696
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0x 1x 

  
2x 3x 

4x 5x 

  

Figure 10. Photographs of fibers on the surface top layer of the molded piece for subsequent
biocomposite reprocessing cycles (50× magnification).
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0x—magn. ×50 5x—magn. ×50 

  
0x—magn. ×200 5x—magn. ×200 

0x—magn. ×500 5x—magn. ×500 

  

Figure 11. SEM photographs of the fracture surfaces of biocomposite samples for 0x and 5x biocompos-
ites.

Figure 12. Examples of viscosity curves for biocomposites: 0x, 1x, 2x, 3x, 4x and 5x, at a temperature
of 185 ◦C, obtained based on injection molding tests.
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Figure 13. Comparison of viscosity curves for 0x and 5x biocomposites at temperatures of 180 ◦C,
185 ◦C and 190 ◦C.

It should be noted that viscosity curves were experimentally obtained in narrow shear
rate ranges. Very often, in practice and in scientific work, special rheological models are
used to extrapolate viscosity values to shear rate areas for which no experimental tests have
been carried out [55,69,70]. The experimentally obtained viscosity curves were extrapolated
using the Cross–WLF (Cross-Williams–Landel–Ferry) model [71,72]:

η(γ, T, p) =
η0(T, p)

1 +
(η0 ∗ γ

τ∗
)1−nc

(5)

where:
η—viscosity,
T—temperature,
p—pressure,
nc i τ∗—Cross–WLF model constants,
and nc—zero viscosity.
The change in zero viscosity as a function of temperature can be written as:

η0(T, p) = D1 ∗ exp

[
− A1 ∗

(
T − Tg

)
A2 +

(
T − Tg

)
]

(6)

where:
Tg(p) = D2 + D3 ∗ p (7)

A2 = A3 + D3 ∗ p (8)

where:
Tg—glass transition temperature,
and D1, D2, D3, A1, A2, A3—Cross—WLF model constants.
For the original and subsequently processed biocomposites, based on experimentally

determined data, the values of the Cross–WLF model parameters necessary to determine
viscosity curves in the shear rate range of 101–106 s−1 were determined by means of the
Data Fit 9.0 software (Table 5). Viscosity curves, calculated using the Autodesk Moldflow
Insight 2021 software (based on experimental data), are presented in Figure 14.
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Table 5. Parameters of the Cross–WLF model of multi-reprocessed biocomposites.

Biocomposite Processing Multiplicity

Parameter 0x 2x 3x 4x 5x 6x

nc [-] 0.1220 0.1291 0.1312 0.1395 0.1425 0.1587

τ* [Pa] 74,657.9 79,657.9 80,013.3 85,237.0 92,075.0 98,762.0

D1 [Pa*s] 1.78 × 1011 1.60 × 1011 1.40 × 1011 1.10 × 1011 9.00 × 1010 8.00 × 1010

D2 [K] 282.25 282.25 282.25 282.25 282.25 282.25

D3 [K/Pa] 0 0 0 0 0 0

A1 [-] 19.87 20.54 21.22 22.17 23.33 24.13

A2 [K] 51.6 51.6 51.6 51.6 51.6 51.6

Determination ceofficient R2 [-] 0.1220 0.1291 0.1312 0.1395 0.1425 0.1587

0x 1x 

 
2x 3x 

 
4x 5x 

Figure 14. Viscosity curves calculated using Autodesk Moldflow Insight 2021 software for biocom-
posites processed multiple times (0x, 1x, 2x, 3x, 4x and 5x).
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Also in the context of viscosity changes, the impact of decreasing the viscosity of the
biocomposite in subsequent processing cycles on the injection process itself was analyzed.
Using the PRIAMUS system, the profiles of pressure changes in the molding cavity were
recorded for subsequent cycles of the processed biocomposite. It was noted (Figure 15) that,
with subsequent cycles, there was a noticeable decrease in the maximum pressure values in
the mold cavity at similar shear rate values. A flowing stream of plastic with increasingly
lower viscosity causes lower flow resistance, which leads to lower pressure values. This is
important when controlling the quality of the injection molding process. Obtaining lower
pressures in the mold cavity may result in the stabilization of the injection process and less
exploitation of the injection molding machine and injection mold [73,74].

Figure 15. Representative pressure profiles in the mold cavity for subsequent biocomposite processing
cycles.

4. Summary and Conclusions

The impact of multi-reprocessing of biocomposites with hemp fibers on the quality
of the injection products can be quite complex and depends on many factors. Repeated
processing may lead to the gradual degradation of the fibers in the biocomposite. This, in
turn, may affect the mechanical properties of the composite. Long-term processing may
result in fibers breaking and shortening. The results obtained in the uniaxial tensile test
indicate a deterioration of the mechanical properties in terms of tensile strength by up
to approx. 18% and in terms of the elongation of the sample by approx. 13%, compared
with the originally produced biocomposite. A similar trend was also noted in the context
of impact tensile strength, where a decrease of approximately 29% in the value of this
parameter was noted after the fifth reprocessing. In turn, when analyzing the hardness
results in the two tested measurement areas, it is possible to note a decrease in hardness in
the narrowing part of the sample by approximately 6%, where this decrease is within the
standard deviation. In turn, in the case of measurements of the gripping part of the sample,
an increase in hardness of approximately 15% was noted, which may be due to the fact that
the shortened fibers are distributed more evenly in that part of the mold cavity, where the
directionality of the flow of the material changes.

Taking into account the quality of the products in terms of their shape and dimensional
accuracy, it was found that, with each reprocessing cycle, the longitudinal shrinkage of the
product increased, which was the result of shortening of the fibers during the grinding of
the molded pieces. With subsequent reprocessing cycles, the length of the fibers decreased,
each time by an average of approx. 9–21%, with the largest decrease recorded for the first
cycle (1x). This corresponds to the largest change in the value of longitudinal shrinkage, i.e.,
as much as 69%, and approx. 15% in the case of transverse shrinkage, also for the first cycle.
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For the second cycle, negligible changes in transverse shrinkage (approx. 2%) and slight
changes in longitudinal shrinkage (approx. 10%) were recorded. Subsequent processing
cycles do not bring significant changes, both in terms of fiber length and shrinkage value.
Much shorter, fragmented fibers only have a small impact on the shrinkage of the polymer
matrix. The observed decrease in the value of transverse and thickness shrinkage is most
likely the result of the orientation of the shortened fibers not only in the longitudinal
direction (as was the case with the originally processed biocomposite), but in the entire
volume of the polymer matrix. The described phenomena, regarding changes in shrinkage,
may be confirmed by tests of the composite structure on the surface layer of the molded
part, which show that the fibers have actually shortened.

A very important issue in the context of multi-reprocessing of the PHBV–hemp fiber
biocomposite are changes in the viscosity of the material, which require adjustments
to the adjustable parameters of the processing process. The Priamus system was used
in the research. The results indicate a general trend that the viscosity of this material
decreases with the number of times the PHBV–hemp fiber biocomposite is processed. This
is confirmed by the recorded pressure changes in the molding cavity—there are lower
maximum pressure values are obtained after repeated processing. The recorded rheological
behavior of the biocomposite may be due to the fact that the fibers, after shortening,
generate a lower flow resistance while the plastic flows, which reduces the viscosity and
also reduces the length of the polymer chains.

The impact of reprocessing biocomposites with natural fibers on the quality of injected
products is an important issue in the fields of materials engineering and industry. Biocom-
posites, which are a combination of natural fillers and biopolymers, are becoming more and
more popular due to their environmental friendliness. However, the repeated processing of
these materials may generate challenges related to the quality of the final products. The first
key aspect is the degradation of natural fibers due to repeated processing. Natural fibers,
such as hemp fibers, may be shortened as a result of mechanical and thermal processes. As a
result, their tensile strength and elasticity (as a result of thermal degradation) may decrease,
which is an important factor affecting the mechanical properties of the biocomposite.

Another quality feature of injection molded products is dimensional stability. The
impact of repeated processing on the structure of the tested biocomposite may lead to
undesirable changes in the dimensions of the injected products. Therefore, it is necessary
to monitor these changes and adjust the injection process to minimize the impact on
dimensional accuracy. The surface quality of products injected from tested biocomposites
subject to repeated processing also deserves attention. Possible changes in the structure
of the tested material may affect the appearance and smoothness of the surface, which is
especially important in the case of products with high aesthetic requirements.

Ultimately, the question of the recyclability of biocomposites is becoming more and
more important. Reprocessing must be consistent with the principles of sustainable devel-
opment, and possible changes in the structure of materials should be taken into account in
recycling processes too. The reprocessing of biocomposites may lead to changes in their
rheological properties. An increase in the number of reprocessing cycles can affect the
viscosity, the ability of the fibers to disperse in the polymer matrix and the ability of the
biocomposite to flow during injection. A good understanding of the impact of repeated
processing on the processing capabilities and rheology of biocomposites is essential to
improve production processes, minimize material losses and achieve the optimal quality
of molded products. Research on the impact of the reprocessing of biocomposites with
natural fibers on the quality of injection molded products is of fundamental importance for
the further development of this promising field of materials engineering.

It is necessary to constantly improve manufacturing processes, monitor changes in the
properties of processing materials and search for innovative solutions aimed at minimizing
the negative impact on the quality of final products. In this way, biocomposites with natural
fibers can become an even more competitive alternative to traditional plastics, combining
ecological benefits with high quality products.

54



Materials 2024, 17, 55

Author Contributions: Conceptualization, A.P., W.F. and G.J.; methodology, A.P., W.F. and G.J.;
software, D.S.; validation, G.J.; formal analysis, D.S.; investigation, Ł.B. and G.J.; resources, D.S., G.J.
and Ł.B.; data curation, W.F.; writing—original draft preparation, G.J.; writing—review and editing,
A.P. and W.F.; visualization, A.P.; supervision, A.P. and W.F.; project administration, A.P. and W.F.;
funding acquisition, A.P. and W.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bobulski, J.; Kubanek, M. Deep learning for plastic waste classification system. Appl. Comput. Intell. Soft Comput. 2021, 2021,
6626948. [CrossRef]

2. Chow, C.F.; So, W.M.W.; Cheung, T.Y.; Yeung, S.K.D. Plastic waste problem and education for plastic waste management. In
Emerging Practices in Scholarship of Learning and Teaching in a Digital Era; Springer: Berlin/Heidelberg, Germany, 2017; pp. 125–140.

3. Kosior, E.; Crescenzi, I. Solutions to the plastic waste problem on land and in the oceans. In Plastic Waste and Recycling; Academic
Press: Cambridge, MA, USA, 2020; pp. 415–446.

4. Pacana, A.; Radon-Cholewa, A.; Pacana, J.; Wozny, A. The study of stickiness of packaging film by Shainin method. Przemysł
Chem. 2015, 94, 1334–1336.

5. Alaerts, L.; Augustinus, M.; Van Acker, K. Impact of Bio-Based Plastics on Current Recycling of Plastics. Sustainability 2018,
10, 1487. [CrossRef]

6. Pacana, A.; Bednarova, L.; Liberko, I.; Wozny, A. Effect of selected production factors of the stretch film on its extensibility.
Przemysł Chem. 2014, 93, 1139–1140.

7. Jnr, A.K.L.; Yunana, D.; Kamsouloum, P.; Webster, M.; Wilson, D.C.; Cheeseman, C. Recycling waste plastics in developing
countries: Use of low-density polyethylene water sachets to form plastic bonded sand blocks. Waste Manag. 2018, 80, 112–118.

8. Narancic, T.; O’Connor, K.E. Plastic waste as a global challenge: Are biodegradable plastics the answer to the plastic waste
problem? Microbiology 2019, 165, 129–137. [CrossRef]

9. Kale, G.; Kijchavengkul, T.; Auras, R.; Rubino, M.; Selke, S.E.; Singh, S.P. Compostability of bioplastic packaging materials: An
overview. Macromol. Biosci. 2007, 7, 255–277. [CrossRef]

10. Kalantari, K.; Afifi, A.M.; Jahangirian, H.; Webster, T.J. Biomedical applications of chitosan electrospun nanofibers as a green
polymer–Review. Carbohydr. Polym. 2019, 207, 588–600. [CrossRef]

11. Siwiec, D.; Pacana, A. Model Supporting Development Decisions by Considering Qualitative-Environmental Aspects. Sustainabil-
ity 2021, 13, 9067. [CrossRef]

12. Corvellec, H.; Stowell, A.F.; Johansson, N. Critiques of the circular economy. J. Ind. Ecol. 2021, 26, 421–432. [CrossRef]
13. Wang, Y.; Yin, J.; Chen, G.-Q. Polyhydroxyalkanoates, challenges and opportunities. Curr. Opin. Biotechnol. 2014, 30, 59–65.

[CrossRef] [PubMed]
14. Reddy, C.S.K.; Ghai, R.; Rashmi; Kalia, V.C. Polyhydroxyalkanoates: An overview. Bioresour. Technol. 2003, 87, 137–146. [CrossRef]

[PubMed]
15. Kalia, V.C.; Singh Patel, S.K.; Shanmugam, R.; Lee, J.-K. Polyhydroxyalkanoates: Trends and advances toward biotechnological

applications. Bioresour. Technol. 2021, 326, 124737. [CrossRef] [PubMed]
16. Kumar, P.; Ray, S.; Kalia, V.C. Production of co-polymers of polyhydroxyalkanoates by regulating the hydrolysis of biowastes.

Bioresour. Technol. 2016, 200, 413–419. [CrossRef] [PubMed]
17. Venkateswar Reddy, M.; Venkata Mohan, S. Influence of aerobic and anoxic microenvironments on polyhydroxyalkanoates (PHA)

production from food waste and acidogenic effluents using aerobic consortia. Bioresour. Technol. 2012, 103, 313–321. [CrossRef]
18. Gedde, U.W. Crystalline Polymers. In Polymer Physics; Springer: Dordrecht, The Netherlands, 1999. [CrossRef]
19. Beun, J.J.; Dircks, K.; Van Loosdrecht, M.C.M.; Heijnen, J.J. Poly-β-hydroxybutyrate metabolism in dynamically fed mixed

microbial cultures. Water Res. 2002, 36, 1167–1180. [CrossRef]
20. Serafim, L.S.; Lemos, P.C.; Albuquerque, M.G.; Reis, M.A. Strategies for PHA production by mixed cultures and renewable waste

materials. Appl. Microbiol. Biotechnol. 2008, 81, 615–628. [CrossRef]
21. Beccari, M.; Bertin, L.; Dionisi, D.; Fava, F.; Lampis, S.; Majone, M.; Valentino, F.; Vallini, G.; Villano, M. Exploiting olive oil mill

effluents as a renewable resource for production of biodegradable polymers through a combined anaerobic–aerobic process.
J. Chem. Technol. Biotechnol. 2009, 84, 901–908. [CrossRef]

55



Materials 2024, 17, 55

22. Albuquerque, M.G.E.; Martino, V.; Pollet, E.; Avérous, L.; Reis, M.A.M. Mixed culture polyhydroxyalkanoate (PHA) production
from volatile fatty acid (VFA)-rich streams: Effect of substrate composition and feeding regime on PHA productivity, composition
and properties. J. Biotechnol. 2011, 151, 66–76. [CrossRef]

23. Pandey, A.; Adama, N.; Adjallé, K.; Blais, J.-F. Sustainable applications of polyhydroxyalkanoates in various fields: A critical
review. Int. J. Biol. Macromol. 2022, 221, 1184–1201. [CrossRef]

24. Kumari, S.V.; Pakshirajan, K.; Pugazhenthi, G. Recent advances and future prospects of cellulose, starch, chitosan, polylactic acid
and polyhydroxyalkanoates for sustainable food packaging applications. Int. J. Biol. Macromol. 2022, 221, 163–182. [CrossRef]
[PubMed]

25. Alves, A.A.; Siqueira, E.C.; Barros, M.P.; Silva, P.E.; Houllou, L.M. Polyhydroxyalkanoates: A review of microbial production and
technology application. Int. J. Environ. Sci. Technol. 2022, 20, 3409–3420. [CrossRef]

26. Policastro, G.; Panico, A.; Fabbricino, M. Improving biological production of poly(3-Hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) co-polymer: A critical review. Rev. Environ. Sci. Bio/Technol. 2021, 20, 479–513. [CrossRef]

27. Vogel, R.; Tändler, B.; Voigt, D.; Jehnichen, D.; Häußler, L.; Peitzsch, L.; Brünig, H. Melt spinning of bacterial aliphatic polyester
using reactive extrusion for improvement of crystallization. Macromol. Biosci. 2007, 7, 820–828. [CrossRef] [PubMed]

28. Arakawa, K.; Yokohara, T.; Yamaguchi, M. Enhancement of melt elasticity for Poly(3-hydroxybutyrate-Co-3-hydroxyvalerate) by
addition of weak gel. J. Appl. Polym. Sci. 2007, 107, 1320–1324. [CrossRef]

29. Blackburn, R. Biodegradable and Sustainable Fibres; Taylor & Francis: London, UK, 2005.
30. Vogel, R.; Tändler, B.; Häussler, L.; Jehnichen, D.; Brünig, H. Melt spinning of poly(3-hydroxybutyrate) fibers for tissue engineering

using α-cyclodextrin/polymer inclusion complexes as the nucleation agent. Macromol. Biosci. 2006, 6, 730–736. [CrossRef]
[PubMed]

31. Bledzki, A.K.; Jaszkiewicz, A. Mechanical performance of biocomposites based on PLA and PHBV reinforced with Natural
Fibres—A comparative study to PP. Compos. Sci. Technol. 2010, 70, 1687–1696. [CrossRef]

32. Chen, G.X.; Hao, G.J.; Guo, T.Y.; Song, M.D.; Zhang, B.H. Structure and mechanical properties of poly (3-hydroxybutyrate-co-3-
hydroxyvalerate)(PHBV)/clay nanocomposites. J. Mater. Sci. Lett. 2002, 21, 1587–1589. [CrossRef]

33. Guo, M.; Stuckey, D.C.; Murphy, R.J. Is it possible to develop biopolymer production systems independent of fossil fuels? case
study in energy profiling of polyhydroxybutyrate-Valerate (PHBV). Green Chem. 2013, 15, 706. [CrossRef]

34. Meereboer, K.W.; Pal, A.K.; Cisneros-López, E.O.; Misra, M.; Mohanty, A.K. The effect of natural fillers on the marine biodegrada-
tion behaviour of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Sci. Rep. 2021, 11, 911. [CrossRef]

35. Dittenber, D.B.; GangaRao, H.V.S. Critical Review of recent publications on use of natural composites in infrastructure. Compos.
Part A Appl. Sci. Manuf. 2012, 43, 1419–1429. [CrossRef]

36. Faruk, O.; Bledzki, A.K.; Fink, H.-P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010. Prog. Polym. Sci. 2012,
37, 1552–1596. [CrossRef]

37. Ferreira, F.; Pinheiro, I.; de Souza, S.; Mei, L.; Lona, L. Polymer composites reinforced with natural fibers and nanocellulose in the
automotive industry: A short review. J. Compos. Sci. 2019, 3, 51. [CrossRef]

38. Brebu, M. Environmental degradation of plastic composites with natural fillers—A review. Polymers 2020, 12, 166. [CrossRef]
[PubMed]

39. Saba, N.; Tahir, P.; Jawaid, M. A review on potentiality of Nano Filler/natural fiber filled polymer hybrid composites. Polymers
2014, 6, 2247–2273. [CrossRef]

40. Pickering, K.L.; Sawpan, M.A.; Jayaraman, J.; Fernyhough, A. Influence of loading rate, alkali fibre treatment and crystallinity on
fracture toughness of random short hemp fibre reinforced polylactide bio-composites. Compos. Part A Appl. Sci. Manuf. 2011,
42, 1148–1156. [CrossRef]

41. Pacana, A.; Siwiec, D. Model to Predict Quality of Photovoltaic Panels Considering Customers’ Expectations. Energies 2022,
15, 1101. [CrossRef]
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Abstract: Polypropylene color masterbatches containing modified layered double hydroxides, LDHs,
were created. The simple, industry-acceptable method of LDH surface modification with quinacridone
and phthalocyanine pigments using the pulverization method in ball mills was applied. It was re-
ported that the modification parameters such as time and rotational speed affected the tendency to
create the aggregates for modified fillers. TGA analysis of the modified LDH showed that modifica-
tion with phthalocyanine pigment shifted the temperature at which 5%, T5%, and 10% of mass loss,
T10%, occurred compared with that for unmodified LDH. The viscoelastic properties of prepared
masterbatches were investigated. The incorporation of the modified fillers instead of neat pigments
led to an increase in the loss shear modulus, G′′, indicating a stronger influence on the dissipation
of energy by the melted masterbatch. The similar values of tan, δ, were determined for melted
masterbatches containing phthalocyanine pigment and green modified LDH filler. The incorpora-
tion of both LDHs modified by phthalocyanine and quinacridone pigment fillers slightly increased
the zero-shear viscosity, η0, compared with that of the masterbatches based on the neat pigments.
The Cole–Cole plots and the analysis of the Maxwell and continuous relaxation models showed
that modified colored LDH fillers facilitated the relaxation of the melted masterbatch, and shorter
relaxation times were observed. The phthalocyanine-modified LDH filler improved the thermal
stability of the masterbatches. Additionally, the impact of pigments and modified, colored LDH on
the crystallization of polypropylene was investigated.

Keywords: polypropylene masterbatches; layered double hydroxide; quinacridone pigments;
phthalocyanine pigments; viscoelastic properties

1. Introduction

Polypropylene is one of the most important commodity plastics used in variety of
applications, among them fibers [1], composite materials [2,3], and food packaging prod-
ucts [4]. Commonly, additives such as stabilizers and plasticizers [4], fillers [5,6], flame
retardants [1] or dyes and pigments [7,8] are incorporated into polypropylene to adjust the
mechanical and processing properties and to improve appearance.

Linear trans-quinacridone and phthalocyanine organic pigments have received atten-
tion for their mass coloration of the polypropylene fiber [1,9].

Quinacridone, 5,12-dihydroquinolino(2,3-b)acridine-7-14-dione is one of the most im-
portant red–violet-shade pigments [10], and due to its photovoltaic activity, efficient emis-
sion, effective carrier mobility, it is used in organic thin-film transistors [11]. Quinacridone
particles form strong a particle–particle network via intermolecular N-H·····O hydrogen
bonding and π–π stacking [12] that results in the insolubility of the quinacridone pigment
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in common organic solvents and strong difficulty in controlling particle size as well as the
aggregation of quinacridone particles after synthesis.

Phthalocyanines are highly conjugated, aromatic, planar macrocyclic organic com-
pounds with eighteen delocalized π-electrons [13,14]. Phthalocyanines exist as both free-
metal and metal complexes, and they have been used in applications in catalysis, sensors,
light-harvesting dyes in solar cells (organic photovoltaics), and absorbers in non-linear op-
tic and textile dyes [13–15]. Phthalocyanine dissolved in s suitable solvent and complexed
with heavy metal salts forms organic complexes with bright colors; thus, the commonly
used blue and green organic pigments are phthalocyanine pigments [16,17]. Organic
phthalocyanine pigments face the same problems as do quinacridone pigments in the
process of practical application, including poor dispersion, uneven particle size and easy
agglomeration properties leading to poor color quality of the final product.

Polyolefin products, including polypropylene, to be attractive for clients, need to
have a desired color. Coloring substances are usually introduced into polymer melts,
during the phase of obtaining a granulate (mixing extrusion), before the forming pro-
cess (injection and extrusion) [18]. Most often, color concentrates, otherwise known as
masterbatches, are used for dyeing polymers [19]. White color masterbatches based on
titanium dioxide pigments are often used to produce color injection-molded products
such as spoons, forks, knives [19,20]. The masterbatches reinforced with nanoclays were
designed to produce food trays with barrier properties [21]. Various organic pigments,
among them quinacridone pigments, ultramarine blue, diketopyrrolopyrole, are used to
prepare polypropylene masterbatches by commercial companies [22]. A color masterbatch
is a highly concentrated pigment or a mixture of pigments/dyes enclosed in the form of
granules. They may additionally contain additional components, such as antioxidants,
antistatic agents, plasticizers, etc. The production process is multi-stage. It starts (in the
plasticizing system of the extruder) with the dosing of the ingredients, their melting and
mixing with the provision of thermal energy, homogenization and the subsequent cool-
ing of the material ribbon coming out of the head. The last stage is cutting the web into
homogeneous granules using a granulator [18].

The obtained color concentrate offers plastic processors a number of advantages
resulting from their use (Scheme 1). First is a reduction in material costs compared to
those of ready-made mixtures dyed in mass. Another advantage is the ability to obtain the
desired properties of the finished product. An important aspect is a reduction in or the
complete elimination of the inhalation of toxic dust, which occurs when powders are used
for dyeing.

The biggest disadvantage of using masterbatches is the possibility of the incomplete
mixing of the ingredients of the composition. This process shows some non-uniformity in
homogenization. The random nature of mixing polymer components to a certain extent,
with temporary or permanent effects of the segregation of mixed components, causes sig-
nificant disturbances in the uniformity of mixed components, and consequently an uneven
coloring of the produced product [18]. Therefore, the prevention of pigment aggregation
is crucial. The surface free energy and polarity of organic pigments differ from those of
polypropylene, which can generate interfacial tension in polar/non-polar systems [23].
To prevent the aggregation of dyes, various strategies were applied, such as the addition
of dispersants [24], the grafting of polymers on pigments [25], and the absorption of the
pigment on polysaccharide materials via the presence of hydrogen bonding [26]. One of
the promising methods is the modification of layered double hydroxides with organic
dyes [27].
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Scheme 1. Masterbatch or raw pigment?

Layered double hydroxides, LDHs, are composed of positively charged brucite-like
layers containing anion and water molecules in the interlayer gallery, with the general
formula [M2+

1−xM3+x(OH−)2]x+[(An−)x/n·mH2O]x−, where M2+ and M3+ are cations that
occupy octahedral positions in hydroxide layers, An− [28]. Modified LDHs are able to
improve the flame retardancy, thermal stability and combustion behavior of polyolefine ma-
terial [29]. The Zn–Al LDH was used as inorganic host for the encapsulation of negatively
charged anionic dyes; the hybrid organic–inorganic pigment was synthetized using the co-
precipitation method [30]. Maragoni R. et al. [31] used layered hydroxide salts intercalated
and adsorbed with anionic blue and orange dyes as coloring substances for poly(vinyl
alcohol), PVA. Various blue dye molecules were incorporated via the co-precipitation
method within the galleries of layered double hydroxide, and blue colored hybrid organic–
inorganic pigments were applied as coloring additives to polystyrene PS [27]. The new
color-tunable hybrid dark-red to violet pigments based on layered double hydroxides and
1,2-dihydroxyantraquinone dye were obtained via the modification of a filler surface in
a water/alcohol dye solution [32]. Coiai S. et al. [33] prepared co-intercalated fluorescent
LDH particles via both anion exchange and calcination–rehydration methods using, as
modifying substances, fluorescein and alkyl sulfate anions; modification was an effective
strategy for preventing the aggregation of the dye. Polypropylene nanocomposites with
better tensile strength and enhanced durability under accelerated aging were prepared
via the incorporation of layered double hydroxide modified with a UV-absorbing azo-dye,
3(4-anilinophenylazo) benzenesulfonic acid [34].

It can be concluded that it is possible to use layered double hydroxide as a carrier for
coloring substances and to produce colored polymer nanocomposites. Thus, in our work

60



Materials 2023, 16, 6243

colored LDH fillers modified with quinacridone and phthalocyanine pigments were used
as the additive to the masterbatch. The industry-acceptable method of modification via
the pulverization and application of ball mills was applied to obtain modified fillers. The
rheological properties of polypropylene masterbatches containing modified colored LDH
fillers were investigated. The impact of chosen color systems on the relaxation behavior
of melted polypropylene was reported. It was expected that via the incorporation of
the synergistic system LDH/pigment, the thermal properties of the masterbatch would
be improved. Additionally, the effect of pigments and modified colored LDH on the
crystallization of polypropylene was predicted.

2. Materials and Methods

2.1. Materials

The layered double hydroxide, LDH, hydrotalcite Pural MG70, product no. 595070,
produced by Sasol Germany GMbH (Hamburg, Germany), further in the text denoted as HT,
was used to prepare a modified hybrid colored filler. The properties of used hydrotalcite
were as follows: a MgO:Al2O3 ratio of 70:30, and a surface area mg2/g, measured using
BET methods after calcination for 3 h at 550 ◦C, of 196 m2/g.

The XRD patterns of used hydrotalcite are illustrated in Figure S1 (Supporting Infor-
mation). The observed peaks were similar to those of the crystallographic pattern described
in the literature for Mg–Al layered double hydroxides [35,36]. The existence of an ordered
layered structure of the layered double hydroxide was confirmed via the presence of the
main sharp and symmetrical peak at 2θ = 11.40◦ (determined via the 003 reflection in
XRD analysis). The interlayer spacing calculated based on the main peak according to
Bragg equation [37] was 0.78 nm and did not changed after modification. Similar interlayer
spacing was determined by other authors [35] for the unmodified layered double hydroxide
containing carbonate anions in the interlayer space. The small characteristic peak was
found at 2θ = 5.6◦, indicating expanded interlayer spacing (d = 1.58 nm) due to presence of
water in the interlayer space [36].

Figure 1 shows the morphology of the HT particles used to prepare the hybrid colored filler.

  

  

Figure 1. The SEM pictures of the layered double hydroxide, hydrotalcite, HT, used to prepare the hybrid
colored filler (SEM microscope, LEO 1530 Gemini, producent Zeiss/Leo, Oberkochen, Germany).

61



Materials 2023, 16, 6243

Two various pigments were used to prepare the modified hybrid colored HT pig-
ments: (1) pigment Green 7, phthalocyanine green C32C16CuN8, no. CAS: 1328-53-6,
producent Sigma-Aldrich (Poznań, Poland), further denoted as PG7; (2) pigment Red
122, 2,9-dimethylquinacridone,((2,9-dimethyl-5,12-dihydroquinolino [2,3-b]acridine-7,14-
dione), C22H16N2O2, no. CAS 980-26-7, producent Sigma-Aldrich (Poznań, Poland), further
denoted as PR122. The chemical structures of the used pigments are shown in Figure 2.

 
(a) (b) 

Figure 2. The chemical structures of used pigments: (a) pigment Green 7, phthalocyanine green, PG7;
(b) pigment Red 122, 2,9-dimethylquinacridone, PR122.

2.2. Preparation of Modified Colored Filler

The modification was carried out by using the PM 200 planetary-ball mill (Pulverisette
5, Fritsch-GmBH, Idar-Oberstein, Germany) according to the Scheme 2. First, placing 10 g
of pigment and 100 g of filler was placed in a steel vessel with grinding balls. A rotational
speed of 50 rpm for 15 min was set, or 60 rpm for 10 min in order to find more favorable
mixing parameters in terms of energy. In this case, the following sample designations
were adopted: HT-Green 50 rpm, 60 rpm and HT-Red 50 rpm, 60 rpm for hybrid colored
pigments modified, respectively by phthalocyanine green and 2,9-dimethylquinacridone
using procedure described above.

 

Scheme 2. Preparation of modified colored filler. A—pigment Red 122, 2,9-
dimethylquinacridone,((2,9-dimethyl-5,12-dihydroquinolino[2,3-b]acridine-7,14-dione), PR122;
B—pure pigment Green 7, phthalocyanine green, PG7; C—modified colored filler HT-Red 50 rpm;
D—modified colored filler HT—Green 50 rpm.
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The ball milling process is a green technology regarded as a “top-down” approach in
the production of fine particles. The ball milling process can be used to increase the particle
surface area and further to optimize the dispersion state of particles in biocomposites [38].
The mechanical energy created during milling allows the physical breakdown of coarse
particles into finer ones; thus, it is used to produce fine drug particles [39]. Ball milling
technology can be used for the preparation and chemical functionalization of polymers,
e.g., nanocellulose derivatives [40]. Similarly, various milling techniques are applied for the
simultaneous attainment of particle dispersion and the surface modification of solids such
as metal oxides [41] or layered fillers [42]. The simplicity and low cost of filler modification
using ball mills compared with other methods of filler surface modification, e.g., the solvent
method, are great advantages for the industry. Among other surface modification methods,
it allows an avoidance of the use of organic solvents and thus is regarded as being an
environmentally friendly technique [40]. Here, it is also important that different types of
ball milling equipment are available at low prices. Thus, we selected this method as an
easy-to-use, fast, profitable and ecological method to modify the surface of the layered
double hydroxide using selected pigments.

2.3. Preparation of Masterbatches

The carrier of the coloring substance was polypropylene, PP. As a polymeric carrier of
the masterbatch, the polypropylene Sabic PP520P (Sabic Europe, Geelen, The Netherlands),
particularly designed for the extrusion of cast films, and typically used for food, hygiene
and textile packaging and lamination films, was used. The parameters of the PP were a
melt flow rate, MFR, of 10.5 g·min−1 at 230 ◦C and 2.16 kg (ASTM D 1238 [43]), and a
density of 905 kg·m−3 (ASTM D792 [44]).

The modified colored pigments HT-Green and HT-Red were added to the masterbatch
as a replacement for the neat pigment in the masterbatch composition. The amount of incor-
porated modified pigments and neat pigments was 0.25 g for 100 g of matrix polypropylene
for every masterbatch produced. The prepared samples were further denoted as follows:
PP—neat polypropylene sample; PP/HT—polypropylene sample containing unmodi-
fied layered double hydroxide; PP/PG7—masterbatch containing neat pigment Green
7, phthalocyanine green; PP/PR122—masterbatch containing neat pigment Red 122, 2,9-
dimethylquinacridone; PP/HT-Green—masterbatch containing layered double hydroxide
modified with phthalocyanine green; PP/HT-Red—masterbatch containing layered double
hydroxide modified with 2,9-dimethylquinacridone.

The production of color concentrates was achieved using a single-screw extruder at
220 ◦C. The method of their preparation is presented in the diagram below (Scheme 3).

C 

D 

E 

Scheme 3. Production of polypropylene color concentrate containing modified HT. C—modified
colored filler HT-Red 50 rpm; D—modified colored filler HT—Green 50 rpm; E—masterbatch PP/HT-
Red 50 rpm.; F—masterbatch PP/HT-Green 50 rpm.

Additionally, the test samples for viscoelastic studies in the form of plates with a thick-
ness of 2 mm were made by using a single-screw extruder and an injection molding machine.

63



Materials 2023, 16, 6243

2.4. The Characterization of Modified Colored LDH Fillers

To estimate the tendency toward aggregation after modification, aggregate size analy-
sis of the prepared modified fillers was performed by using the dynamic light scattering,
DLS, technique. The size of the unmodified layered double hydroxide HT, neat pigments
PG7 and PR122 and modified colored fillers HT-Green and HT-Red was determined using
Zetasizer Nano Serie S90 (Malvern Panalytical Ltd., Malvern, UK). The size of the particles
was measured for the water dispersions, and the concentration of the dispersion was 5 g
of modified filler per 100 mL of dispersing medium. To estimate the tendency of modi-
fied colored fillers in a non-polar medium, the size of the agglomerates was additionally
measured in paraffin oil (model of polypropylene); paraffin oil produced by PHU Olmax
S.J., Lodz, Poland was used. Before the measurements the dispersions were stabilized
via ultrasonic treatment for 10 min (Ultrasonic bath, Bandelin Sonorex DT 255, Bandelin
GmbH, Berlin, Germany).

The optical microscope images were obtained using the Opta-Tech Lab40 microscope
(Opta-Tech, Warsaw, Poland) connected with digital camera Mi6 with 6 megapixel sensor-
IMX178, Resolution -3072 × 2048 (Opta-Tech, Warsaw, Poland), and computer program
Capture 2.3 (Opta-Tech, Warsaw, Poland). The results of the studies are compiled in the
Supporting Information, Figures S2–S4.

The surface energy of modified colored fillers was calculated using the Owens–Wendt–
Rabel–Kaelble, work, method [23,45]. The Owens–Wendt–Rabel–Kaelble method is the
standard procedure for calculating the surface free energy of a solid. The tested solid is
wetted with several measuring liquids, which enables the division of the surface energy
into two components: polar and dispersive. The OWRK method enables the optimization
and observation of polarization changes between two surfaces. The test was performed
at ambient temperature using the K100 MKII tensiometer (KRÜSS GmbH, Hamburg,
Germany). Polar (water and chloroform) and non-polar (1,4-dioxane) liquids were used.
At least three measurements were taken for each testing liquid. In the addition, the
polarity was calculated based on the simple equation polarity = γp/γ, where γp is the
polar component (dynes·cm−1) and γ is the total free energy (dynes·cm−1).

2.5. Viscoelastic Properties at Processing Temperature 200 ◦C

The dynamic viscoelastic properties of PP masterbatch mixtures were studied at
200 ◦C. A similar temperature for the rheology tests was used by other authors [5] for
polypropylene composites containing layered double hydroxides. The oscillation rheometer
Ares G2 (TA Instruments, New Castle, DE, USA) equipped with a plate–plate geometry
(diameter: 25 mm) was used during the tests.

To perform oscillation testing in the plate–plate geometry, the sample was loaded
between plates and it oscillated back and forth at a given stress or strain amplitude and
frequency. The applied motion can be represented as a sinusoidal wave with the stress
or strain amplitude. The ratio of the applied stress (or strain) to the measured strain (or
stress) is a quantitative measure of material stiffness, and it gives the complex modulus, G*
(Equation (1)) [46].

G∗ = σmax

γmax
(1)

For an elastic material (stress is proportional to strain), the maximum stress occurs at
the maximum strain and both stress and strain are said to be in-phase. For viscous materials,
stress and strain are out-of-phase by 90◦ or π/2 radians. For viscoelastic materials, the
phase difference (the phase angle δ) between stress and strain is between two extremes.
This phase difference allows the viscous (loss modulus, G′′) and elastic component (storage
modulus, G′) ratio to the total material stiffness (G*) to be determined in accordance with
the equation (Equation (2)):

G∗ =
√(

G′2 + G′′ 2 ); G′ = G∗cosδ; G′′ = G∗sinδ (2)
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The relationship can also be presented in the form of Equation (3):

G∗ = G′ + iG′′ (3)

where i is an imaginary number equal to
√

1.
Complex viscosity, η*, is a measure of the total resistance to flow as a function of

angular frequency (ω) and it is calculated in accordance with Equation (4):

η∗ = G∗

ω
(4)

It can be divided into two component parts, that include dynamic viscosity, η′, and the
out-of-phase component of complex viscosity, η′′. Both represent the real and the imaginary
parts of η*, respectively, in the following form (Equation (5)):

η∗ = η′ + iη′′ (5)

The amplitude sweep tests at 200 ◦C, at a constant value of angular frequency, 10
rads−1, were performed; based on the tests the averages values of the storage shear
modulus, G′, loss shear modulus, G′′, and loss factor tan, δ, for the linear viscoelastic
region were calculated. The frequency sweep tests at 200 ◦C, at a constant value of the
oscillation amplitude, 0.5%, for a varied frequency range, 0.1–628 rad·s−1, were performed.

The analysis of the relaxation of the melted masterbatches containing neat hydrotalcite,
HT, particles and pigment-modified HT was performed based on the frequency sweep test
using various relaxation models.

The Maxwell model [47] was applied. The linear viscoelastic data were recalculated
by using Equations (6) and (7). The discrete relaxation spectrum was obtained, and the
relaxation times, λi, and values of the relaxation modulus, Gi, were calculated.

G′(ω) = ∑N
i=1 Gi

(
ωλi)

2

1 + (ωλi)2 (6)

G′′ (ω) = ∑N
i=1 Gi

(ωλi)

1 + (ωλi)2 (7)

The six Maxwell elements were sufficient for the recalculation of the values of the
storage, G′, and loss shear modulus, G′′, for the frequency sweep experimental data. The
level of correlation was R2 = 0.999.

The following model equations, Equations (8) and (9) [48–50], with n terms were used
to extract the continuous relaxation spectrum by fitting the oscillation data.

G′(ω) =
∫ +ω

−ω
H(ln τ)

ω2τ2

1 +ω2τ2 dln τ (8)

G′′ (ω) =
∫ +ω

−ω
H(ln τ)

ωτ

1 +ω2τ2 dln τ (9)

The spectrum, H(lnτ), was discretized in the order of 100 steps. The spectrum repre-
sents all the pairs of fitted {Hi,τi} parameters.

The numerical fitting of the storage shear modulus, G′, and loss shear modulus, G′′,
to the relaxation models was conducted using the TRIOS® Software (TRIOS v3 1.5.3696)
provided by TA Instruments (New Castle, DE, USA).

Additionally, the zero-shear viscosity, η0, and characteristic mean relaxation times,
τm, were calculated from viscosity Cole–Cole plots (plots of η′′ vs. η′, where η′ is dynamic
viscosity and η′′ is the out-of-phase component of complex viscosity, η*) as proposed in the
literature [51–54].
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2.6. The DSC and TGA Analysis

DSC analysis was performed using a DSC1 apparatus (Mettler Toledo, Ithaca, NY,
USA). All tests were performed in a nitrogen atmosphere. The samples were subjected
to three heating/cooling/heating steps from −150 ◦C to 200 ◦C with a heating rate of
10 ◦C·min−1. The first heating step was performed to eliminate the thermal history of the
sample. The degree of crystallinity, χc, was calculated from both the first and second cycle
of heating in accordance with Equation (6) [55–57].

χc =
ΔHm

ΔH0
m
·100

w
(10)

where ΔHm is the experimental melting enthalpy, ΔH0
m is the the enthalpy of melting of

100% crystalline PP (207.1 Jg−1 [55–57]), and w is the weight fraction of polypropylene.
TGA analysis was performed using a TGA/DSC1 (Mettler Toledo, USA) analyzer.

Samples were heated from 25 ◦C to 600 ◦C in argon, and from 600 ◦C to 900 ◦C in air, with
a heating rate of 10 ◦C·min−1.

2.7. CIELab Measurements

In order to determine the influence of the hybrid pigment on the color profile of the
masterbatch, the CIELab model was used, where the lightness of color is L with a scale
from 0 (black) to 100 (white). Two coordinates, a,b, can take both positive and negative
values. Positive values of the a coordinate determine the share of red, and negative value
determine the share of green green. Positive values of the b coordinate refer to the share of
yellow, and negative values refer to the share of blue. The difference between two colors in
the space is calculated on the basis of a mathematical formula (Equation (11)):

ΔE =

√
(ΔL)2 + (Δa)2 + (Δb)2 (11)

The measurements were taken using a Konica Minolta CM-36dG apparatus (Konica
Minolta Inc. Japan, Chyoda-Tokio, Japan).

3. Results

3.1. Surface Energy, the Tendency toward Aggregation and the Thermal Stability of Colored
Layered Double Hydroxide Fillers

Layered double hydroxides demonstrate a strong tendency to agglomerate due to
electrostatic interactions and the possibility to form hydrogen bonds via hydroxyl groups
present on the filler surface. The particle size and the distribution of the filler aggregates in
the polymer matrix can be important factors influencing the rheological behavior of filled
polymer materials. Uneven dispersion and the occurrence of large agglomerates can be
disadvantages from the processing point of view. They can generate problems during the
further mixing of a masterbatch with the polymer as well as affect the color stability of
the masterbatch. The modification of the surface can both reduce the tendency toward
agglomeration or enhance the formation of aggregates. Therefore, the aggregate size in
water and paraffin oil for modified colored fillers was studied to estimate the influence of
modification on the tendency to agglomerate in polar and non-polar mediums.

The modification of layered double hydroxide with pigments influenced the size of
the formed aggregates in the water medium (Table 1). Hydrotalcite modification with both
PG7 and PR122 pigments resulted in an increase in the range of the aggregate size in the
polar medium. A much higher tendency of HT-Green toward aggregation was noticed than
that of the composition of HT-Red.
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Table 1. Range of the aggregate size formed in the polar water medium for the modified,
colored fillers.

Sample
Range of Aggregates

Size (nm) *
Size of the Main
Fraction (nm) *

Percentage as
Number of Main

Fraction (%) *

Unmodified HT 940–2118 1332 38.0
HT-Green 50 rpm 1484–7456 3091 27.0
HT-Green 60 rpm 1718–7456 4145 26.7
HT-Red 50 rpm 1246–1589 1471 24.1
HT-Red 60 rpm 1351–1893 1763 23.4

* Measurements were taken in the polar water medium.

After the modification of the layered double hydroxide surface with PG7 pigment, the
range of the formed aggregates in the non-polar paraffin oil medium increased, but still the
formed aggregates were not bigger than 3000 nm (Table 2). Oppositely, for HT-Red fillers
modified with PR122 pigment a lower tendency toward agglomeration was indicated. It
should be noted that PG7 is a polar compound and due to presence of chloride atoms in
the structure its surface free energy strongly differs from that of the non-polar medium
resulting in worse stability of the dispersion. The DLS plots of aggregate sizes as a function
of the percentage by volume are shown in Figures S5 and S6 in the Supporting Information.

Table 2. Range of the aggregate size formed in the non-polar paraffin oil medium for the modified,
colored fillers.

Sample
Range of Aggregates

Size (nm) *
Size of the Main
Fraction (nm) *

Percentage by
Number of Main

Fraction (%) *

Unmodified HT 995–1545 1270 35.6
HT-Green 50 rpm 1152–2780 2376 27.8
HT-Green 60 rpm 2073–2780 2586 54.9
HT-Red 50 rpm 1152–1790 1438 34.3
HT-Red 60 rpm 1152–2073 1561 33.1

* Measurements were taken in the non-polar paraffin oil medium.

The optical microscope images were taken for pure hydrotalcite, HT, and neat pig-
ments before milling (Figure S2, Supporting Information) as well as for HT–pigment
powders after milling at various milling speeds (Figures S3 and S4, Supporting Informa-
tion). The optical microscopy studies confirmed that the hydrotalcite before milling formed
grains, with diameters larger than 80 μm. Both pigments formed smaller aggregated grains,
but still the agglomerates with diameters larger than 80 μm were present. The optical
microscopy analysis confirmed that after the modification, phthalocyanine green PG7
pigment was present mostly on the surface of the hydrotalcite grains, and did not form
separated grains. Milling at a 50 rpm speed for 15 min reduced the diameter of the largest
aggregates. Oppositely, for HT-Green 60 rpm, larger aggregates were observed. This is in
agreement with the findings of DLS studies. For HT-Green 60 rpm, larger aggregates were
also determined to be present in water as well as in the non-polar paraffine oil medium
compared with those with HT-Green 50 rpm. Similarly, for the modified HT-Red fillers,
pigment was mostly present on the surface of HT grains (Figure S4, Supporting Informa-
tion). A reduction in the size of HT-Red grains was observed independently of the applied
speed of milling.

The surface free energies of tested samples were In the range of 10.7–27.8 dynes·cm−1

(Table 3). The calculated polarity index was from 0.05 up to 0.44. The polar component
for PG7 and PR122 was due to their chemical structure. All tested modified hydrotalcite
fillers showed a more non-polar character. It is worth noting the decrease in the polar
composition of HT-Green 50 rpm and HT-Red 50 rpm with respect to unmodified HT and
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pure pigments PG7 and PR122, which is beneficial from the point of view of mixing them
with non-polar polypropylene, PP.

Table 3. Calculated values of surface free energy, γ, dispersive, γd, and polar, γp, components of
surface free energy and the polarity index, γp/γ.

Sample
γp

dynes·cm−1
γd

dynes·cm−1

γ

dynes·cm−1 γp/γ

Unmodified HT 3.0 16.1 19.2 0.16
PG7 5.8 17.2 23.0 0.25

HT-Green 50 rpm 2.7 21.8 24.5 0.11
HT-Green 60 rpm 8.1 10.5 18.6 0.44

PR122 1.0 11.9 12.8 0.08
HT-Red 50 rpm 0.5 10.2 10.7 0.05
HT-Red 60 rpm 8.9 18.9 27.8 0.32

The thermal stability of the obtained colored fillers was analyzed using the TGA
method (Figures 3 and 4). The DTGA plots for neat PG7 and PR122 confirmed the high
thermal stability of both pigments. The degradation and weight loss for the PG7 pigment
was reported in the temperature range of 520–780 ◦C and for that for the PR122 pigment
was reported in the temperature range of 450–820 ◦C (Figure 3). A two-step mechanism
of mass loss was observed for the PR122 pigment, identified as two peaks in the DTGA
plots, with the maximum occurring at 601 ◦C and 733 ◦C. A single degradation peak was
observed for the PG7 pigment with a maximum at 697 ◦C.

 

−
°

°

Figure 3. DTGA plots of neat PG7 and PR122 pigments.
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Figure 4. TGA and DTGA plots of HT-Green fillers.

The temperatures at 5, 10, 20% of weight loss, and the temperatures at the maximum
of the DTA peaks for the studied pigments and colored fillers are compiled in Table 4. The
thermogravimetric analyses (TGA) of unmodified hydrotalcite, HT, and modified, colored
fillers are presented in Figures 4 and 5.

Table 4. The temperatures at 5, 10 and 20% of weight loss, T5%, T10%, and T20%, and the temperatures
of the maximum of the DTGA peaks, Tmax.

T5% (◦C) T10% (◦C) T20% (◦C) Tmax (◦C)

PG7 598 622 649 697
PR122 532 559 583 601; 733

HT 211 238 337 241; 430
HT−Green 50 rpm 217 244 355 241; 431; 625
HT−Green 60 rpm 214 241 352 241; 430; 622
HT−Red 50 rpm 181 223 355 226; 430; 622
HT−Red 60 rpm 181 223 352 229; 433; 625

Figure 5. TGA and DTGA plots of HT-Red fillers.

Two loss regions at the temperature range of 30–270 ◦C and of 300–600 ◦C characteristic
of hydrotalcite can be seen for the neat and modified fillers. The first mass loss region
is attributed to physically and chemically bonded water and the second to the interlayer
anions and interlayer water associated with the anions. Similar behavior, and a two-
step mechanism of mass loss was observed by other authors for various layered double
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hydroxides [58]. An additional loss mass region at a temperature higher than 600 ◦C
was observed for HT-Green and HT-Red fillers, and it was attributed to the thermal
decomposition of adsorbed pigments on the filler surface. The layered double hydroxides
HT-Green 50 rpm and HT-Green 60 rpm modified with PG7 pigment started to lose water
below 95 ◦C and the observed mass loss was lower than that for the unmodified layered
double hydroxide. Further, also, the mass loss observed for the second region, attributed to
the removal of the interlayer water, was lower.

The layered double hydroxides HT-Red 50 rpm and HT-Red 60 rpm modified with
PR122 pigment started to lose water at around 100 ◦C, but the dehydration and the removal
of physically associated water occurred faster and the mass loss in first region was stronger
than that for unmodified layered double hydroxide. The modification of the layered double
hydroxide with pigment PR122 strongly influenced the thermal behavior of the HT-Red
fillers in the second region, and this was attributed to the removal of the interlayer water
associated with anions present in the interlayer space. The removal of the interlayer water
started at a higher temperature. Probably, the PR122 pigment was not only adsorbed on
the outer layer of the filler via interactions with hydroxyl groups present on the layered
double hydroxide surface, but was also able to form associations with the interlayer water.

3.2. The Viscoelastic Properties and Relaxation Behavior of the Melted Masterbatches at a
Processing Temperature of 200 ◦C

Dynamic rheological tests are a very sensitive method that allow an estimation of
changes in the rheological behavior of a melted polymer after the incorporation of additives.
The viscoelastic properties of the masterbatches at a processing temperature of 200 ◦C
were investigated; the storage shear modulus, G′, and the loss shear modulus, G′′, were
determined as functions of angular frequency and are compiled in Figures S7 and S8 in the
Supporting Information.

The incorporation into the masterbatch of the additives, layered double hydroxide HT,
pigment PG7 or PR122 and modified HT-Green and HT-Red pigments did not strongly
influence the viscoelastic properties of melted the polypropylene, PP. The values of the
storage shear modulus, G′, and loss modulus, G′′, for the PP compositions containing
layered double hydroxide HT or the modified pigment based on the HT filler slightly
decreased compared with those of neat PP. Various factors should be considered here; first,
the process of masterbatch production via the extrusion of the composition could have
influenced the changes in the viscosity of the base polymeric material, polypropylene.
As we show in Figure S9 (Supporting Information), for samples studied at 220 ◦C the
extrusion and granulation of the pure palettes of polypropylene under similar conditions
as those used in masterbatch production slightly decreased the viscosity of the melted
material. Second, the additives, especially pigments, could have influenced the processes of
degradation but here more in-depth studies are needed to estimate the effect of pigments on
the possible thermo-mechanical or thermo-oxidative degradation of polypropylene. As we
analyzed further, the changes in viscosity occurred to a higher extent for the masterbatches
containing pure pigments. Another factor influencing the values of the storage modulus,
G′, might have been the enhanced mobility (relaxation) of confined polymeric chains at the
interface of the PP–LDH layer. This effect was reported by other authors [5] and attributed
to the reduced values of the storage shear modulus, G’, for polypropylene layered double
hydroxide composites under low layered double hydroxide loading.

From the industrial point of view, what is more important is that the color additives
or changes in the composition do not significantly affect the rheological behavior in the
melt state of the produced masterbatch.

The average values of the viscoelastic parameters, storage modulus, G′ (Pa), loss
modulus, G′′ (Pa), and loss factor, tan δ (−), measured at 200 ◦C at 10 rad·s are compiled in
Table 5.
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Table 5. The viscoelastic parameters of masterbatches at 200 ◦C.

Composition G′
LVR (Pa) G′′

LVR (Pa) Tan δ (−)

PP 4614 ± 49 8371 ± 57 1.81 ± 0.01
PP/HT 3292 ± 28 6056 ± 44 1.84 ± 0.01
PP/PG7 3476 ± 85 6478 ± 101 1.86 ± 0.02
PP/HT-Green 50 rpm 4360 ± 55 8125 ± 93 1.86 ± 0.01
PP/HT-Green 60 rpm 4154 ± 59 7724 ± 113 1.86 ± 0.04
PP/PR122 3665 ± 115 7207 ± 159 1.97 ± 0.02
PP/HT-Red 50 rpm 5413 ± 95 9264 ± 84 1.71 ± 0.02
PP/HT-Red 60 rpm 3895 ± 88 6938 ± 92 1.78 ± 0.03

G′—storage shear modulus; G′′—loss shear modulus; δ—loss factor tan δ measured at 200 ◦C at an angular
frequency of 10 rad·s−1.

Considering the viscoelastic properties, it can be concluded that pigment-modified
HT could have been applied as an additive to the masterbatch instead of neat pigments
PG7 and PR122. The storage shear modulus, G′, of the masterbatches containing HT-Green
and HT-Red fillers were slightly higher compare with those of the masterbatch based on
the neat pigments. A stronger impact of the HT-Green and HT-Red prepared by using a
50 rpm speed of milling on the values of the loss shear modulus, G′′, was observed; this
was because the dissipation of energy could have been affected by the presence of solid
particles. Further, the state of the dispersion of the filler in the melt and its tendency to
agglomerate could have been a factor influencing the dissipation of energy by the melted
masterbatch. The application of various milling speeds during the preparation of modified
HT fillers affected the tendency of the modified HT to form aggregates, as was analyzed in
the previous paragraph. It affected the viscoelastic behavior of the melted composition,
leading to the higher values of the storage shear modulus, G′, and loss modulus, G′′,
observed for the compositions based on HT-Green 50 rpm and HT-Red 50 rpm.

The similar values of tan, δ (Table 5), were determined for compositions containing
PG7 pigment and HT-Green. Differently, higher values of tan, δ, were reported for the mas-
terbatch containing pure PR122 pigment compared with those of compositions containing
modified HT-Red 50 rpm. The higher mixing speed during the modification of HT could
have been the factor leading to the reduced size of the formed aggregates. The viscoelastic
properties, storage modulus, G′, and loss modulus, G′′, of the masterbatch, containing the
modified HT-Red filler prepared using a higher speed of mixing were similar to those of
the composition containing pure pigment PR122. This confirmed that the optimization
of the process of the modification of the filler during the preparation of colored HT-Red
fillers was necessary, leading to a reduction in the tendency of aggregation, and further
influenced the viscoelastic behavior of the masterbatch containing the modified HT-Red
60 rpm filler.

The viscosity of the material in the melt state was an important processing parameter.
The influence of the modified colored HT on the complex viscosity, η*, dynamic viscosity,
η′, and out-of-phase component of complex viscosity, η′′, was investigated. The values of
complex viscosity, η*, measured as a function of angular frequency at 200 ◦C are shown in
Figure 6.
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Figure 6. Complex viscosity, η* (Pas), at 200 ◦C, and at an applied oscillation strain of 0.5%.

The plots of complex viscosity, η*, showed a plateau, which is typical for thermoplastic
homopolymers at low values of frequency, and shear tinning behavior as the frequency
was increased. The values of the complex viscosity, η*, at 200 ◦C for all compositions
containing HT or modified colored HT were lower compared with those of neat PP. The
lower viscosity of the studied compositions resulted from the reduction in the viscosity of
the polypropylene during masterbatch preparation. The preparation of the masterbatch
compositions was conducted in two steps. First, the components of the masterbatch
recipe were mixed with PP using an extruder. The obtained material was granulated.
Then, the colored pallets were used as an additive to the pure PP thermoplastic material
during injection molding. The process of masterbatch preparation could have influenced
the viscoelastic properties, leading to the changes in the viscosity of the thermoplastic
PP base. During extrusion, the thermo-mechanical and thermo-oxidative aging of the
material could have occurred due to the presence of oxygen. The applied shear rate could
have resulted in the chain scission of the material and the changes in the dispersity of
the material and its molecular weight leading to changes in viscosity. The presence of
additives, especially pigments, can promote the thermo-oxidative aging of a material,
leading to stronger changes in viscosity during the processing of a masterbatch. The values
of complex viscosity, η*, measured for the plateau region (frequency range 0.1–1 rads−1)
were as follows: PP η* = 2252 ± 68 Pa·s; PP/HT η* = 1657 ± 63 Pa·s; PP/PG7 η* = 1421 ±
32 Pa·s; PP/HT-Green 50 rpm η* = 1778 ± 47 Pa·s; PP/HT-Green 60 rpm η* = 1432 ± 28
Pa·s; PP/PR122 η* = 1449 ± 35 Pa·s; PP/HT-Red 50 rpm η* = 1560 ± 35 Pa·s; PP/HT-Red
60 rpm η* = 1587 ± 33 Pa·s.

The influence of the various additives on the relaxation behavior of the melted polymer
and its viscoelastic properties can be estimated based on the viscosity Cole–Cole plots. The
viscosity Cole–Cole plots are the plots of out of phase component of complex viscosity η*
versus dynamic viscosity η′ ′. For the homopolymers the Cole–Cole plots usually form the
semicircular arcs and the rheological parameters such as the zero-shear viscosity η0 and
characteristic relaxation time can be derived [50–53]. The Cole–Cole plots are depicted in
Figure 7.
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Figure 7. The Cole–Cole plots at 200 ◦C; η′—dynamic viscosity (Pas), η′′—out of phase component
of complex viscosity η* (Pas).

All compositions showed Cole–Cole plots of a semicircular shape, which is typical of
homopolymers. The incorporation of layered double hydroxide HT shifted the maximum
of the arc compared with that of neat PP. The relaxation of the melted polypropylene was
affected by the presence of layered double hydroxide particles. The maximum of the arc
was presented at lower values of dynamic viscosity, η′, and at a higher value of angular
frequency (a shorter relaxation time). The incorporation of HT particles facilitated the
relaxation of melted PP. Further, both pigments, PG7 and PR122, strongly facilitated the
relaxation of the masterbatch. The maximum of the arc was shifted to a meaningfully lower
value of dynamic viscosity, η′, after the addition of the PG7 pigment. The modification
of the layered double hydroxide surface by pigments caused a further facilitation of the
relaxation of the masterbatch compared with that of unmodified HT. The selected additives
reduced the values of dynamic viscosity, η′. The values of the characteristic relaxation time,
τm, and the zero-shear viscosity, η0, calculated based on the Cole–Cole plot are compiled in
Table 6.

Table 6. The characteristic relaxation time, τm (s), and the zero-shear viscosity, η0 (Pas).

Composition τm (s) η0 (Pas)

PP 1.123 3041
PP/HT 0.892 2120
PP/PG7 1.001 1728

PP/HT-Green 50 rpm 0.708 2225
PP/HT-Green 60 rpm 0.795 1789

PP/PR122 1.013 1829
PP/HT-Red 50 rpm 0.885 1942
PP/HT-Red 60 rpm 0.889 2014

The Maxwell model [47] was applied to calculate the discrete relaxation spectra of the
studied masterbatches. The calculated values of the relaxation modulus, Gi, and relaxation
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times, λI, are compiled in Tables S1 and S2 (Supporting Information) and depicted in
Figure 8.

 

Figure 8. The discrete relaxation spectra calculated using the Maxwell model.

A more significant influence of the additives on the relaxation spectra was observed for
the masterbatches containing the modified HT-Red filler, and lower values of the relaxation
modulus, Gi, and shorter relaxation times, λI, confirmed the facilitated relaxation of the
melted PP in the presence of both HT-Red 50 rpm and HT-Red 60 rpm. A similar effect was
observed when the modified HT-Green filler prepared using a higher mixing speed (60
rpm) was incorporated into the masterbatch. The incorporation of the unmodified layered
double hydroxide slightly increased the values of the relaxation modulus, Gi. Both PG7
and PR122 pigments slightly facilitated the relaxation of the masterbatch. The effect on
the relaxation times was less evident than that for the alternative modified coloring fillers
HT-Green and HT-Red.

The influence of the modified colored fillers on the relaxation of the melted master-
batches was confirmed via the calculation, based on the frequency sweep tests, of the
continuous relaxation spectra, which are shown in Figure 9.

 

τ

τ

τ

τ

Figure 9. Continuous relaxation spectra for the masterbatches melted at 200 ◦C.
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The incorporation of the both HT-Green and HT-Red instead of the neat pigments
PG7 and PR122 facilitated the relaxation of the melted masterbatches, and the reduction in
the values of the relaxation modulus, H(τ), occurred faster. This is a processing advantage,
and the faster relaxation of the material together with the lower values of the storage shear
modulus in a low frequency range were the crucial factors influencing the processing of
the material during extrusion, reducing the die-swell of the masterbatch.

3.3. Thermal Properties and Crystallization of Masterbatches

The influence of the colored fillers on the thermal properties of the masterbatches was
analyzed using the TGA method (Figures 10 and 11).

 

°

°

°

Figure 10. TGA and DTGA plots of masterbatches containing PG7 pigment and modified
HT-Green fillers.

 

°

°

°

Figure 11. TGA and DTGA plots of masterbatches containing PR122 pigment and modified
HT-Red fillers.

It can be seen from the TGA and DTGA plots (Figure 10) that the incorporation of both
HT-Green 50 rpm and HT-Green 60 rpm instead of neat pigment PG7 improved the thermal
stability of the masterbatch. This effect was stronger for the HT-Green filler prepared by
using a higher speed of milling during the modification of layered double hydroxide. A
reduced tendency of agglomeration for the HT-Green filler at 60 rpm and better dispersion
in the masterbatch were responsible for the enhancement in the thermal stability of the
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masterbatch. Similarly, the incorporation of the colored HT-Red filler instead of the PR122
pigment improved the thermal stability of the masterbatch (Figure 11). Here, the shift
in the temperature at which the maximum weight loss occurred toward higher values
of temperature was stronger after the incorporation of the HT-Red filler at 50 rpm. The
temperatures at which 2, 5, 10, 20% (T2%, T5%, T10%, and T20%) and the maximum weight
loss, Tmax, occurred are compiled in Table 7.

Table 7. The temperatures at which 2, 5, 10 and 20% of weight loss, T2%, T5%, T10%, and T20%,
occurred and the temperatures of the maximum of the DTGA peaks, Tmax.

T2%
◦C T5%

◦C T10%
◦C T20%

◦C Tmax
◦C

PP 316 337 361 385 433
PP/HT 305 328 347 370 427
PP/PG7 291 319 342 361 428

PP/HT-Green 50 rpm 296 324 347 370 431
PP/HT-Green 60 rpm 310 338 356 379 431

PP/PR122 300 323 342 366 429
PP/HT-Red 50 rpm 300 324 347 370 437
PP/HT-Red 60 rpm 300 324 342 366 427

The temperature at which the maximum weight loss, Tmax, of the masterbatches
occurred was lower compared with that of PP pallets used during the preparation of the
masterbatches. This resulted from the previously described thermo-mechanical degradation
of the polypropylene base during the extrusion and the preparation of the masterbatch.
The incorporation of the modified, colored filler HT-Green instead of neat pigment PG7
strongly shifted the temperatures of 2, 5, 10, and 20% of weight loss toward higher values
of temperature. The shift in the temperatures of 5% of weight loss, T5%, for the masterbatch
after the replacement of neat PG7 pigment with the HT-Green filler at 50 rpm was 5 ◦C and
after the incorporation of the HT-Green filler at 60 rpm it was 19 ◦C. The enhancement of
thermal stability after incorporation into polymeric material layered double hydroxide was
reported by other authors [28], but here, for the masterbatch containing HT-Green at 60 rpm
it also resulted from the synergistic effect of the filler and pigment. The higher thermal
stability of the masterbatch containing HT-Green is a great processing advantage. The
incorporation of HT-Red instead of the neat PR122 pigment, to a lesser extent, influenced
the temperatures of 2 and 5% of the weight loss, T2% and T5%. The incorporation of the HT-
Red filler at 50 rpm instead of the neat PR122 pigment shifted the temperatures of 10 and
20% of the weight loss. The modified HT-Red hybrid colored filler at 50 rpm had the lowest
polarity index, γP/γ, as determined by us via the measurement of surface free energy.
The enhancement of the non-polar character and the decrease in the polar composition of
HT-Red 50 rpm with respect to unmodified HT and PR122 was, here, important from the
point of view of mixing them with non-polar polypropylene, PP. This resulted in better
homogenization with polypropylene during mixing and influenced the thermal properties
of the obtained PP/HT-Red 50 rpm masterbatch causing the strongest changes in Tmax

◦C.
Thus, the temperature at the maximum weight loss of the masterbatch occurred after the
replacement of the neat pigment PR122 by HT-Red 50 rpm shifted toward higher values of
temperature of about 8 ◦C.

The influence of the modified colored fillers on the melting, Tm, and crystallization,
Tc, temperatures was analyzed. The melting temperatures, Tm, and the calculated degree
of crystallinity for the masterbatches produced via extrusion and cooled using air are com-
piled in Table 8. Additionally, the melting temperature, Tm, of the polypropylene processed
in a similar way was added. The melting temperatures of all produced masterbatches did
not vary significantly. Further, the difference in melting of the produced masterbatches and
polypropylene was not observed. This is an advantage when considering the application
of the masterbatches as the coloring system for the polypropylene products. The influence
of the additives on the degree of the crystallinity, χc, was observed. The addition of the
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neat pigments PG7 and PR122 enhanced the degree of crystallinity, χc, of the masterbatch
compared with that of the neat polypropylene or material containing layered double hy-
droxide. Similarly, the degree of crystallinity, χc, increased after the addition of the colored
fillers compared with that of the neat polypropylene or material containing unmodified
layered double hydroxide. Here, it should be noted that the produced masterbatches were
cooled using air, and thus the calculated values of degree of crystallinity, χc, showed the
percentage of the crystalline phase after the process of masterbatch production.

Table 8. The melting temperatures, Tm, the values of the enthalpy of melting, ΔHm, and the degree
of crystallinity, χc, of the produced masterbatches.

Tm

(◦C) *
ΔHm

(J·g−1) *
χc

(%) *

PP 170 86.70 41.9
PP/HT 169 84.58 40.9
PP/PG7 169 92.86 44.9

PP/HT-Green 50 rpm 168 100.79 48.8
PP/HT-Green 60 rpm 168 95.32 46.1

PP/PR122 167 101.68 49.2
PP/HT-Red 50 rpm 169 94.16 45.6
PP/HT-Red 60 rpm 168 102.92 49.8

* The parameters were determined via DSC for the produced masterbatches.

To estimate the influence of the additives on the crystallization temperature, Tc, and
melting temperature, Tm, the samples were additionally analyzed after removing the
thermal history of samples and after crystallization at a defined speed of cooling. In Table 9,
the crystallization, Tc, and melting, Tm, temperatures determined via DSC are compiled,
together with the calculated values of the degree of crystallinity, χc, for samples cooled
and further heated at a speed of 10 ◦C·min−1. All DSC plots for the studied materials are
compiled in the Supporting Information (Figures S10–S16).

Table 9. The crystallization, Tc, and melting, Tm, temperatures, the values of crystallization, ΔHc,
and the melting ΔHm enthalpy, and the degree of crystallinity, χc.

Tc

(◦C) *
Hc

(J·g−1) *
Tm

(◦C) *
ΔHm

(J·g−1) *
χc

(%) *

PP/HT
PP/PG7 119.7 96.47 166.5 91.95 44.5

PP/HT-Green 50 rpm 127.2 92.95 170.8 81.7 39.6
PP/HT-Green 60 rpm 128.0 102.14 169.1 89.24 43.2

PP/PR122 127.8 95.24 170.5 84.26 40.8
PP/HT-Red 50 rpm 129.6 100.94 170.3 87.74 42.5
PP/HT-Red 60 rpm 129.1 98.95 172.2 83.45 40.4

129.1 98.63 169.7 88.99 43.1
* The parameters were determined via DSC for the produced masterbatches after removing, during the measure-
ment, the thermal history of the sample. An applied speed of cooling and heating of 10 ◦C·min−1 was used.

Figure 12 shows the DSC cooling step for the studied materials. The addition of both
pigments, PG7 and PR122, or the colored modified HT-Green and HT-Red fillers strongly
influenced the crystallization temperature, Tc, of the masterbatches compared with that of
the sample containing unmodified layered double hydroxide. Here, higher temperatures of
crystallization, Tc, were detected. The shift in crystallization temperatures between samples
PP/HT and PP/PG7 was about 7.5 ◦C, and between samples PP/HT and PP/PR122 it was
about 9.9 ◦C. Similarly, the addition of the colored modified HT-Green and HT-Red fillers
shifted the crystallization temperatures towards higher value of temperature. The impact
of the color additives on the melting temperatures, Tm, was not so evident. It is well known
that cooling speed is a factor influencing the formed crystalline phase [9]. The determined
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the degree of crystallinity, χc, after the removal of the thermal history of the sample was
higher for the sample containing unmodified layered double hydroxide. Both fillers and
pigments could act as nucleating agents of polypropylene enhancing the formation of the
crystalline phase [7,8]. The presence of the layered double hydroxide was the main factor
influencing the crystallization of the masterbatch. However, more in-depth studies are
needed to determine the impact of the surface covering of the layered double hydroxide
HT by chosen pigments on the crystallization of the masterbatches.

 

° °

Figure 12. DSC plots of the cooling step for masterbatches containing the PG7 and PR122 pigments
and modified fillers HT-Green and HT-Red. A speed of cooling of 10 ◦C·min−1 was used.

3.4. The Influence of Hybrid Pigment on the Color Profile of Masterbatch

Figure 13 shows 1-neat PG7, 2-HT-Green 50 rpm and 3-HT-Green 60 rpm, respectively.
Based on the coordinates, a significant change in the color of the modified pigments in
relation to the hydrotalcite can be seen, which was obvious and visible to the naked eye.
Comparing the color change of HT-Green to that of the unmodified pigment, an increase in
brightness could be seen via the increasing L parameter and shifting X coordinate toward a
red color.

 

Figure 13. Color coordinates for modified PG7.

78



Materials 2023, 16, 6243

Figure 14 shows 1-neat PR122, 2-HT-Red 50 rpm and 3-HT-Red 60 rpm. Comparing
the color change in HT-Red to that of the unmodified pigment, an increase in brightness
could be seen via increasing the L parameter and shifting X coordinate toward a green
color and that of the a coordinate toward a bluer color.

 
Figure 14. Color coordinates for modified PR122.

4. Conclusions

The surface of the layered double hydroxide was modified using quinacridone and
phthalocyanine green pigments using the optimized milling process. The applied method
influenced the size of the aggregates formed by layered double hydroxide HT.

The tensiometer measurement showed a decrease in the polar component of surface
free energy, γP, after the modification of the hydrotalcite with both pigments when a 50 rpm
speed of milling was used. This is advantageous from the point of view of mixing modified
LDH with non-polar polypropylene.

It is worth noting that hydrotalcite modified using phthalocyanine green, HT-Green,
are characterized by higher thermal stability compared with that of pure hydrotalcite,
which has been proven using the thermogravimetric technique. After analyzing the results
obtained via the DTGA measurement, the temperature at which 5, 10 and 20% mass loss
occurred was determined to be shifted to a higher value of temperature. It turns out that the
PG7 pigment has a higher thermal resistance than PR122 does, and therefore, the modified
HT-Green color filler also has a higher thermal resistance compared to that of HT-Red.

The modification of hydrotalcite with pigments slightly influenced the rheological
properties of the masterbatches. It was noticed that this additive slightly increased the
rheological parameters such as the storage shear modulus, G’, and loss shear modulus,
G′′. This is very beneficial from an industrial point of view and from that of the future
application of a new modified colored filler instead of the previously used pure pigments
in masterbatch formulation. Further analyzing the rheological properties of the tested
systems, it can be seen that the storage modulus, loss modulus and loss factor tan, δ, value
of the PP/PR122 system have higher values than those in the case of the PP/PG7 system.
Taking into account the system containing hydrotalcite modified with phthalocyanine
green, it was noticed that PP/HT-Green had a stronger influence on the values of the
storage modulus, loss modulus and loss factor tan, δ, where HT–pigment mixtures were
prepared for 15 min and at a mixing speed of 50 rpm.

The addition of HT–pigments facilitated the relaxation of melted PP/HT–pigment
system compared with that of pure polypropylene or PP/HT composites. Hydrotalcite
modified by using phthalocyanine green, HT-Green 60 rpm, had the strongest effect on
the relaxation of the melted masterbatch. The lower values of characteristic relaxation
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times calculated based on the viscosity Cole–Cole plots were reported. Similarly, also,
other models applied to calculate the relaxation times (the Maxwell model and continuous
relaxation model) showed a shortening of the relaxation times.

The positive effect of modification on the thermal stability of the polypropylene
masterbatches was noticed, and higher temperatures of the maximum weight loss, Tmax,
were determined for PP/HT–pigment masterbatches compared to those of masterbatches
with PP/HT. The maximum weight loss temperature, Tmax, of the masterbatch after the
replacement of the red quinacridone pigment PR122 via modified HT-Red 50 rpm shifted
toward higher values of temperature of about 8 ◦C.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma16186243/s1. Figure S1: XRD diffraction patterns of layered
double hydroxide Pural MG70; Figure S2: The optical microscope images of hydrotalcite, HT, pigment
Green 7, phthalocyanine green, PG7 (c), and pigment Red 122, 2,9-dimethylquinacridone,((2,9-
dimethyl-5,12-dihydroquinolino[2,3-b]acridine-7,14-dione), PR122 (d), at a magnification of 1000×.;
Figure S3: The optical microscope images of hydrotalcite, HT, modified with pigment Green 7,
phthalocyanine green, PG7, after milling at various speeds: 50 rpm (a,b); 60 rpm (c,d). The images
were taken at a magnification of 500× (a–c) and 1000× (b–d); Figure S4: The optical microscope
images of hydrotalcite, HT, modified with pigment Red 122, 2,9-dimethylquinacridone,((2,9-dimethyl-
5,12-dihydroquinolino[2,3-b]acridine-7,14-dione), PR122, after milling at various speeds: 50 rpm (a,b);
60 rpm (c,d). The images were taken at a magnification of 500× (a) and 1000x (b–d); Figure S5: The
DLS plots of aggregate sizes as a function of percentage by volume for hydrotalcite and modified
HT-Green fillers; Figure S6: The DLS plots of aggregate sizes as a function of percentage by volume
for hydrotalcite and modified HT-Red fillers; Figure S7: The viscoelastic properties, the storage shear
modulus, G′ (Pa), and loss shear modulus, G′′ (Pa), for PP masterbatches based on the PG7 pigment
and HT-Green; Figure S8: The viscoelastic properties, storage shear modulus, G′ (Pa), and loss shear
modulus, G′′ (Pa), for PP masterbatches based on the PR122 pigment and HT-Red; Figure S9: The
values of complex viscosity as a function of frequency at 220 ◦C for the palettes of polypropylene and
the masterbatches extruded and processed under similar conditions as those of the polypropylene
masterbatches; Table S1: Values of relaxation modulus, Gi (Pa), and relaxation times, λi (s), calculated
using Maxwell models; Table S2: Values of relaxation modulus, Gi (Pa), and relaxation times, λi (s),
calculated using Maxwell models; Figure S10: DSC plots for sample PP/HT; Figure S11: DSC plots
for sample PP/PG7; Figure S12: DSC plots for sample PP/PR122; Figure S13: DSC plots for sample
PP/HT-Green 50 rpm; Figure S14: DSC plots for sample PP/HT-Green 60 rpm; Figure S15: DSC plots
for sample PP/HT-Red 50 rpm; Figure S16: DSC plots for sample PP/HT-Red 60 rpm.
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properties of new color-tunable hybrid pigments based on layered double hydroxides (LDH) and 1,2-dihydroxyantraquinone
dye. J. Ind. Eng. Chem. 2019, 70, 427–438. [CrossRef]

33. Coiai, S.; Javarone, S.; Cicogna, F.; Oberhauser, W.; Onor, M.; Pucci, A.; Minei, P.; Iasilli, G.; Passaglia, E. Fluoroscent LDPE
and PLA nanocomposites containing fluorescein-modified layered double hydroxides and their ON/OFF responsive behavior
towards humidity. Eur. Polym. J. 2018, 99, 189–201. [CrossRef]

34. Kutlu, B.; Leuteritz, A.; Häuβler, L.; Oertel, U.; Heinrich, G. Stabilization of polypropylene using dye modified layered double
hydroxides. Polym. Degrad. Stab. 2014, 102, 9–14. [CrossRef]

35. Ran, B.; Chen, F.; Li, J.; Li, W.; Yang, F. Adsorption capability for anionic dyes on 2-hydroxyethylammonium acetate-intercalated
layered double hydroxide. Colloids Surfaces A: Physicochem. Eng. Asp. 2016, 511, 312–319. [CrossRef]

36. Marek, A.A.; Verney, V.; Totaro, G.; Sisti, L.; Celli, A.; Cionci, N.B.; Di Gioia, D.; Massacrier, L.; Leroux, F. Organo-modified LDH
fillers endowing multi-functionality to bio-based poly (butylene succinate): An extended study from the laboratory to possible
market. Appl. Clay Sci. 2020, 188, 105502. [CrossRef]

37. Bragg, W.H.; Bragg, W.L. The reflection of X-rays by crystals. Proc. R. Soc. Lond. 1913, 88, 428–438. [CrossRef]
38. Asma, B.; Hammoui, Y.; Adjeroud, N.; Djerrada, N.; Madani, K. Effect of filler load and high-energy ball milling process on

properties of plasticized wheat gluten/olive pomace biocomposites. Adv. Powder Technol. 2018, 29, 1230–1238. [CrossRef]
39. Loh, Z.H.; Samantha, A.K.; Heng, P.W.S. Overview of milling techniques for improving the solubility of poorly water-soluble

drugs. Asian J. Pharmaceut. Sci. 2015, 10, 255274. [CrossRef]
40. Piras, C.C.; Fernández-Prieto, S.; De Borggraeve, W.M. Ball milling: A green technology for the preparation and functionalisation

of nanocellulose derivatives. Nanoscale Adv. 2019, 1, 937. [CrossRef]
41. Zhang, C.; Tominaga, Y.; Soto, K.; Imai, Y. Simultaneous attainment of particle dispersion and surface modification of Al2O3

nanoparticles via wet-jet milling. J. Compos. Mater. 2020, 55, 521–530. [CrossRef]
42. Barczewski, M.; Mysiukiewicz, O.; Hejna, A.; Biskup, R.; Szulc, J.; Michałowski, S.; Piasecki, A.; Kloziński, A. The effect of
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Abstract: Among the most significant causes of concrete degradation is ESA (external sulfate attack).
The majority of studies are currently conducted on samples that have been saturated and matured.
Concrete structures, however, are exposed to the environment once the formwork has been removed.
The purpose of this study is to determine what effects early exposure to external sulfates may have
on degradation mechanisms. Microstructure, physical, and chemical behavior are monitored using a
variety of experimental techniques, including NMR (27Al and 29Si), ICP, XRD, MIP, and SEM. Based
on expansion measurements, mature Portland cement paste, unlike the early-age case, degraded
rapidly due to the presence of compressed ettringite and gypsum, highlighted by SEM analysis.
During ESA, sulfate ions diffuse through the cement matrix and are bound by chemical agents.
Chemical analyses indicate that the chemical mechanism varies with the duration of curing. At an
early age, external sulfates and aluminates are the most important reagents. For matured cases, these
reagents include external sulfates, calcium derived from CH dissolution, and aluminates derived
from the total dissolution of AFm.

Keywords: external sulfate attack; physicochemical behavior; early-age effect; sulfate ingress

1. Introduction

Civil engineers continue to struggle with the long-term behavior of concrete structures.
In most cases, when the formwork is removed from concrete structures, a variety of physico-
chemical aggressions occur. As a consequence of this early-age exposure, the future transport
properties of the structural element are influenced, which are important parameters determin-
ing the durability of the material. Transport properties affect the material’s ability to sustain
the degradation mechanisms resulting from the penetration in the cementitious matrix’s
inner porous microstructure of deleterious ions and aggressive elements (CO2, sulfates, and
chloride ions, etc.) by the external environment [1–7]. Early-age exposure can also influence
the mechanisms of internal reactions, such as the well-known alkali–aggregate reaction (AAR)
and delayed ettringite formation (DEF) [8–10]. Two phenomena, the alkali’s content of the
concrete and the temperature reached during the concrete hardening and relative humidity,
influence the extent of degradation at an early age. Alkalis are primarily obtained from cement,
although some may also be released from aggregates. The presence of a high-alkali content at
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an early age will cause sulfates to be released, which provide the reagents needed to form
ettringite. In terms of temperature, DEF effects are related to the material’s thermal history.
Most scientists believe that an increase in temperature or duration of heating during hydration
at an early age increases the kinetic and ultimate values of expansion. The expansion of the
material increases with the increase in humidity, which is higher during the first phase of
hydration. Ettringite also contains water as one of its constituents. Since most standards and
laboratory tests pertaining to durability are conducted on mortar or concrete samples that
have been cured for 28 or 91 days, the effect of early-age exposure is still unclear and requires
more laboratory investigations.

External sulfate attack (ESA), considered to be the second leading cause of concrete
structure degradation after corrosion, is one of the most hazardous phenomena that can
cause concrete structure degradation. ESA is also one of the most cited causes of concrete
structure deterioration. In general, this phenomenon can be attributed to the formation of
ettringite and gypsum, under some conditions, when sulfate ions and alumina constituents
react in cement [11–20]. There is general agreement that the precipitation of these newly
formed elements in the cement matrix leads to considerable expansion and cracking in
structures. This can cause surface spalling accompanied by an overall loss of structural
integrity highlighted by reductions in stiffness and strength [14,21,22].

ESA is a complex multiscale and multiphysics phenomenon that involves physi-
cal, chemical, and mechanical interactions [14,20,23–28]. Although these interactions are
relatively well understood individually, it remains difficult to predict how they pair to-
gether and the overall phenomena remains unclear and highly controversial, even for
ordinary Portland cement, for which, unlike other cements, substantial results have been
obtained [29]. The complexity of the problem begins with the variety of sulfates that
can damage concrete (calcium, sodium, and magnesium sulfate). In the case of sodium
sulfate, one school of thought holds that the mechanism of ESA begins with gypsum
formation before expansive ettringite formation [30], while another school of thought
suggests the opposite process [31]. Furthermore, the mechanism of the ESA depends
on the amount of sulfate present in the external solution. Based on Biczok’s results [32],
in low-concentration sulfate environments, ettringite forms as the predominant product,
while in high-concentration environments, gypsum forms as the dominant product.

Although many publications and research studies have been conducted about the
ESA mechanisms [33], there remain several unanswered questions and, in particular,
the early-age behavior of structures exposed to ESA still requires further study. This
early age has a significant impact on the long-term service life of concrete structures, as
constituent proportions of concrete and its microstructure undergo continuous and rapid
changes during this period. It may be difficult to achieve high-quality concrete when
the early-age properties of concrete are not sufficiently taken into account. Material can
undergo internal and/or external deformations that can result in cracking and the loss of its
mechanical properties. As a result, the material may become weaker and more susceptible
to penetration by aggressive agents, such as ESA. Therefore, at an early age, the coupling
between the hydration process and mechanical properties is more critical than in mature
concrete. It is also possible for poorly cured concrete to seriously compromise its mechanical
performance and long-term durability. The proper curing of concrete after placement is
essential to maintain satisfactory moisture content and the necessary temperature during
this early age of concrete’s development in order to achieve its intended properties.

This study examines the kinetics of sulfate ingress and its impact on the microstructure
and degradation mechanisms of cement paste at an early age. Both at early ages and after
one year of curing in water, the sulfate concentration profiles were determined by ICP
(inductively coupled plasma analysis). SEM analysis was used in conjunction with these
measurements to investigate the microstructural changes. Furthermore, other investiga-
tions were conducted using nuclear magnetic resonance (NMR), 27Al and 29Si, and X-ray
diffraction (XRD) to analyze the chemical composition of newly formed elements during
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ESA. Lastly, a visual comparison of the degradation of the samples and the expansion
measurements for the two different curing conditions were conducted.

2. Materials and Methods

2.1. Formulations and Exposure Conditions

For the purpose of this study, Portland cement (CEM I) with a chemical composition
as shown in Table 1 was used for casting cement paste specimens. This composition was
obtained by a combination of inductively coupled plasma analysis (ICP) and thermogravi-
metric analysis (TGA). According to Bogue’s approach, the clinker phase contents are as
follows: C3S = 65.2, C2S = 8.8, C3A = 7.9, and C4AF = 8.9. According to these values, there
is a significant amount of aluminate in the form of C3A and C4AF, which makes it likely
that secondary ettringite will be formed after a reaction with a large amount of sulfate ions.

Table 1. Chemical composition of ordinary cement CEM I.

Chemical Composition (%) CEM I

CaO 62.81
SiO2 20.22

Al2O3 4.85
Fe2O3 2.92

CaO (free) 1.58
MgO 0.84
SO3 2.88

S 0
K2O 0.77

Na2O 0.34
Ignition Loss 2.59

For the preparation of the specimens, cylindrical samples with a 10 cm diameter and 15 cm
length were cast with cement paste and labeled as the OPC samples. To maximize porosity and
enhance sulfate ingress, a high water-to-cement mass ratio (W/C) of 0.6 was selected. As part of
the setting procedure, the cement paste was prevented from bleeding with the use of a sample
slow-rotation device. This may ensure the homogeneity of the samples (Figure 1a). Once the
specimens had been removed from their molds for 24 h, they were cut into 5 cm long cylinders.
One third of the samples were then kept directly in sulfate solution (early-age exposure case)
and the remaining two thirds were cured in non-renewed water for one year (matured case).
One of these two thirds was further exposed to external sulfate solution after a long curing
period of one year (matured exposure case), under the same conditions as the early-age case
samples. Finally, as a reference case, the last third of the samples was cured in tap water. All
cylindrical samples were coated with epoxy resin on their lengths, but not on their bases in order
to ensure unidirectional diffusion of sulfate ions (Figure 1b). Hence, there was only one base
of the specimen that was in contact with the test solution (semi-immersion) (Figure 2), which
was prepared by dissolving 15 g/L of sodium sulfate in deionized water (10 g/L of sodium
sulfate). There was a 25 cm2/L ratio between the surface area of the sample and the volume of
the solution. As discussed in more detail below, a pH regulator was used to maintain the pH of
the sulfate solution at (8 + 0.1).

Figure 1. A device used during the cement paste’s hardening (a), specimens used for the study (b).
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Figure 2. A pH-control scheme for accelerated tests at ESA.

Companion cylindrical specimens with a 10 cm diameter and 15 cm length were
used to measure the axial expansion during the degradation process for the early-age
and matured cases. After demolding, three specimens for each exposure condition were
equipped with stainless steel pins to ensure that the axial dimension was monitored. A
digital extensometer and a steel reference length bar were used for these measurements.

2.2. Accelerated Test for ESA

To study the resistance of cementitious materials to ESA, using a constant pH = 8 ± 0.1
is preferable to field conditions (e.g., seawater) [34]. Due to the constant sulfate concen-
tration and pH of our proposed accelerated test method, the experimental conditions are
more representative of field conditions. Several studies have used high sulfate amounts in
their experiments [35–37]. Figure 2 shows a schematic of the test apparatus.

In this simplified device, sulfate solution with a concentration of 15 g/L is contained
in one large tank that serves as a reservoir for approximately 60 L of solution. The sulfate
solution was circulated through six smaller tanks containing 10 L each with the aid of an
immersion pump with a maximum flow rate of 750 L per hour (Figure 2). Before flowing
back into the sulfate reservoir at the output of these tanks, a controller continuously
monitors the pH of the solution (process 1). The pH of the sodium sulfate solution was
determined through continuous titration with sulfuric acid H2SO4 (0.05%) (process 2). At
the exit of the tanks containing the specimens, a pH electrode is used to continuously
measure the pH of the solution. As part of this system, an actuator injects diluted sulfuric
acid into the solution whenever the pH level increases due to leaching, so that it returns
to the target pH level. The added sulfuric acid is well mixed since the sulfate solution is
constantly flowing between the sulfate reservoir and the specimen tanks (process 3).

In each of the six tanks, semi-immersed samples of similar chemistry were arranged
on mesh supports so that the cement paste and sulfate ions were exposed to the ESA to
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maximize the chance of the cement paste reacting with it. Only 1 cm thickness of each
specimen was immersed in the sulfate solution, while the other 4 cm of thickness remained
out of solution. Sulfate concentrations were minimized by adjusting the volume ratio
between the specimens and sulfate solution. This parameter was kept approximately
constant by weekly solution renewals. Sulfate ions were maintained almost constant in
solution over time due to the use of sulfuric acid in the titration. The same device was used
for expansion measurements in sulfate solutions.

2.3. Experimental Techniques for Investigation

The kinetics and effects of sulfate ingress in ordinary cement pastes’ porous media
were examined using a variety of test methods. All physicochemical investigation methods
were applied to a powder ground from the surface of the test samples every 1 mm. As part
of this process, Germann Instruments’ Profile Grinder tool (Denmark) is used to reduce
concrete, mortar, or cement paste into fine powder by precision grinding to small depth
increments of 0.5 to 2 mm. As a result, it is possible to determine with high precision the
profiles of ionic contents and chemical elements at each depth. In our case, the ground area
has a diameter of 73 mm (which justifies the selection of cylinder samples with a diameter
of 100 mm). This diameter makes it possible to obtain about 9 g of powder for 1 mm depth.
The average fineness of the powder is 315 μm. Between each depth, the powder is carefully
picked up and the surface is vacuumed to prevent contamination.

The sulfate content of the samples was determined using inductively coupled plasma
atomic emission spectroscopy (ICP). Sulfate concentration is calculated from the total sulfur
concentration obtained during this experiment. The exposed surface layer of the samples
to a depth of 1.5 cm was ground. The resulting powders had an average size of 300 μm.
An acid attack ionized all sulfates in this powder. An ICP-AES measurement was then
conducted on the resulting solution. The experimental procedure used in this part of the
study which details the procedure for preparing samples to measure the concentration of
SO3 is explained in [23]. Additionally, Mercury Intrusion Porosimetry (MIP) measurements
were conducted to examine the effect of ESA on pore size distribution.

Additionally, the spatial distribution of different cement paste phases was also deter-
mined by scanning electron microscopy (SEM, Quanta 400 from FEI Company, Hillsboro,
OR, USA). Despite the fact that this technique provides only qualitative information, SEM
images can be used to distinguish between phases that are well crystallized and do not
harm the microstructure, such as compressed ettringite, from phases that are crystallizing
in well-distributed free volumes.

Furthermore, a METTLER TOLEDO TGA/DSC1 was used for thermogravimetric
analysis (TGA) coupled with differential thermal analysis (DTA). During the ESA, these
methods were used to quantitatively characterize cement pastes. Using these techniques,
this study could explain the mechanism by which AFt is formed from the consumption of
other cement hydrates.

In addition, X-ray diffraction (XRD) was carried out in this research. XRD can be used
to identify well-crystallized hydrates in cement paste, such as portlandite or ettringite.
As a result, a mineralogical profile is drawn and different types of mineralogical phases
are identified according to the type of exposure. The results obtained by XRD were
also confirmed by 27Al and 29Si NMR using an Avance III Bruker spectrometer (Martin
Dracinsky Group, Czech Republic) 27Al MAS NMR was performed to calculate the amount
of different hydrated alumina phases (AFm and AFt) within the cement. 29Si NMR was
used to investigate the C-S-H structure changes due to sulfate attack. 27Al MAS NMR
one-pulse spectra were obtained by modeling the Czjzeck lineshape using the DMFIT
software [38] following the procedure described in [39]. 29Si NMR one-pulse spectra were
obtained by using a Gaussian lineshape with the DMFIT software, and the mean chain
length (MCL) calculated according to [40].
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As a final step, macroscopic observations were conducted on samples exposed to ESA
for various periods of time.

3. Results

3.1. Expansion Measurements

Figure 3 shows the average expansions and standard deviations obtained from axial
length measurements on three 10 cm × 15 cm cylindrical samples. These curves are for
early- and mature-exposure cases. A significant expansion is observed at the end of the test
for the matured exposure case (about 0.47%), with the speed divided into two parts: a latent
period up to about 30 days in which expansion remains weak, followed by a period in which
the expansion speed increases rapidly and remains high until the end of the test (around
three months). This change in regime was a result of changes in the microstructure of the
samples. Indeed, the acceleration of the expansion is due to the clogging of the porosity
by the progressive formation of secondary ettringite and gypsum. It has been observed in
contrast that, in the early-age exposure case, the sample exhibited modest axial expansion
(up to 0.12%), followed by a gradual slowdown over time. These contrasted results could
only be due to variation in the microstructure since the bulk quantities of reagents present
in both exposure conditions were identical. These results are in concordance with those
of [13]. The details of this will be discussed in the following sections.

 
Figure 3. Expansion variation for the early- and mature-exposure cases.

3.2. Sulfates Profiles

Figure 4 illustrates the evolution of sulfate content in OCP samples versus depth under
early-age exposure. The curves are divided into two parts: one displaying the ingress of
sulfate into the cement, and the second maintaining the average sulfate concentration of
the reference cement without being exposed to sulfate solution.
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Figure 4. Profiles of sulfate at early age measured by ICP, for different exposure duration to the ESA.

As the exposure time increases, the sulfate content of the cement increases until it
stabilizes at approximately 13% g/g near the surface. This value differs considerably from
what might be expected from a simple equilibrium between the internal pore solution and
the external sulfate solution (about 0.2% g/g of cement). Therefore, the pore solution is
dominated by physical or chemically bound sulfates, which explains the decrease in sulfate
content with depth. Furthermore, the extremely high ratio of solid or adsorbed sulfates in
the cement matrix required to free sulfates in solution, estimated to be of the order of 60,
suggests that the fixation process involves an extremely high level of energy, assuming the
free sulfates’ concentration in the pore solution is of the same order as the external solution
sulfate concentration. Thus, sulfate physical adsorption alone is not sufficient to achieve
this binding, which is mostly chemical in nature. As stated in [41], the quantity of adsorbed
sulfate on C-S-H was estimated to be 1% g/g, which is considerably lower than the average
sulfate content reported here of 13% g/g. As the exposure time increases, the penetration
depth increases slightly as well. As a result of two weeks’ exposure to sulfate solution, it
measures approximately 4.5 mm, and at six months, it measures approximately 7.5 mm.

A further illustration of this development is shown in Figure 5. This illustrates the
evolution of sulfate content in OCP materials over time for both early and matured exposure
modes to sulfate solutions. Despite similar sulfate profiles in both cases after two months
of sulfate exposure, there is a difference in the maximum sulfate content attained. Early-age
exposure to the first three millimeters results in a higher maximum value. It is a result
of the high porosity and permeability of the material at this early stage. In an area near
the propagation front, the difference is negligible above this depth. The results of these
experiments indicate that although sulfate ions are initially trapped in the porous medium
via a diffusion process, they are physically and chemically trapped in the microstructure of
the paste at an important kinetic rate. In addition, capillary suction may also contribute to
sulfate ingress, especially when samples are exposed at an early age.
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Figure 5. Comparison of the sulfate profiles between the two exposure conditions: early-age and
mature cases.

The maximum sulfate penetration depth also increases in matured samples. As a
result of the samples’ exposed surface having developed some cracks after two months
of exposure, this may be the cause of the results. Indeed, after long curing in water, the
material becomes rigid and little ettringite formation or other expansive products can
cause cracking. The situation is different for materials that are still in the early stages of
development, when the matrix is not yet rigid, and expansive products are able to find
space to form without causing internal pressures and, consequently, without cracking.
Sulfate ions and other deleterious ions may be able to pass through these cracks.

3.3. Chemical Mechanisms

Sulfate ions will certainly affect the chemical equilibrium of the cement paste as they
are absorbed by the cement matrix. In cement, sulfate ions form secondary ettringite
and gypsum when they react with calcium, aluminum, and water. On the other hand,
when cement samples are leached in a sulfate solution, the pH difference between that
solution and the pore solution of the samples results in an increase in the calcium content
of the pore solution which in turn favors AFt formation [23–27]. This exemplifies how
ESA and leaching are strongly coupled and compete with one another. According to
Figure 6, the phase assembly in the cement paste underwent a change after being exposed
to sulfate solution. A combination of XRD and 27Al NMR analyses indicates that, on the
one hand, secondary ettringite was formed as a result of reactions between portlandite and
sulfate ions; and on the other hand, that AFm transformed to AFt. In addition, the XRD
analysis indicates that there is a considerable amount of gypsum on the exposed surface
of the samples, as this area is almost in equilibrium with the pH of the sulfate solution
(pH = 8). This pH value results in both ettringite and gypsum precipitation. Moreover,
the high rate of anhydrous compounds at an early age allows for the production of more
secondary ettringite. Indeed, the aluminates present in C3A and C4AF react directly with
the sulfate ions to produce ettringite. In the matured case, this mechanism does not exist.
All anhydrous compounds have already been consumed during the hydration process.
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Figure 6. Determination of phases newly formed by 27Al MAS NMR (a) and XRD (b) after exposure
of OCP samples to the sulfate solution.

Figure 7 illustrates the results of TGA. These results are consistent with those obtained
by XRD. In fact, portlandite is the first hydrate to be consumed by sulfate ions that penetrate
the first millimeters of the surface of the samples (Figure 7a). It is important to note,
however, that the consumption does not appear to be the same for both cure conditions.
As the material is completely hydrated after one year of curing in water, the amount of
portlandite is much greater in the mature case (Figure 7b). In the presence of sulfate ions
in the cementitious matrix, they thermodynamically destabilize the hydrates, particularly
portlandite, resulting in its dissolution. Calcium from this hydrate reacts with sulfates to
form gypsum, especially at neutral pH levels. Accordingly, portlandite dissolves more
rapidly when subjected to a sulfate attack than when not exposed. In the process, gypsum
replaces calcium hydrates, which results in a decrease in portlandite content.

Figure 7. Quantification of CH content by TGA: (a) early-age case, (b) comparison early-age/matured
cases.

Figure 8a shows the 29Si MAS NMR spectra for both early and mature exposures. The
peak of the tetrahedral at the end of the C-S-H chains, Q1, has decreased while that of the
tetrahedral in the middle of the chains, Q2, has increased. This means that the C-S-H mean
chain length (MCL) increased and that the C-S-H structure changed. The MCL of the C-S-H
chains increased to about 7.5 in the early-age exposure case and to about 10 in the matured
exposure case (Figure 8b). During C-S-H decalcification (C/S ratio decrease), it is well
known that the MCL in C-S-H increases [40].
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Figure 8. Changes of C-S-H structure investigated by 29Si NMR: (a) spectrum, (b) mean chain lengths
in C-S-H.

Once the calcium has been consumed by dissolving the portlandite, the C-S-H are
decalcified, increasing the calcium content in the interstitial solution. The calcium then
reacts with excess sulfates to produce gypsum and secondary ettringite. In the mature case,
calcium content is greater, suggesting that the development of ESA is more dependent
upon the presence of a high-hydrate content.

There is a drastic difference in the AFt/AFm balance between the two exposure
cases (Figure 9). In the case of early-age exposure, this ratio is higher. In Figure 9a, the
secondary ettringite is partly produced as a result of the progressive dissolution of AFm.
The mature-exposure case (Figure 9b) results in the complete consumption of AFm. These
results suggest that ESA develops differently depending on the length of time the curing
process is carried out prior to exposure. In sum, at an early age, AFt is formed through the
reaction of the sulfates with part of the AFm and also through the reaction of the aluminates
produced by the anhydrous compounds C3A and C4AF. When a mature paste is exposed,
this formation of AFt is mainly due to the total consumption of AFm and to the contribution
of calcium coming from CH dissolution and C-S-H decalcification.

Figure 9. Quantification of Aft and AFm content for the two curing durations.
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3.4. Microstructure Changes

Figure 10 compares the pore size distributions between cases with and without expo-
sure to ESA for OCP samples at different exposure times. After one month of exposure to
ESA, the effect of leaching is highlighted. The distribution of pore size after 2 months of
ESA, however, is refined and tends towards the range from 10 nm to 100 nm (Figure 10a).
Clearly, at an early age, hydration, leaching, and precipitation of sulfated species were
competing processes, making it difficult to distinguish between them. Moreover, in the
case of matured cement pastes (Figure 10b), the ESA appears to be more damaging for
cementitious materials since the pore size distribution still tends to a smaller range (of the
order of 10 nm), despite the quasi-complete hydration of the material, which suggests that
the precipitation of the AFt and the gypsum occurs within a much smaller porosity than
when the material is exposed at an early age.

Figure 10. Evolution of the pore size distribution of OCP samples during ESA: (a) early-age exposure,
(b) matured cement pastes.

A significant expansion and cracking of concrete structures is generally attributed to
secondary ettringite and gypsum as a result of sulfate attack on hydrated alumina phases
in the cement matrix. Visual examinations of samples exposed to sulfate solution after
different exposure periods were conducted to confirm the role of sulfates in cementitious
materials’ damage. Figure 11 illustrates a comparison of samples at an early age (Figure 11a)
and matured age (Figure 11b) after two months of exposure to sulfate solution. Early
exposure did not show apparent degradation or cracking. After one year of contact with
sodium sulfate solution, these observations remain valid. After just two months of exposure
to sulfate, the mature samples have developed some cracks.

Figure 11. Observed damage of samples after two months of exposure to sulfate solution: (a)
early-age exposure, (b) matured cement pastes.
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Accordingly, it appears that AFt phases crystallize more readily in smaller pores and
after a more advanced hydration reaction (saturated pores in matured samples) thereby
resulting in greater cement paste risks (ettringite has approximately 2.28 times the volume
of AFt phases; 707 cm3 versus 309 cm3). Additionally, mature samples are sufficiently rich
in portlandite and C-S-H to precipitate gypsum upon dissolution. The situation is different
if the exposure occurs at an early age. Moreover, gypsum has a 2.25 times greater molar
volume than portlandite (74 cm3 compared with 33 cm3 per mole). As a result, the newly
formed elements after an ESA (AFt and/or gypsum) could increase the expansion of cement
paste samples when confined in porosity. Furthermore, SEM analysis of samples exposed to
sulfate for early-age and mature cases has confirmed this observation. Based on Figure 12,
the ettringite precipitates in confined spaces in mature samples (Figure 12a), confirming
that the samples have expanded and cracked, while at an early age, the ettringite has longer
spaces (Figure 12b).

Figure 12. SEM images on OCP samples after two months of ESA: (a) compressed ettringite in
matured samples, (b) ettringite in early-age samples.

4. Discussions

Experiments conducted within the framework of this study demonstrated firstly that
the ESA is characterized by two major processes, a physical process of ionic transport and a
chemical process of interaction with the microstructure. The first process is characterized by
both a transport of sulfate ions towards the cementitious matrix and a leaching of calcium
ions (resulting in the leaching of hydroxides from the portlandite) in the external solution.
ICP was used to measure sulfate concentration profiles, which demonstrated that ESA is
driven by diffusion and that chemical interactions (the second process) between hydrates
and external sulfate supplies are more rapid than diffusion kinetics. In addition, sulfate
ions have been demonstrated to self-slow during propagation. In the measured profiles,
the sulfate ion migration front is rapidly stabilized followed by an accumulation of sulfate
ions at the surface. Based on ATG/AD, DRX, and NMR analyses, this accumulation was
explained by the fixation of sulfur ions by the precipitation of AFt as long as aluminum
and calcium reserves were present, as well as the coexistence of gypsum and ettringite at
times on the surface (especially in mature Portland cement pastes).

The effect of curing time on the degradation of the cementitious materials in contact
with sodium sulfate solution was demonstrated in several steps. The first method is visual
observations which show that Portland cement pastes resist ASE well when exposed early
to sulfates (no degradation is observed after one year). The mature material, however,
deteriorates rapidly and suddenly on the surface and then deeper towards the core after
only two months of sulfate exposure. Hence, expansion is directly affected by porosity
and pore size distribution. According to SEM visualization and MIP tests, samples for the
early-age case have a greater amount of porosity, allowing them to accommodate expansive
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phases without sustaining damage. A long-term curing in water results in a rapid and
sudden filling of the porosity, resulting in a sudden change in the sharpness of expansion
curves for mature samples due to the fine microstructure and rigidity of the material.

In cement paste, the pore size distribution of capillary pores and hydrate pores has a
significant effect on the transfer properties, particularly when the pores are interconnected.
This observation is supported by the profiles of sulfate penetration that are much greater in
the case of coarse porosity (early age). It should be noted that the chemical aspects of ESA
are almost insensitive to these transport properties (especially in the case of an early-age
exposure), but rather to the chemical reactions taking place within the material. These
reactions are dependent on portlandite, the AFm and AFt phases, as well as the aluminum
incorporated into the C-S-H prior to exposure to the sodium sulfate solution.

On the other hand, the quantification of precipitated ettringite in the two exposure
cases demonstrated that degradation is not directly related to changes in molar volume.
According to the hydrate distribution at an early age, ettringite was more abundant than in
mature paste after two months of ASE. Nevertheless, these abundant precipitations were
not the cause of the material’s damage. In order to explain the cracks induced by tensile
stresses, the crystallization pressure theory under supersaturation conditions was adopted
in this study.

Based on the curing time of the material, the physical chemistry of ASE differs. As
previously explained, this refers to chemical reactions rather than sulfate ions’ transport,
which is almost insensitive to curing duration. AFm/AFt ratios are very low when OPC
is exposed at an early age. The investigation techniques used in this study indicated
that ettringite continues to form and crystallize in a wide and evolving porosity with a
hydration phenomenon occurring in the presence of sulfate, without causing damage to
the matrix during the crystallization process. Conversely, when exposed to sulfates after
1 year of water hydration, the AFm/AFt ratio is significantly higher and portlandite is
more available. Ettringite precipitates by dissolving CH and AFm and by decalcifying
C-S-H. Gypsum is detectable by scanning electron microscopy and XRD as long as calcium
and sulfate ion concentrations allow. These hydrates crystallize in a much more confined
porous environment and a much more deleterious effect can be expected.

Based on this difference, it is evident that when concrete structures are exposed to
sulfate-rich environments, such as marine environments or sulfate-rich soils, the curing
time of these structures should be reduced. The structures would have a greater longevity
if they were directly cured in a sulfate-rich environment. As previously explained, the
material exposed directly to sulfate ions does not show any signs of degradation or cracking.

Therefore, this work has provided insight into the negative effects of long time curing
in the case of Portland cement. However, these results are only valid for the CEM I used
in this study. The cement, which is very rich in C3A and C4AF, was chosen despite its
potential reactivity with sulfate ions. In Figure 13, the mechanisms of ESA development
are shown step by step for both early and mature curing durations. Sulfate ions penetrate
the cementitious matrix where they react directly with calcium ions resulting from the
dissolution of the portlandite to produce gypsum and AFt. After these calcium ions have
been consumed, the C-S-H decalcifies, thereby providing an additional quantity of calcium
needed to form gypsum and AFt. This resulted in an increase in the C/S ratio. Another
part of the sulfate ions reacts directly with the sources of aluminates (AFm, C3A, and
C4AF) to form AFt. According to the previous results, curing duration affects the chemical
mechanism. In mature exposures, these reagents are external sulfates, calcium derived from
CH dissolution and C-S-H decalcification, and aluminate derived from AFm dissolution.
However, the major reagents used at an early age are external sulfates and aluminates
derived from anhydrous cement and part of the AFm.
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Figure 13. Mechanisms of ESA development for both early and mature curing durations.

5. Conclusions

The aim of these experimental investigations was to better understand the kinetics of
sulfate diffusion and its effects on the microstructure of ordinary cement paste. In addi-
tion, the ESA mechanisms were studied using various and complementary investigation
techniques for both early-age and mature curing conditions. Based on the obtained results,
conclusions can be drawn as follows:

- The sulfate profiles in the two curing cases are similar, with a slight difference in
the maximum sulfate content. There is a more significant effect in the first three
millimeters when the exposure occurs at an early age. During this early curing, the
material is highly porous and permeable. Chemical interactions with the cement
matrix delay sulfate ingress.

- The physical and chemical interactions with cement paste hydrates appear to have
faster kinetics than diffusion through concentration gradients and capillary adsorption.
This finding confirms that ESA is characterized by both the diffusion and binding of
sulfate ions in the cement matrix, with mainly a chemical fixation.

- Matured Portland cement paste showed rapid degradation. This is due to the presence
of a significant quantity of compressed ettringite and gypsum, as highlighted by SEM
analysis. On the other hand, Portland cement pastes that were exposed to sulfate
solution early in the process did not develop cracks or spalls after one year of exposure.

- Although AFt formation is known to cause the degradation of cementitious materials
when they are exposed to sulfate ions, the chemical mechanism varies with curing
duration. At an early age, the main reagents are external sulfates and aluminates from
the anhydrous cement and part of AFm. In the mature exposition case, these reagents
are external sulfates, calcium derived from the dissolution of CH and decalcification
of C-S-H, and aluminates derived from the total dissolution of AFm.
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Abstract: Fiber-reinforced silica aerogel blankets (FRABs) are an important high-temperature thermal
insulation material for industry applications that have emerged in recent years. In order to better
understand the performance evolution of FRABs at high temperatures, the effect of heat treatment
at different temperatures on the performance of FRABs as well as their base material, hydrophobic
silica aerogel powder and glass wool, was investigated. The property evolution of the hydrophobic
silica aerogel powder showed two stages with an increase in thermal treatment temperatures. The
skeleton structure of the aerogel remained unchanged, but the residual organic chemicals, such
as hydrophobic groups, were decomposed when the heat treatment temperature was lower than
400 ◦C. Above 400 ◦C, the skeleton began to shrink with the increase in temperature, which led to an
increase in thermal conductivity. The structure and room-temperature thermal conductivity of the
glass wool blanket were less affected by a heat treatment temperature under 600 ◦C. Therefore, the
performance degradation of FRABs at high temperatures is mainly due to the change in the aerogel
powder. The insulation performance of the glass wool and FRAB at high temperatures was studied
using a heating table which was designed to simulate working conditions. The energy savings of
using FRABs instead of glass fiber were calculated and are discussed here.

Keywords: fiber-reinforced silica aerogel; glass wool; heat treatment; thermal conductivity

1. Introduction

The energy crisis and carbon emissions have increasingly become the focus of interna-
tional attention. One of the most important ways to achieve the goal of energy saving and
emission reduction is to use efficient insulation materials in industry and architecture [1].

Hydrophobic silica aerogel has excellent properties such as extremely low density, very
low thermal conductivity, and excellent waterproof performance [2,3]. Using hydrophobic
silica aerogel as an insulation material to replace traditional insulation materials in the
fields of building, high-temperature pipelines, and space exploration can greatly improve
energy efficiency and therefore reduce carbon emissions [4–6].

The current commercially available hydrophobic silica aerogels are quite brittle; there-
fore, it is usually necessary to composite aerogel powder with other matrix materials
(typically glass wool) for industrial applications as insulation materials. A number of
aerogel-based composites have been developed and investigated, such as glass fiber–
aerogel composites [7,8], expanded perlite–silica aerogel composites [9], polyurethane–
silica aerogel composites [10], polypropylene–silica aerogel composites [11], etc. Among
them, glass-fiber-reinforced aerogel blankets (FRABs) have been applied in industry [12,13].
For instance, FRABs have been applied to building and shown excellent characteristics,
including very low thermal conductivity, a light weight, very good sound isolation, and
excellent waterproof performance [14–16]. Furthermore, FRABs also have great application
prospects in high-temperature environments, such as steam pipes in power plants [17,18]
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and petrochemical plants [19]. The typical operation temperature is usually between 200 ◦C
and 600 ◦C. By using FRABs instead of traditional insulation materials (basalt fiber and
glass fiber), it is expected that a significant amount of energy can be saved [20]. The in-
vestigation of the effect of high temperature on the microstructure stability and insulation
performance of FRABs is crucial for engineering applications [21].

Many authors have studied the effect of heat treatment temperature on the microstruc-
ture changes of laboratory-made aerogels. Pradip B. Sarawade et al. [22] studied the
changes in the microstructure of aerogels after heat treatment at temperatures up to 500 ◦C
and found that the hydrophobicity of the silica aerogel spheres gradually decreased with
the increase in temperature. After heat treatment at 500 ◦C, the aerogel microspheres
became completely hydrophilic. As the temperature increased, the pore size of the aerogel
microspheres increased. Gaosheng Wei et al. [23] measured the thermal conductivity of
aerogels at different temperatures using the transient thermal strip method and found that
the thermal conductivity increased significantly with an increase in temperature. The aero-
gel particles were partially sintered, and the pores were destroyed when the temperature
rose to 950 ◦C, resulting in an increase in thermal conductivity and bulk density [24,25].
Huafei Cai et al. [26] investigated the thermal stability of silica aerogel using TEM with
an in situ heating device. They found that the silica aerogel first shrank at the initial time
(within 2 h) at a temperature between 600 ◦C and 1000 ◦C, and then the structure became
stable during longer-term heating. Previous studies have shown that the pore structure of
aerogel can be destroyed by high temperatures, especially when the temperature is higher
than 600 ◦C, which will lead to a drastic decrease in the insulation performance. Moreover,
when the heat treatment temperature is lower than 600 ◦C, the pore structure of the aerogel
does not change significantly over a short period of time (less than 10 h). Nevertheless,
the performance change due to structural changes in aerogel particles caused by the high
temperatures is not representative of the overall FRAB performance change.

Although the effect of glass fiber content in fiber-reinforced aerogel composites
(FRABs) on their properties has been widely studied [27,28], the current research has
little involvement in the relationship between the service temperature and the insulation
performance of FRABs. Most of the obtained results were based on calculations and
simulations. For example, the total effective thermal conductivity of aerogels and their com-
posites considering the combined effect of conduction and radiation was predicted [29,30].
Changes in the structure and properties of aerogel composites at different temperatures
have also been investigated via calculations [31,32]. Miros et al. compared the thermal
conductivity of FRABs and mineral wool at different temperatures using the guarded hot
plate method [33]. Fang et al. used a model to predict the thermal conductivity of aerogel
composites and then verified the accuracy of the model by measuring the high-temperature
thermal conductivity using the hot disk method [34]. Furthermore, in recent studies, efforts
were mainly focused on the development of new grades of aerogel materials which are still
a long way from commercial application. For pure aerogel material, only a glass window
combining silica aerogel has been reported as an engineering application [35,36]. FRABs
have been widely used in high-temperature industries, but their performance in use has
rarely been evaluated, and the results of pure aerogel obtained in the laboratory cannot be
used to accurately evaluate the service behavior of composite materials such as FRABs. In
order to better understand the service behavior of FRABs, it is necessary to compare and
evaluate aerogel, the matrix of glass wool, and FRABs under the same simulated actual
operating conditions.

In this study, a novel heating table was designed and constructed to simulate actual
operating conditions; therefore, the heat loss of the heat-treated FRAB and glass wool with
different thicknesses at different temperatures was able to be measured and compared.
These data, combined with the evolution of the microstructure and thermal conductivity of
aerogel and FRABs after heat treatment, can help better guide the application of aerogel-
based insulation materials.
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2. Experimental Materials and Methods

2.1. Experimental Material

FRABs and their constituent material glass wool and silica aerogel were provided by
JINNA TECH. The silica aerogel was prepared using water glass as the precursor. The
wet gel was obtained through a sol-gel route, followed by solvent exchange with ethanol,
surface modification with trimethylchlorosilane, and supercritical carbon dioxide drying.
The specific surface area of the aerogel is 339.064 m2/g, and the average pore size is
12.69 nm. The glass wool matrix used to make FRABs has a density of 160 kg/m3. FRABs
were prepared by infiltrating wet gel into glass wool and then supercritical drying. The
density of the FRABs is 200 kg/m3, of which the aerogel content is 20 wt.%.

2.2. Heat Treatment Method

In order to explore the change in the thermal conductivity of aerogels after thermal
treatment at different temperatures, FRABs and their constituent material glass wool and
silica aerogel were heat-treated in a box-type resistance furnace (SX2-12-12, Shanghai Zhetai
Machinery Manufacturing Co., Ltd., Shanghai, China) with a heating rate of 3 ◦C/min.
When the temperature reached the specified value (200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C,
and 700 ◦C), the furnace was maintained at that temperature for 2 h. Then, these samples
were naturally cooled to room temperature.

2.3. Characterization Methods
2.3.1. Characterization of Apparent Properties

The bulk density of the aerogel samples was calculated by measuring their mass-
to-volume ratio. The hydrophobic properties were tested using the following methods:
Aerogel powders before and after heat treatment were spread on a polyethylene plate,
respectively, as polyethylene does not absorb water. Then, water was dropped on it to
observe the droplet spreading characteristics.

According to the “Determination of thermal conductivity of non-metallic solid materials—
hot wire method”, the TC-3000E thermal conductivity tester (Xiaxi Technology, Xi’an, China)
was used to determine the room temperature thermal conductivity of the samples.

The thermal stability of the aerogel samples was analyzed by TG-DTA using an SDT
Q600 (TA Instruments, New Castle, DE, USA). The samples were heat-treated under an air
atmosphere from room temperature (~25 ◦C) to 1000 ◦C with a controlled heating rate of
10 ◦C/min.

2.3.2. Microstructural Characterization

In order to study the microstructure of the samples before and after heat treatment,
a scanning electron microscope (SEM) (SIGMA 300, Carl Zeiss AG, Oberkochen, Germany)
was used. Aerogels and FRABs were fixed on the sample holder using a carbon pad and
subsequently coated with platinum for SEM analysis. The surface chemical modification of
the aerogels was studied using Fourier transform infrared spectroscopy (FTIR) (TENSOR
37, Bruker, Karlsruhe, Germany). FTIR data for heat-treated (200 ◦C, 400 ◦C, 600 ◦C) aerogel
powders were collected.

2.3.3. High Temperature Insulation Performance Test

In order to explore the high-temperature insulation performance of FRABs, we de-
signed the following heating table, as shown in Figure 1. It contains two parts: the console
and the heating device. The temperature of the heating element is adjusted by the control
instrument; we also call it the working temperature. The heater power and, consequently,
the heating pace are adjusted using the power knob. The temperature of the thermocouple
is displayed by the display instrument. The testing process is divided into the following
three steps: First, put the insulation material evenly into the heating device. Ensuring that
there are no gaps between each contact surface is the key to a successful test. Second, turn
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on the power and set the temperature and then wait for a while until the heating power
stabilizes. Third, record data obtained from the thermocouples and heating power.

Figure 1. Schematic diagram of plate heater: console (left) and the heating device (right).

The temperature on the surface and the heating power of the insulation with different
thicknesses and different working temperatures were tested at the same ambient tempera-
ture. The temperature on the surface is the temperature of the surface of the tested material.
The heating power is the power consumption of the heating device during the test.

3. Results and Discussion

3.1. The Effect of Heat Treatment on Silica Aerogel

TG-DTA was used to explore the weight change and potential reaction of aerogel at
high temperatures. The result is shown in Figure 2.

Figure 2. TG-DSC curves of the aerogel samples.

There is a strong endothermic peak before 100 ◦C with a weight loss of 4%. According
to the preparation process of the aerogel, it should be caused by the evaporation of residual
low-boiling organics inside the aerogel [37]. When the temperature was 400 ◦C~600 ◦C,
a more obvious weight loss of 8% could be found, which can be judged due to the decom-
position of hydrophobic groups in the hydrophobic aerogel at high temperatures [38]. This
inference was further supported by Figure 3, which shows how heat treatment affected
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the hydrophobic properties of the aerogel. When the aerogel was heated at 200 ◦C, the
hydrophobicity of the aerogel remained relatively good; however, when the temperature
increased to 400 ◦C, the hydrophobicity completely disappeared. After 600 ◦C, the weight
loss decreased obviously because the methyl group decomposition had been completed.

 

Figure 3. Droplet-spreading characteristics of aerogel after heat treatment at (a) 200 ◦C and (b) 400 ◦C.

Figure 4 shows the infrared spectroscopy results to further confirm the reason for
hydrophobicity disappearance. The vibrations at 3666 cm−1 and 1650 cm−1 were due to
residual –OH groups or adsorbed water. The background peak was caused by potassium
bromide introduced into the test. The absorption peaks near 1085, 810, and 455 cm−1

represented the asymmetric stretching vibration, symmetric stretching vibration, and
bending vibration of Si-O-Si [39]. The absorption peaks at 850 cm−1 and 2968 cm−1 could
be attributed to S-C bending vibration and −CH3 stretching vibration [40,41]. For the
samples heat treated at 200 ◦C, pronounced absorption peaks were observed in the spectra.
In contrast, almost no absorption peaks appeared at these two points in the spectra of the
samples heat treated at 400 ◦C and 600 ◦C, respectively. There was additional absorption at
3200 cm−1 formed by −OH for the 200 ◦C-treated sample, but it was absent for samples
treated at higher temperatures.

Figure 4. FT-IR spectra of the hydrophobic silica aerogel after heat treatment at 200 ◦C, 400 ◦C,
and 600 ◦C.

The above analysis indicated that when heat treated above 400 ◦C, the methyl group
is pyrolyzed, therefore destroying the hydrophobicity of aerogel.
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The macroscopic morphology of aerogel after heat treatment at different temperatures
is shown in Figure 5. It can be clearly seen that the aerogel shrank slightly after heat treat-
ment at 400 ◦C, while significant volume shrinkage occurred when treated at temperatures
higher than 600 ◦C.

 
Figure 5. Photograph of the hydrophobic silica aerogel heat-treated at different temperatures (a) 25 ◦C,
(b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, (e) 900 ◦C, and (f) volume change.

Figure 6 shows the changes in the bulk density and RT thermal conductivity of
silica aerogels after heat treatment at different temperatures. When the heat treatment
temperature was lower than 300 ◦C, the bulk density of the aerogel decreased first and
then remained stable. The decrease in the bulk density of the aerogel in this case is due
to the decomposition of residual organic compounds. Therefore, it can be inferred that
the skeleton structure of the aerogel will be stable at temperatures below 300 ◦C. After
heating at 400 ◦C, the aerogel volume shrank slightly, the weight decreased due to the loss
of hydrophobic groups, and the bulk density increased slightly. Then, the bulk density
increased obviously along with the increase in heat treatment temperature, especially
when the temperature was higher than 600 ◦C, as shown in Figure 5. Especially, when
the temperature reached 900 ◦C, a severe shrinkage of the aerogel could be found. This
indicates that the aerogel skeleton is severely damaged and the pores collapse when heat
treated at high temperatures.

The change in thermal conductivity with heat treatment temperature was consistent
with the bulk density change. When the heat treatment temperature was lower than
400 ◦C, the thermal conductivity even decreased slightly due to the volatilization of the
organic chemicals. Then, the thermal conductivity increased along with the increase in heat
treatment temperature due to the volume shrinkage, especially when the heat treatment
temperature was higher than 600 ◦C.

Figure 7 shows the microstructure of aerogel powders after heat treatment at differ-
ent temperatures. Untreated silica aerogel showed a highly porous and homogeneous
nanostructure, which was similar to that of the samples heat treated at 400 ◦C. After
heat treatment at 600 ◦C, a small part of the microscopic pore structure of the aerogel
was destroyed. Particle diameter and pore sizes changed slightly, and the collapse of the
framework was not obvious. For the samples heat-treated at 900 ◦C, the porous structure
collapsed badly, and the particles aggregated and grew up.
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Figure 6. Bulk density and thermal conductivity of the silica aerogel samples after heat treatment
from RT to 700 ◦C.

 

Figure 7. SEM images of silica aerogel after heat treatment at (a) 25 ◦C, (b) 400 ◦C, (c) 600 ◦C,
(d) 900 ◦C.

According to the above test results, the change in silica aerogel after heat treatment can
be divided into two stages. When the heat treatment temperature was lower than 400 ◦C in
the first stage, the residual organic compound or hydrophobic groups introduced during
the preparation process were decomposed, while the skeleton structure of the aerogel
remained unchanged, resulting in a slight reduction in thermal conductivity. The second
stage occurred when the heat treatment temperature was higher than 400 ◦C, which resulted

106



Materials 2023, 16, 4888

in volume shrinkage and the destruction of the aerogel skeleton, therefore increasing the
thermal conductivity. This phenomenon was more significant at temperatures above 600 ◦C.

3.2. The Effect of Heat Treatment on Glass Wool

The glass wool matrix was also heat-treated, and the weight loss and thermal con-
ductivity were measured, as shown in Figure 8. When the heat treatment temperature
exceeded 300 ◦C, the weight of the glass wool decreased by 2% due to the decomposition
of residual organic additives added during the preparation of glass wool. According to
Figure 8, room temperature thermal conductivity did not change significantly after heat
treatment from 200 ◦C to 600 ◦C. Glass fibers had low solid-state thermal conductivity
due to their low density and thin glass fibers. Meanwhile, fine glass fibers can capture
and fix the air between the fibers, thereby preventing heat transmission by convection
and limiting gaseous heat conduction by minimizing collisions between gas molecules.
Therefore, the RT thermal conductivity of glass wool is very low and will not change with
the heat treatment temperature.

Figure 8. Weight loss and thermal conductivity of the glass wool after heat treatment from RT to
600 ◦C.

3.3. The Effect of Heat Treatment on FRAB

The relationship between the weight and thermal conductivity of FRABs after heat
treatment from RT to 600 ◦C is shown in Figure 9. The mass loss under 400 ◦C was
considered to be the decomposition of organic groups (−CH3 groups) in the composites.
This could be confirmed by the droplet-spreading characteristics of aerogel after heat
treatment as shown in Figure 10. In Figure 10b, no droplets could be seen on the surface of
the FRABs because droplets penetrate quickly into the materials. The FRABs experience
a sharp weight loss from 400 ◦C to 600 ◦C, which is consistent with Liao’s research [42].
The RT thermal conductivity of FRAB decreased first and then increased with the increase
in heat treatment temperature, which had the same trend as aerogel shown in Figure 11.
The structure and thermal conductivity of the glass wool were less affected by the heat
treatment temperature under 600 ◦C in Section 3.2. Therefore, the performance change of
FRABs at high temperatures was mainly due to the change in the aerogel.
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Figure 9. Weight loss and thermal conductivity of the FRAB after heat treatment from RT to 600 ◦C.

 

Figure 10. Droplet-spreading characteristics of FRAB after heat treatment at (a) 200 ◦C and (b) 400 ◦C.

Figure 11. Thermal conductivity of the aerogel, glass wool, and FRAB after heat treatment from RT
to 600 ◦C.
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The microstructure of the FRAB samples was characterized through SEM images, as
shown in Figure 12. At low magnification in Figure 12a,d,g, fibers were easily observed
because of the high contrast. The fiber structure did not change with the increase in the heat
treatment temperature. The change in the aerogel microstructure in the FRABs along with
the heat treatment temperature is shown in Figure 12c,f,i. The pore structure of the aerogel
in FRABs after heat treatment at 400 ◦C is similar to that of the untreated one. However, the
pore size after heat treatment at 600 ◦C decreased slightly. After heat treatment at 600 ◦C,
the aerogel particles coalesced to form larger particles. Meanwhile, the size of the pores
surrounded by these particles was reduced. This was consistent with the aerogel changes
after heat treatment. The state of the individual fibers was also observed in Figure 12b,e,h.
The adhesion of the aerogel to the fiber and evidence of the sintering of aerogel particles
can be found after heat treatment at a temperature of 600 ◦C, as shown in Figure 12h.
Woignier et al. studied the sintering behavior of silica aerogel and found that sintering due
to a diffusional process occurs in the temperature range of 500–700 ◦C [43]. The sintering
behavior of aerogel was influenced by the contact between fiber and aerogel, which had an
effect on the thermal insulation properties of FRABs at high temperatures. Therefore, it is
important to test the thermal insulation properties of FRABs at high temperatures.

 

Figure 12. SEM images of FRABs before and after heat treatment. (a–c): untreated FRABs;
(d–f): FRABs after heat treatment at 400 ◦C; (g–i): FRABs after heat treatment at 600 ◦C.

3.4. The Performance of FRABs at High Temperature

The RT thermal conductivity of the FRABs after heat treatment cannot truly reflect
the thermal insulation performance of the FRABs at high temperatures. The data tested in
the actual service temperature are more convincing. Therefore, a heating table was used
to simulate the performance of FRABs and glass wool at high temperatures, as presented
in Section 2.3.3. The value of the surface temperature was recorded at different operating
temperatures for samples with a thickness of 5 cm. The variation in surface temperature
with heating time is shown in Figure 13. The cold surface temperature reached a relatively
stable state after 120 min of heating at 200 ◦C and 300 ◦C, respectively. The time required
for the cold surface temperature to reach a steady state is 300 min, at which point, the
system reached a steady state at 600 ◦C. This time is much longer than 2 h, which was
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reported by Huafei Cai [26]. In this experiment, 5 cm thick FRABs were used, and it took
a long time for the heat flow to pass through the FRABs due to their excellent insulation
capacity. As a result, the aerogel particles were affected and aggregated relatively slowly.
Glass wool was also tested in the same way under the same conditions for comparison.
The heating power of glass wool and FRABs were tested at different temperatures and
sample thicknesses, and the results are shown in Figure 14.

Figure 13. The temperature on surface changes with time at different temperatures.

Figure 14. Heating power of (a) glass wool, and (b) FRABs changes with thickness at different
temperatures.

It is obvious that the heating power increased with increasing temperature. The
heating power gradually decreased to a constant value with the increasing thickness of the
tested materials. When the thickness is large enough, it is considered that heat will not be
lost through the tested materials. In this case, the heating power is equal to the heat loss
power of the heating table.

The thermal conductivity of a homogeneous material does not change with direc-
tion. In the steady state without an internal heat source, it can be obtained according to
Fourier’s law:

λ =
∅

A
· d

t2 − t1
(1)
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where d is the thickness of the tested material, A is the area of the tested material, t2 is the
operating temperature, t1 is the temperature on the surface, and ∅ is the heat flow, i.e., the
heat loss of the FRABs or glass wool.

The heat loss power ϕ of the plate heater is regarded as a fixed value at the same
working temperature and has the following relationship with the heating power P:

P = ∅+ ϕ (2)

It is approximately considered that the temperature difference t2 − t1 is equal to the
average value Δt at the same working temperature.

P = λAΔt · 1
d
+ ϕ (3)

There is a linear relationship between the heating power P and the reciprocal thickness
1/d. The fittings are shown in Figure 15.

Figure 15. The relationship between heating power and the reciprocal thickness 1/d.

The thermal conductivity of glass wool and FRABs at different temperatures can be
calculated according to Figure 15. The thermal conductivity comparison of glass wool and
FRABs at high temperatures is shown in Figure 16. The results are consistent with Miros’s
research which was measured on a two-plate guarded hot plate apparatus [33].

Figure 16. The thermal conductivity of glass wool and FRAB at high temperatures.
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The thermal conductivity of FRABs is lower than that of glass fiber in the temperature
range of 200 ◦C to 600 ◦C as shown in Figure 16. The pore size of FRABs is smaller than that
of glass wool due to the filling of aerogel powders. According to the Knudsen effect [44],
the smaller the pore size, the weaker the convective heat transfer of the gas and the lower
the thermal conductivity. There is also an interfacial thermal resistance in the composite
material [30,34,45]. The addition of aerogel creates more interfaces in FRABs, resulting in
a higher thermal resistance.

In the practical application of insulation materials, heat loss is one of the most impor-
tant parameters of interest to the user. Using the heating table designed in this experiment,
not only the thermal conductivity of the material but also the corresponding heat loss can
be calculated. According to the data in Figure 13 and Equation (2), the heat loss of FRABs
and glass wool at different temperatures can be obtained using the following equation.

∅ = P − ϕ (4)

where ∅ is the heat loss of FRABs or glass wool. P is the heating power. ϕ is the heat
loss power of the heating table. The heat loss of FRABs and glass wool at an operating
temperature of 600 ◦C is shown in Table 1. Heat loss refers to the heat passing through
per square meter of insulation material per hour at the working temperature, so its unit is
kJ/(h·m2). Using FRABs instead of glass fiber saves 656 kJ per square meter per hour when
the thickness of insulation is 5 cm, and 5056 kJ per square meter when the thickness of the
insulation is 1 cm, as shown in Figure 17. The heat loss of FRABs is much lower than that
of glass wool. Using FRABs instead of glass wool is a very effective way to save energy.

Figure 17. Energy savings change with thickness by using FRAB instead of glass fiber at 600 ◦C.

Table 1. Heat loss of FRAB and glass fiber at different thicknesses at 600 ◦C.

Thickness (cm)
Heat Loss (kJ/(h·m2))

FRAB Glass Fiber

1 9430.4 14,486.4
2 5126.4 7058.4
3 3506.4 4486.4
4 2834.4 3614.4
5 2542.4 3198.4
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4. Conclusions

In this work, the performances of aerogels, glass wool, and FRABs after heat treatment
in the temperature range from RT to 600 ◦C were investigated. A heating table was designed
that could simulate the scene of the thermal insulation material in the actual working
process. The thermal insulation properties of glass wool and FRABs were investigated
considering the working environment. The main conclusions can be summarized as
follows:

(1) The thermal conductivity of aerogel first decreased and then increased with the
increase in heat treatment temperature, due to the change in the microstructure. The
hydrophobicity of the aerogel disappeared after heat treatment at 400 ◦C.

(2) The RT thermal conductivity of the glass fiber was less affected by the heat treatment
temperature under 600 ◦C. A scanning electron microscope observation showed that
the microstructure of glass fibers in FRABs remained stable after heat treatment.

(3) The effect of heat treatment on the properties of FRABs was similar to that of aerogels.
The contact of the aerogel with the fibers appeared to affect the sintering behavior of
the aerogel particles at high temperatures, which may affect the performance of FRAB
when in use.

(4) Heat losses of FRAB and glass fibers were calculated and compared in service by
using the heating table. When the working temperature is 600 ◦C and the thickness of
the insulation is 5 cm, using FRAB instead of glass fiber can save 656 kJ per square
meter per hour. Additionally, when the thickness of the insulation is 1 cm, the energy
saved per square meter per hour is 5056 kJ. Using FRAB instead of glass wool is a very
effective way to save energy.
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Abstract: The concern about coconut shell disposal and natural fine aggregate depletion has prompted
researchers to utilize coconut shell as aggregate in recent years. However, the majority of the present
literature has focused on utilizing coconut shell as a coarse aggregate replacement in concrete via
the traditional method. In this study, concrete incorporating coconut shell as a fine aggregate
replacement (10–100%) was evaluated using permeability and water absorption tests in a systematic
way. The response surface methodology (RSM) was first used to design the experimental works.
In addition, an artificial neural network (ANN) and genetic expression programming (GEP) were
also taken into account to mathematically predict the permeability and water absorption. Based on
both experimental and theoretical modeling, three scenarios were observed. In the first scenario, high
quality concrete was achieved when the replacement percentage of sand by coconut shell ranged
from 0% to 10%. This is because both the permeability and water absorption were less than 1.5 ×
10−11 m and 5%, respectively. In the second scenario, an acceptable and reasonable low permeability
(less than 2.7 × 10−11 m/s) and water absorption (less than 6.7%) were also obtained when the
replacement percentage increased up to 60%. In contrast, the high content coconut shell, such as 90%
and 100%, developed concrete with a high permeability and water absorption and was defined in
the third scenario. It was also inferred that both the experimental and mathematical models (ANN,
GEP, and RSM) have consistent and accurate results. The correlation statistics indicators (R2) were
greater than 0.94 and the error was less than 0.3, indicating a strong correlation and minimum error.
In conclusion, coconut shell could act as a good alternative material to produce cleaner concrete with
an optimum value of 50% as a fine aggregate replacement.

Keywords: waste materials; cleaner concrete; durability; coconut shell; systematic experimental
work; informational modeling

1. Introduction

Coconut shell is one of the agricultural wastes that becomes a contributor to en-
vironmental pollution [1–5]. It is grown in more than 90 countries in areas measuring
14.231 million hectares with a total copra production equivalent to 11.04 million tonnes.
Indonesia (25.63%), the Philippines (23.91%), and India (19.20%) are the major coconut-
producing countries in the world [6,7]. In 2018, it was reported that a total of 504,700 met-
ric tonnes of coconuts in Malaysia were produced in a year with a coverage plant area
of 84,600 hectares [8,9]. As a result, researchers shifted their attention to solve this problem.
Similarly, many researchers were also prompted to exploit other waste materials such as
tire rubber [10–12], coal bottom ash [13–15], and glass powder [16–18] as a replacement
of concrete aggregate. However, the target waste materials must satisfy the requirement
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of both the mechanical and durable qualities of concrete during the lifespan of concrete
structures [19–21]. Permeability and water absorption tests are important indicators of con-
crete durability that must be taken into account [22–24]. This is because high permeability
and water absorption could accelerate the deterioration of the concrete matrix. In particular,
it promotes the easy path of aggressive ions to penetrate concrete and ultimately destroy
the physical and structural integrity of concrete. For example, Shaaban and Rizzuto [25]
evaluated the air permeability of concrete incorporating waste tire extracts. The study
outcome revealed that the inoculation of 1% steel fibers and 10% crumb rubber led to the
improved air permeability of concrete exposed to oven-drying compared to that of the air-
dried specimens [26]. The improvement of permeability was attributed to pores filling due
to rubber expanding at high temperatures. Moreover, the permeability of self-compacting
concrete minimized with the addition of natural waste perlite powders (260 kg/m3) in a
study reported by El Mir and Nehme [27]. Similarly, exploiting polished granite waste as a
partial replacement of coarse aggregate exhibited a better result for both water permeability
and water absorption [28,29]. In contrast, the water permeability of concrete incorporating
waste glass as a partial replacement of sand increased owing to the development of extra
voids between cement paste and waste glass particles at the interface [30]. In the same
context, the combination of both coconut shell and fly ash as partial replacements of coarse
aggregate and cement, respectively, improved the resistance against water absorption and
permeability in a study reported by Prakash and Thenmozhi [31]. Similarly, the replace-
ment of coarse aggregate by coconut shell in self-compacting concrete exhibited positive
results up to 75% in the presence of silica fume and rice husk ash [32–34].

From another perspective, the majority of the existing literature relies on the tradi-
tional lab work, while the mathematical and systematic experimental work of concrete
containing coconut shell is still in its infancy. In this spirit, extensive theoretical research
was carried out to predict and optimize the concrete durability using response surface
methodology (RSM), artificial neural networks (ANN), and genetic expression program-
ing (GEP) in the existing literature [35–38]. Indeed, mathematical modeling is regarded
as one of the important methods not only to minimize the number of experiments but
also to carefully assess the relationship and interaction between variables. For instance,
Abbas [39] developed a non-linear model to predict and optimize the permeability of high
performance concrete incorporating silica fume and natural pozzolan. Similarly, Güneyisi
and Gesoğlu [40] improved the optimum content of metakaolin and fly ash that achieved
the best performance of chloride permeability and water absorption of concrete using the
response surface method. Moreover, the statistical algorithms method was also adopted to
predict the chloride permeability of self-compacting concrete in a study reported by Kumar
and Rai [41]. In addition, the evolved support vector regression method proved its ability
to effectively predict the permeability coefficient of pervious concrete in a study reported
by Sun and Zhang [42]. Based on the study’s findings, a high correlation coefficient (R) and
a low root-mean-square error (RMSE) were achieved indicating that the model was reliable
and efficient [43].

It can be inferred that very limited experimental research was conducted to exam-
ine the permeability and water absorption of concrete containing coconut shell as fine
aggregates. Accounting for that in this present study, and to fill the gap of the existing
literature, both experimental and mathematical modeling were considered to predict and
obtain the optimum content of coconut shell as the replacement of fine aggregate using
genetic expression programming (GEP), artificial neural networks (ANN), and response sur-
face methodology (RSM). In addition, ANOVA, error and correlation statistical validation
methods were considered to evaluate the performance of the proposed models.

2. Experimental and Informational Modeling

As shown in Figure 1, phase I dealt with determining the experimental results of the
proposed concrete in terms of water absorption and permeability. Phase II dealt with the
assessment of the theoretical analysis of the proposed concrete.
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Figure 1. Diagram of representation of empirical program.

2.1. Experiment Design

Experiment design is an optimization algorithm that involves both mathematical and
statistical procedures to analyze the interaction and relationship between the output or,
namely, the responses (dependent variables) and input or influential factors (independent
variables) [44]. In addition, the two main ideas behind the exploit of experiment design are
(1) determine a minimum number of experimental tests and (2) obtain the optimum values
of the influential factors that achieve the best performance of the target output. The central
composite design (CCD) of response surface methodology is a type of experiment design
approach that is used for optimization purpose in the present study. Indeed, CCD is
composed of three types of points including center points, 2n axial points and 2n factorial
points where n is the number of independent variables. Figure 2 shows the required
experimental tests on the basis that two independent variables were used. It is interesting
to note that the coded values +1 and −1 refer to the high and low limit of each parametrize,
while α is the distance from center of the cube which equal to 1.414 in the present study.
It should be also noted that five center points were adopted to examine and assess the
prediction error. Similarly, the number of experimental tests (Q) was found to be thirteen
using Equation (1) where m represented the number of center points [45]. Moreover,
Equation (2) was used to convert the coded values to real values where Z and Zc are the real
value of the independent value and real value of independent variables at the center point,
respectively [46]. Furthermore, L denoted the coded value of the independent variable.

Q = 2n + 2n + m (1)

L =
Z − Zc

α
(2)

Figure 2. Basic concept of experimental design use.
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A second order polynomial equation was considered to represent the permeability
of CA-based concrete. The general form of the second order polynomial equation is pre-
sented in Equation (3) [47] where βii is the quadratic coefficients, βo corresponds to intercept
of the model, and βi denotes to the linear coefficients. Furthermore, X1 and X2 represent the
input data involving CA content and time, while Y is the response (permeability and water
absorption). For the purpose of verification of the proposed equation, analysis of variance
(ANOVA) was taken into account. In particular, R2 was calculated to evaluate the closeness
between the response and real results as shown in Equation (4) where SST represents the
total sum of square error, SSE is the sum of square error based on the predicted results,
and YA denote the mean value of actual value. In addition, YP and YA are the predicted
and real values. In the same context, R2

adj. was also calculated to evaluate the effect of the
number of independent variables on the correlation between the real and predicted results
as shown in Equation (5) [48] where DF is the degree of freedom and SSR represents the
sum square of differences error between the actual and predicted values. The predicted
R2

pred. was also determined according to Equation (6) [49]. The differences between R2
pred.

and R2
adj. should be less than 0.2 to ensure that the equation has the ability to predict for

more data [50] where W refers to the estimated residual sum of square without the ith.
Meanwhile, the signal-to-noise ratio was evaluated using the adequate precision (SN) as
shown in Equation (7) in which its value should be greater than 4 [51] where σ2 denote to
the residual mean square. In addition, the p-value and F-value were also taken into account
to validate the significance of the proposed equation. The achievement of the high F-value
and p-value less than 0.005 led to the equation being considered as significant [52].

Y = βo + ∑ βiXi + ∑ βiiX2
i + ∑ βijXiXj (3)

R2 = SSE
SST

=

n
∑

i=1
(YP−YA)

2

n
∑

i=1
(YA−YA)

2

(4)

R2
adj = 1 − SSR/DFR

SST/DFT
(5)

R2
pred = 1 − W

SST
(6)

SN =
max(Yp)− min(Yp)√

pσ2

n

(7)

2.2. Preparation of Concrete Mix Design

Prior to obtaining the ingredients of the concrete mixture, the materials are first
collected and prepared to satisfy the specification. For example, the crushed granite
was exploited as coarse aggregate, while the fine aggregate was collected for the natural
sand. Both the coarse and fine aggregate met the requirement of international standard
EN 933-1:2012. Meanwhile, the ordinary Portland cement is produced (OPC). Another
crucial element in the mixing of concrete is water. Water helps to bind the cement and
aggregates to produce concrete. BS EN 1008: 2002 defines sources of water and provides
requirements as well as testing frequencies for qualifying individual or combined water
sources. Apart from that, the pH value of water is also taken into consideration. In this
research, the source of water was tap water used for water absorption and permeability
tests. Regarding coconut shell, it was collected from a local supplier in Malaysia. After
that, the CA is exposed to grinding via an impact pulverizer to achieve the suitable target
size (Figure 3a). The sieve analysis was also considered to ensure that all CA particles
passed a sieve size of 4.75 mm. In addition, a sufficient amount of CA particles passing
the sieve size of 600 μm was also checked (Figure 3b). Consequently, the Department
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of Environment (DoE) method (British Standard) was adopted to calculate the proportions
of the control concrete mixture that has strength of 30 MPa at 28 days. The obtained results
from DOE revealed that the amount of cement, water, coarse aggregate, and fine aggregate
were 435 kg, 195 L, 1251 kg/m3 and 536 kg/m3, respectively. It is interesting to note that
the CA was added as a partial replacement of fine aggregate according to the suggested
array experiment design of CCD as shown in Table 1. Rheobuild 1100 superplasticising
admixture (up to 1.2% by cement weight) was also used to acquire a slump in the range
of 100–140 mm. Table 2 exhibits the mix proportion of the proposed concrete.

Figure 3. Preparation of coconut shell: (a) chips (20 mm) and (b) fine powder.

Table 1. The required experimental run according to CCD.

Run NO. Coded Value

Real Value

CCD
Division

Replaced
Coconut
Shell (%)

Time (Days)

1 −1 −1 10 7
Factorial

points (2n)
2 1 −1 100 7
3 −1 1 10 28
4 1 1 100 28

5 1 0 100 17
Axial points

(2n)
6 −1 0 10 17
7 0 −1 55 7
8 0 1 55 28

9 0 0 55 17

Centre points
10 0 0 55 17
11 0 0 55 17
12 0 0 55 17
13 0 0 55 17
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Table 2. The actual experimental data used for ANN and GEP models.

Name of
Specimens

Percentage
of Fine

Coconut
Shell

Permeability
m/s

Water Absorption
%

7 Days 28 Days 7 Days 28 Days

FCSC10 10% 8.92 × 10−12 1.2 × 10−11 4.65 5.21
FCSC20 20% 1.37 × 10−11 1.53 × 10−11 5.12 5.48
FCSC30 30% 1.48 × 10−11 1.73 × 10−11 5.34 5.53
FCSC40 40% 1.81 × 10−11 1.96 × 10−11 5.96 6.28
FCSC50 50% 2.02 × 10−11 2.3 × 10−11 5.99 6.63
FCSC60 60% 2.17 × 10−11 2.7 × 10−11 6.37 7.28
FCSC70 70% 2.58 × 10−11 3.38 × 10−11 7.78 8.17
FCSC80 80% 3.59 × 10−11 3.56 × 10−11 8.45 8.77
FCSC90 90% 4.52 × 10−11 4.69 × 10−11 9.54 10.23

FCSC100 100% 5.47 × 10−11 6.43 × 10−11 11.63 13.85
FCS a coconut shell as partial replacement of sand, FCSC10 (10% fine aggregates replacement), FCSC100 (100%
fine aggregates replacement).

2.3. Water Absorption Test

Aiming to explore the impact and extent to which coconut shell could affect the
capillary and concrete voids, a water absorption (WA) test was carried out in compliance
with BS 1881-122:2011. Three concrete cubes with the dimension of (100 × 100 × 100) mm
were considered for each experiment run as shown in Figure 4. All cubes were tested after
28 days of curing age. Moreover, the value of water absorption was calculated using a
traditional mathematical formula as described in Equation (8) where W2 and W1 represent
the wet weight of the concrete cube and the dry weight of the concrete cube, respectively.
It is also interesting to note that the correction factor (CF) was taken into account to tackle
the sample length variation, which was in line with the study reported by Kwan and
Ramli [53].

WA =
W2 − W1

W1
× 100 × CF (8)

  

Figure 4. Water penetration tests set up: (a) water absorption and (b) water permeability.

2.4. Permeability Test

To further analyze the evolution of water transport in concrete with and without
coconut shell, a water permeability test was conducted in accordance with BS EN-12390-
8:2009. In particular, water permeability coefficients (Kw) were obtained to evaluate the
performance of concrete incorporating CA as shown in Equation (9) where d is the depth
of water penetration, T refers to time under pressure, and h represent the hydraulic head.
In addition, the porosity (v) is the function of the area of the cubes (A), water density (ρ),
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depth of penetration (d), and the differences of mass sample (m) as shown in Equation (10).
To implement the test, the concrete cubes in the dimension of (100 × 100 × 100) mm were
tested after 28 days for each experiment run. After the test arrangement was pressurized
with 5 bars for 3 days as shown in Figure 4b, the concrete cubes were split into half and the
water penetration depth measured.

Kw =
d2v
2Th

(9)

v =
m

Adρ
(10)

2.5. Prediction Model Using ANN

In recent years, extensive theoretical research was adopted to quickly analyze the
behavior of concrete properties under different influential parameters. Herein, a data-
driven model using an artificial neural network was utilized to provide a predictive
mathematical equation that is able to examine and evaluate the effect of coconut shell on
permeability as well as the absorption of concrete. Table 2 shows the collected real results
that were inserted as input data in MATLAB to develop the ANN model. In particular,
25% of the input data were used for validation purposes, while 75% were used for training.
Meanwhile, the TanH sigmoid function is taken into account as an activation function
shown in Equation (11). Moreover, three layers were used to develop the data-driven
model. The input data were inserted, weighted, and summed in the first layer, which
simulates the collecting and receiving of the information by a human brain. After that, the
input data were exposed to mathematical processes through the TanH sigmoid activated
function in the second layer or namely the hidden layer. This step is line with the human
process in which the received information is processed and converted to electrical signals.
In the third layer, namely output layer, the action is taken either to accept or reject the
output results (signal electric). In the human brain, the acceptance or rejection is dependent
on the strength of the electrical signal, while it depends on the satisfaction of statistical
indicators of the ANN model. In this study, the root average squared error (RASE) and
R2 were adopted as statistic validation indictors to verify the accuracy and strength of the
proposed equation as shown in Equations (12) and (13), respectively.

f(x) =
e2x − 1
e2x + 1

(11)

RASE =
√

SSR
n

=

√
n
∑

i=1
(YA−YP)

2

n

(12)

R2 = 1 −

n
∑

i=1
(YA − YP)

2

⎛
⎜⎝ n

∑
i=1

(YA)
2
−
(

n
∑

i=1
YA

)2

n

⎞
⎟⎠

(13)

2.6. Prediction Model Using GEP

The theoretical framework of concrete properties has become a hot trend in the sci-
entific community, specifically for civil structural engineers. Moreover, many researchers
have recognized the GEP model as a reliable and robust model. In this study, two math-
ematical equations were developed to simulate the permeability and water absorption
of CA-based concrete. As shown in Table 2, the collected input data were used to develop
the GEM model. Two independent variables were considered involving coconut shell
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content and time, while two dependent variables represent the permeability and water
absorption of concrete in the proposed GEP models separately. In addition, the GeneXpro
Tools 5.0 software was used to achieve this goal. In a similar manner to the ANN model,
the collected data were divided into groups. The first group was defined as a training step
that use 75% of the data, while 25% was related to the validation step. For validation, the
statistic indicators are divided into correlation and error statistics indicators. Regarding the
correlation statistics indicators, R and R2 were calculated to assess the relationship between
the real and predicted results as descried in Equations (14) and (15). The closer the R to
one, the strength and closeness results could be achieved. For the error statistic indicators,
four methods were taken into account involving the mean absolute error (MAE), mean root
relative squared error (RRSE), relative absolute error (RAE), and root mean square error
(RMSE) as show in Equations (14)–(19).

R2 = 1 −

n
∑

i=1
(YA − YP)

2

n
∑

i=1
(YA − YA)2

(14)

R =

√√√√√√√1 −

n
∑

i=1
(YA − YP)

2

n
∑

i=1
(YA − YA)2

(15)

MAE =
1
n

n

∑
i=1

|YA − YP| (16)

RRSE =

√√√√√√√
n
∑

i=1
(YP − YA)

2

n
∑

i=1
(YA − YA)

2
(17)

RAE =

n
∑

i=1
|YA − YP|

n
∑

i=1

∣∣∣∣YA − 1
n

n
∑

i=1
YA

∣∣∣∣
(18)

RMSE =

√
1
n

n

∑
i=1

(YA − YP)
2 (19)

3. Result and Discussion

3.1. Parametric Analysis

The evolution of water absorption and permeability of concrete under different re-
placements of fine aggregate by coconut shell were also investigated and evaluated using
both experiments and modeling involving RSM, ANN, and GEP models.

3.1.1. Water Absorption

As is well known, the water absorption (WA) of concrete is one way to assess its
durability and it is related to the movement of liquid such as water into the concrete matrix
owing to surface tension acting in the capillaries. BS 1881-122:1983 defined the WA as the
weight’s increment by absorbed water that might be occurred compared to that of the
dry concrete samples. This increment is attributed to the high pressure inside the pores
when the dry concrete samples are exposed to and submerged in water. Therefore, a
high percentage of pore volume and interconnectivity pores inside the concrete could be
indicated by the value of the water absorption of concrete samples. Less water absorption
refers to dense and high-quality concrete, while high absorption could be considered as
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a concern of concrete deterioration. An excellent water absorption of concrete could be
achieved when its value is lower than 5% according to ASTM C 642-06 [54].

In the present study, an excellent water absorption (less than 5%) was obtained when
the replacement of fine aggregate by coconut shell was 10% compared to the normal
concrete as shown in Figure 5. In the same context, it can be seen that the WA increased
with the increase in the sand replacement level through two scenarios. In the first scenario,
the increment of water absorption continued and slightly increased up to 55% of the
sand replacement percentage by coconut shell. After that, the WA has a sharp slop and
significantly increased in comparison with the normal concrete, which is defined as the
second scenario. For example, the increment of water absorption was in the range of
5.48–6.63% when the sand was replaced by the coconut shell from 20% to 50%. Such results
could indicate a good water absorption. This is in line with Mo and Thomas [55] who
highlighted that the concrete could be classified as good quality concrete if the WA is less
than 10%. Similarly, Shafigh and Nomeli [56] defined the concrete incorporating the partial
replacement of fine aggregate (37.5%) by oil palm shell as a good quality concrete due to
the reasonable value of water absorption obtained (less than 10%). Back to the second
scenario, the 100% replacement of fine aggregate by coconut shell lead to an increase in
the WA up to 13.85%, which is considered as high and not desirable water absorption.
Such an increment might be attributed to the capacity of coconut shell to absorb water
itself and create a high osmosis pressure inside the concrete matrix. Moreover, the coconut
shell is not dense compared to that of the natural aggregate, such as granite, in which it
somewhat has pores that correspond to high concrete absorption. In particular, it could
increase the chance of interconnectivity pores inside the concrete microstructure when the
higher replacement of sand by coconut shell was used.

Figure 5. Cont.
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Figure 5. Evolution of water absorption of CA-based concrete: (a) all models (b), RSM (c) GEP, and
(d) ANN model.

3.1.2. Water Permeability

Despite both the permeability and absorption of concrete being experimental indi-
cators to assess the quality of concrete in terms of water penetration, absorption tests
differ from concrete permeability tests and do not necessarily fully relate the absorption
to the permeability [57]. As is well known, the microstructure of concrete is composed
of a complex pore system, such as pores and interconnectivity pores, as well as invertible
microcracks. Both the pores and interconnectivity are attributed to the water cement ratio,
degree of compaction, and degree of hydration, while the occurrence of microcracks is
invertible due to external and internal stress such as shrinkage, bleeding, and other factors
that cause volumetric changes [58]. The pores are classified into three types according to its
size (i.e., gel pores, capillary pore, and air voids). The size of the gel pores and capillary
pores are 0.5–10 nm [59] and 50 nm–10 μm, respectively [60], whereas the size of air voids
ranges from tens of micrometers to a millimeter [61]. These pores will later connect with
each other to form an interconnectivity pore system that is considered as the main idea
behind the permeability concept. In other words, the continuity of pores, their size, and
distribution are related to the permeability. As such, it can be inferred that the permeability
of concrete is important as it negatively causes the lifespan of cement-based structures to
be exposed to water or aggressive chemical ions.

In the present study, the water permeability of control concrete without the coconut
shell was 1.1 × 10−11 m/s at 28 days, which is in a good agreement with the present
literature. For example, Cuadrado-Rica and Sebaibi [62] concluded that the range of normal
concrete permeability was 1.0 × 10−11 m/s to 5.0 × 10−11 m/s. In addition, according to
ACI standard 301-89, a high-quality concrete is obtained when the water permeability is
lower than 1.5 × 10−11 m/s. In our study, the water permeability of concrete containing 10%
of the coconut shell as a replacement of the fine aggregate was found to be 1.2 × 10−11 m/s
confirming that the concrete quality is still high when it met the specifications. In the
same context, with the increase in the coconut shell up to 60%, the water permeability
of the concrete slightly increased up to 2.7 × 10−11 m/s, which also can be considered
a low and reasonable permeability. This fact is in line with Amriou and Bencheikh [63],
who defined a low water permeability of concrete as when its value was located in the
range between 8 × 10−12 m/s and 3.2 × 10−11 m/s. This result was consistent with all the
data sets obtained from the RSM, ANN, and GEP models as shown in Figure 6a. It can be
seen that the permeability of concrete containing coconut shell up to 55% was lesser than
2 × 10−11 m/s in indicating that the concrete quality is good. After that, the slop of water
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permeability increased with the increases in coconut shell content, specifically, 90% and
100%. This result is also presented using a counter plot as shown in Figure 6b–d in which
the blue color reflects low permeability, whereas the yellow and red colors relate to high
permeability. This mean that the zone of low permeability was located between 0 and
60% of coconut shell replacement, while the incorporation of high content coconut shell
(more than 60%) would weaken the resistance of the concrete permeability. In addition,
it might be attributed to the increment of pores and interconnectivity pores of concrete
incorporating the high content of coconut shell.

 

 

(a) 

Figure 6. Evolution of water permeability of CA-based concrete: (a) all models, (b) RSM, (c) GEP,
and (d) ANN model.

3.2. Informational Modeling Using RSM

The evolution of the water permeability and absorption of CA-based concrete were
estimated and evaluated using quadratic equations as shown in Table 3. It can be seen
that both equations are functions of time and coconut shell content. Based on the ANOVA
results, both the permeability and water absorption equations were found to be significant
in which the F-values were 384.41 and 300.17, while the p-values were 0.0026 and 0.0033,
respectively. This is consistent with the previous studies that determined that the model
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could be considered as significant if the p-value is lesser than 0.005 and F-value is high [64].
The accuracies of both equations were also tested using RMSE. It was found that the value
of the RMSE is minimum, specifically the RMSE value of WA and WP were 0.1492 and
8.2 × 10−13, indicating that the model was able to estimate accurate results. This fact
is in line with Algaifi and Alqarni [65] who used RMSE to prove the adequacy of the
predicted equation of bacterial concrete strength. Based on their outcomes, the RSME
was 2.04, confirming that the predicted and actual results were close and accurate. In the
same contest, R2 proved the closeness and correlation between the predicted and actual
results in which the value of R2 was high. According to Huseien and Sam [66], a good
correlation could be obtained when R2 is greater than 0.7. Herein, the R2 value of WA and
WP were 0.9993 and 0.9995, thus highlighting that the predicted results were acceptable.
In addition, the capability of these quadratic equations to accurately predict further data
was also proved using R2

predicted and R2
adj. In particular, it was found that the differences

between the R2
predicted and R2

adj were less than 0.2. This fact is in good agreement with
the existing literature. For example, Jitendra and Khed [67] developed an RSM model to
predict and optimize the water absorption, chloride ions penetration, and compressive
strength of concrete blocks containing foundry sand and fly ash as partial replacements
of natural sand and cement, respectively. The outcome of their study revealed that the
model was reliable and could be used for further prediction. This is because a reasonable
difference (less than 0.2) between R2

predicted and R2
adj was achieved for all data sets.

Table 3. Verification of the permeability and water absorption equations (RSM model).

Item Second Polynomial Equations and the Involved Statistics Parameters

Water
Permeability

(WP)

R2 = 0.999 R2
adj =0.9964

R2
predicted
0.9813

Adeq.
Precision

44.47

RMSE
8.2 × 10−13

WP = 10E − 12
(
0.219 + 0.24d0 + 2.78d1 + 1.63d0d1 + 0.12d2

0 + 0.1d2
1
)

Water
Absorption

(WA)

R2 = 0.9987 R2
adj =0.9953

R2
predicted
0.976

Adeq.
Precision

40.757

RMSE
0.1492

WA = 6.21 + 3.88d0 + 0.59d1 + 0.42d0d1 + 2.27d2
0 + 0.355d2

1

For the same regards, the significance of each parameter involving time and coconut
shell on the permeability and water absorption of concrete was investigated and evaluated.
It can be inferred that the coconut shell content has three scenarios in terms of slop gradient
as shown in Figure 7a,b. In the first scenario, the line is almost horizontal indicating that
the there is no effect. This is because the replacement percentage of CA is still low (less
than 25%). After that, the line slop started to increase up with the increase in the CA content
up to 50% which was classified and defined in the second scenario. In the third scenario,
a sharp slop was observed indicating that the CA content (higher than 50) has a great
significance on both the water absorption and permeability. In particular, with the increase
in coconut shell content, both the permeability and water absorption were also increased.
This fact is also confirmed by ANOVA in which the p-value of the coconut shell content
was 0.0007 and 0.0006 based on the water absorption and permeability, respectively, while
the F-value of CA was 1352.83 and 1787.27.
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Figure 7. Significance of the involved influential parameters on: (a) water absorption and (b) permeability.

Moreover, the desirability functions were also used to optimize the optimum value
of coconut shell content in CA-based concrete. Equation (19) represents the general mathe-
matical form for the optimization purpose using RSM. Herein, the optimization equation
is a function of two independent variables involving time and CA content. It was found
that 78 solutions were obtained using the optimization equation. In addition, the optimal
content of the CA content was considered as 53% in the present study as shown in Figure 8a.
This is because, beyond this value, the increment of water absorption and permeability
greatly increased. This fact is also in line with the illustrated results in Figure 8b,c. For
example, two different slops were recorded. In the first slop, the increment of WA and
WP of concrete incorporating CA up to 55% was reasonable and almost acceptable, while
the high replacement percentage of CA (greater than 55%) significantly increased the WA
and WP. This is also consistent with BS 1881-122 (2011) in which a good quality concrete
could be considered when the concrete absorption is lower than 10%. The second reason
to consider 53% as an optimum value is that a significant reduction on the mechanical
properties of concrete was recorded when the CA content is greater than 53%, which was
explained and discussed in our previous published paper. From another point of view,
our attention focused to produce normal concrete incorporating CA. Beyond 53% of the
CA, the concrete could be classified as lightweight concrete in which its density was lower
than 2240 kg/m3. This fact is line with Khoshkenari and Shafigh [68] and Nowak and
Rakoczy [69], who demonstrated that the density of lightweight concrete has a density in
the range of 1440–1840 kg/m3, while the density of ordinary or normal concrete is in the
range between 2240 and 2400 kg/m3. Herein, the concrete density is divided into two zones
as shown in Figure 8d. The first zone represents the normal concrete that has a density
greater than 2240 kg/m, while the second zone represent the lightweight concrete that has
a lower a density.
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Figure 8. Optimization of coconut shell: (a) desirability functions, (b) predicted WA evolution, (c)
predicted WP evolution, and (d) CA-based density evolution.
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3.3. Informational Modeling Using GEP and AMM

The evolution of water absorption and permeability were also theoretically predicted
using GEP. As shown in Figure 9a,b, the WA and WP equations were first developed and
expressed using structural trees, respectively. It can be seen that each equation has one
chromosome that, in turn, composed of one gene involving (/, +, Sqrt, Avg. and constants
(co)). The structural tree was later converted into a mathematical expression using the
Karva language.

 

Figure 9. Structural tree of the predicated behavior of CA-based concrete: (a) water absorption and
(b) water permeability.

The accuracy and reliability of the predicted GEP equations were also examined and
assessed using both correlation and error statistics validations methods. It was found
that the differences between actual and estimated results were found to be minimum and
acceptable. According to Ali Khan and Zafar [70], the accuracy of the predicted equation
of geopolymer concrete was proved using RMSE and MAE values lower than 5.971 and
5.832 for both training and validation. Herein, the values of RMSE and MAE were less
than 1.037 for both WA and WP equations, indicating that the predicted GEP results could
be considered as accurate and reliable. Similar trends were also observed using an ANN
model. It was found that the RSME value of WA and WP of CA-based concrete was
lower than 0.4447 for both training and validation data as shown in Table 4. Such results
confirmed that both ANN and GEP equations could be used for further prediction with
less errors. In the same context, high correlation and closeness between the actual and
predicted results were obtained for both ANN and GE models. Based on Alabduljabbar
and Huseien [71], the good correlation between the predicted and actual results of the
alkali activated concrete’s compressive strength were obtained using R2 values of 0.991 and
0 and 9878 for training and validation. This outcome was similar to the present findings.
In particular, the value of R2 of the proposed water permeability equation using GEP
and ANN were 0.9519 and 0.9719 for training, while its value was higher than 0.967 for
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validation. These positive results are almost in line with the findings from the predicted
equation of water absorption using ANN and GEP. In particular, the R2 were higher than
0.856 for both training and validations. As such, it can be inferred that both GEP and ANN
models showed its ability to predict with high correlation and minimum error.

Table 4. The developed ANN and GEP equations and their performance.

Model Item Mathematical Equation and Related Statistics Validation Parameters

GEP

WA
Training MAE = 0.817 RMSE = 1.037 R = 0.925 R2 = 0.856

Validation MAE = 0.848 RMSE = 0.959 R = 0.982 R2 = 0.964

WA = 2
√

d1+d0+c1
−2d1d−1

0 +c2+c0

WP
Training MAE = 2.73 ×

10−12
RMSE = 3.2 ×

10−12 R = 0.9756 R2 = 0.9519

Validation MAE = 2.6 ×
10−12

RMSE = 2.8 ×
10−12 R = 0.995 R2 = 0.991

WP = 10−12 ×
(

0.5 3
√

d2
1 + d1 − d0 + 0.5EXP

(
3
√

d0
))

ANN

WA
Training MAE = 0.32 RMSE = 0.4447 R = 0.979 R2 = 0.9598

Validation MAE = 0.123 RMSE = 0.221 R = 0.983 R2 = 0.967

WA = 10.16 − 5.15TanH(0.5(4.91 − 0.05d0 − 0.019d1))

WP
Training MAE = 2.0 ×

10−12
RMSE = 2.4 ×

10−12 R = 0.985 R2 = 0.9719

Validation MAE = 6 ×
10−13

RMSE = 7 ×
10−13 R = 0.99 R2 = 0.9981

WP = 10−12 × (45.9 − 33.7TanH(0.5(4.91 − 0.05d0 − 0.019d1)))

4. Conclusions

In recent years, the utilization of waste agricultural material as an alternative of ag-
gregate in concrete was rapidly increased in order to address the environmental problems.
In the present study, coconut shell was taken into account as a replacement of fine aggregate.
Both the permeability and water absorption of CA-based concrete tests were assessed in
a systematic way using RSM, ANN and GEP models. It can be concluded that utilizing
coconut shell as a fine aggregate is helpful to address environmental problems, however,
our work was focused on conventional concrete. Pozzolanic-based material such as fly ash
could be very useful to enhance and produce CA-concrete. In addition, further study is
encouraged to assess the thermal conductivity of concrete using coconut shell.

In the same context, based on the experimental and predicted results, it can be con-
cluded that:

1. All mathematical models of RSM, ANN, and GEP proved their ability to evaluate
the behavior of CA-based concrete, in which the predicted data and the actual data
were consistent.

2. Based on ANN, GEP, and RSM models, the replacement percentage of fine aggregate
by coconut shell up to 50% produce a good quality concrete in which the permeability
and water absorption were less than 2.7 × 10−11 m/s and 5%, receptively.

3. The ANN, RSM, and GEP also revealed that the high replacement of fine aggre-
gate by coconut shell produced a concrete with high permeability (greater than
4.5 × 10−11 m/s) and high water absorption (greater than 10%).
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Abstract: Stabilizing the quality of industrial product materials remains a challenge. This applies
mainly to new or significantly modified materials. It also refers to special processes. The tests of
product quality can stabilize the quality of industrial product materials. The popular method for
this is using the non-destructive testing (NDT). The NDT identifies incompatibility but does not
determine the cause of its occurrence. Hence, it was necessary to support the process of identifying
causes of incompatibilities in products. The purpose of the article was to develop a model based on a
new approach to determine the ranking of actions that are possible as part of the process of stabilizing
the quality of industrial products. The model was developed to improve quality through sequential
and systematic methods of identification (and reduce) and incompatibility. The quality management
techniques and decision method were applied and combined in this model, i.e., SMART(-ER) the
method, method of selecting a team of experts, brainstorming (BM), Ishikawa diagram with the 5M
rule, Likert scale validation technique, arithmetic average, and Grey Relational Analysis (GRA). The
test of this model was carried out to find cracks in the outer hull of 418 alloy four-point bearing
(CPW-S 5616), which was identified by NDT (magnetic-powder method). As a result, a ranking of
activities was obtained to stabilize the quality of the product and the main cause of incompatibility
was indicated, i.e., the cause which can influence to the most degree influence on occurrence the
incompatibility. The originality of the proposed model is an application in the right order of specially
selected and combined qualitative methods and supporting decision methods. The finding of causes
of incompatibility of products is the basis of product improvement in the area of stabilizing the
quality of materials, mainly by the occurrence of special processes. The universality of the model
refers to the possibility of its application for any material, processes of its formation, and processes of
products, and any incompatibilities where the model can be integrated with quality control.

Keywords: grey relational analysis; Ishikawa diagram; multi-criteria decision methods; quality
management tools; production engineering; mechanical engineering

1. Introduction

The special processes of materials are difficult to stabilize. Special processes are
realized based on the validated process (method or algorithm). The identification and
removal of these incompatibilities improve manufacturing quality or a quality of the pro-
cesses as the method. The research of the quality of materials and products is mainly
non-destructive testing [1]. However, this research does not determine the causes of in-
compatibility. Therefore, it is necessary to take future actions which rely on determining
the causes of these incompatibilities [2–4]. In the process of achieving high quality of
products [5], it is necessary to identify and eliminate possible incompatibilities of prod-
ucts [6,7]. It refers to determining the main causes of the problem in a precise way to
carry out adequate improvement actions [8,9]. The right analysis of the quality of products
and the implementation of supporting actions to reduce incompatibilities also contribute
to stabilizing the production process [10,11]. Furthermore, it is possible to repeat results
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under industrial conditions [5,12,13]. Despite that, achieving stable production is still
problematic [14,15]. The initial production series is carried out mainly in the case of new
products or significantly modified [16].

The literature review shows that to verify incompatibilities of industrial products, the
most frequently used methods were brainstorming (BM), Ishikawa diagram [17], Pareto-
Lorenz [18], and the 5Why method [19]. The Ishikawa diagram and the Pareto-Lorenz
diagram were used to verify the causes of incompatibility of industrial products [18–21].
For example, in study [18], the structure of the pulley defects was assessed, where the
Pareto diagram was used to identify the most important incompatibilities, and the Ishikawa
diagram was used to determine the causes of these incompatibilities. In turn, the study [22]
presented a combination of methods, i.e., the Ishikawa diagram and Pareto analysis, to
reduce defects of capacitors. Firstly, all defects were verified by causes and effects diagrams,
and then the most important defects were identified by Pareto analysis. In a similar
way, the authors of the study [19] analyzed the laser cutting process, where the 5Why
method was used to verify the main causes of incompatibility in this process. However,
in study [20], the general purpose technological analysis (GPT) was verified using the
Ishikawa diagram. The universalmodel was carried out by authors of study [12], in which
quality management tools were combined, that is, the SMART (-ER) method, the method of
selecting a team of experts, brainstorming (BM), Ishikawa diagram, and the 5Why method.
The model was carried out by mechanical seal from 410 alloy. Another example is in this
study [21], in which the Ishikawa diagram was applied to analyze the causes of errors
in assessment accuracy in part of the construction of the machine. The authors of this
study presented another approach to the analysis of the incompatibility of the product [23],
where the incompatibility of metal inclusions in the product from AMS6514 alloy was
verified. The techniques were combined, i.e., brainstorming, Ishikawa diagram, and
DEMATEL method. The idea was to verify cause-and-effects relations of incompatibility
of product. In the study [24], the method was tested that was a combination technique,
that is, brainstorming the Ishikawa diagram and the DEMATEL method. The purpose
was to develop combination methods to verify complex cause-and-effect problems. These
problems refer to the quality of products. The number of causes of these incompatibilities
was large. These methods were shown in the study [25–27], where the techniques were
combined: brainstorming (BM), cause and effect diagram, FAHP method (Fuzzy Analytic
Hierarchy Process), and 5Why method (Why-Why method). The idea of this combination
was to reduce inconsistencies and uncertainties in the expert team, where these evaluations
refer to a large number of causes of product incompatibility. In turn, in this study [28],
practical examples of using the basic quality tools (7QC tools) were analyzed. Other causes
were shown in the study [29], in which there were analysis groups (categories) of the
causes of problem according to the Ishikawa rule (5M+E). This tool was combined with the
FTOPSIS method (Fuzzy Technique for Order Preference by Similarity to Ideal Solution)
and the FAHP method. The test method was carried out to determine cracks in the pin
connecting discs in the engine gear when grinding. The purpose of this combination was
to verify the causes of various types of incompatibility of products.

It was concluded that quality management tools were used to verify the incompat-
ibilities of industrial products, e.g., [12,18,21]. Their applications include verifying the
potential causes of incompatibilities and determining the main causes [22,23]. Despite
that, these analyses were not a destination of sequential reducing causes of incompatibility
by its importance, i.e., determining the impact (importance) of these causes on occurring
incompatibility. Therefore, these studies include a gap in the lack of methods that are
applied to create a ranking of causes of incompatibility, where this ranking would allow for
ranking actions that support the stabilization of product quality. Therefore, the objective of
the article was to develop a new model that supports the stabilization quality of industrial
products. During the development of this model, the hypothesis was assumed:
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Hypothesis 1 (H1). It is possible to support the stability quality of materials, processes of their
formation and industrial products by determining the ranking of causes that have an impact on the
incompatibility of the product; it is realized by determining all potential causes and then by their
sequential and constructive reduction to reduce the main causes.

The purpose of the study is to develop a model based on a new approach to determine
the ranking of actions that can be taken as part of the process of stabilizing the quality
of industrial products. It refers to the sequential and coherent analysis of the causes of
problems with the quality of products, where the analysis can be realized even for four
causes of incompatibility. It means that it is possible to analyze a small number of causes
of incompatibility, where according to the GRA method, the minimum number of causes
is equal to 4. However, the maximum number of causes of incompatibility for analysis
is unlimited. Moreover, it is possible to reduce the causes of the problem from potential
causes to the most important causes, which possibly have the largest degree of influence
on the occurrence of the problem.

The model has a universal character. However, in view of the specificity of special
processes occurring in the mechanical industry, it seems adequate to realize the initial test,
for example, for the casting process. That resulted from a review of the literature on the
subject [18–21,24,26,29], after which it was proved that the most frequent errors occur due
to foundry processes. Therefore, the modeling was tested for cracks in the outer hull of the
four-point bearing of alloy 418 (CPW-S 5616). This incompatibility was identified in the
Polish company by non-destructive testing (magnetic powder method).

2. Model

2.1. Concept of Model

The concept of the model refers to the verification of incompatibility of industrial
products, where efforts were made on systematic verification of incompatibilities as part of
continuous improvement of products. The idea was to support the production process of
products, i.e., mainly new products or modified products for which often the trial (initial)
production series are realized. The main purpose of the model was to determine the ranking
of actions that stabilize the quality of products. The general concept of the model is shown
in Figure 1.

Figure 1. General concept of model.

The model was developed as a modified method and suited to the specification of
searching for the importance of incompatibilities in industrial products. The mentioned
support was a destination in the process of identification of incompatibility causes and
their importance in determining the main causes of the problem, after which it is possible
to make the right improvement actions. It refers to verification of all potential causes of
incompatibility, their sequential analysis, and reducing to identify the main causes (i.e.,
having the most impact on the emergence of noncompliance). After determining the main
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causes of incompatibility, adequate improving actions are determined, i.e., actions which
can reduce or mostly reduce incompatibility.

The originality of the model is the possibility to analyze, in sequential and coherent
ways, the causes of incompatibilities of the product, where the number of these incompat-
ibilities can be equal even to 4. Moreover, it is possible to reduce causes from potential
causes to the most important causes, where this process is supported by a calculation
process and a simple but simultaneously effective GRA method. Additionally, the model
combines techniques: teamwork, visualization, and calculation methods, which support
and realize each step of the model to identify the main cause (root) of problems.

2.2. Conditions and Justification for Choice of Methods for Model

The concept of the model is based on the integration of selected instruments of quality
management and decision support methods in a fuzzy decision-making environment.
These techniques were: SMART(-ER) method [30], method of choice of the team of ex-
perts [12,31], brainstorming (BM) [32,33], Ishikawa diagram (causes and effects) with the
5M rule [6–9], the technique of importance in Liker scale [5,7], average arithmetic, and Grey
Relational Analysis (GRA) [34–39].

Firstly, the purpose of the analysis is determined. The purpose is determined by the
SMART(-ER) method (S—specific, M—measurable, A—achievable, R—relevant or realistic
or reward, T—based on timeline or timebound, E—exciting or evaluated, R—recorded or
reward) [30].

Next, the team of experts is selected. The team is selected according to the method
shown in the study [12,31]. The idea was to achieve an effective analysis of a problem by
the team of experts. Therefore, the expert team should have knowledge and experience in
the analysis of incompatibility and the ability to solve the problem. The appropriate choice
of the team of experts has an impact on achieving the objective, as shown in the study [9].

Next, brainstorming (BM) is realized among a team of experts. The BM method
allows for coherent and effective verification of any kind of problem that requires in-depth
analysis [32,33]. This method is used in all stages of the proposed model, for example,
to identify the potential causes of incompatibility (i.e., the causes which probably cause
incompatibility of product). To determine these causes, it is necessary to answer the
question “What has happened that this incompatibility occurred?”.

Next, all causes are grouped according to the 5M rule (man, method, machine,
material, and management). This rule is preferred to analyze the quality of industrial
products [19,20]. The 5M is used in the Ishikawa diagram to group the causes of the
problem. The aim of 5M is the simple visualization of the causes of incompatibility of prod-
ucts [21]. Therefore, the team of experts needs to understand each of the causes generated
during brainstorming (BM).

Then, the team of experts determines the weights of incompatibility causes, i.e., the
impact of these causes on the occurrence of incompatibility. This is achieved as part of
the next part of brainstorming (BM) and by using the technique with the Likert scale to
determine the importance of causes [5,7]. According to these assessments, the second-order
causes of incompatibility are determined, that is, the ones that have the most impact on
the occurring incompatibility from all potential causes. It refers to the estimate of the
weights of causes according to arithmetic average from assessments of potential causes.
The presentation of the weights of causes as average values of the assessments of the team
of experts resulted from the need to combine all the evaluations as a single value. It is
difficult and not precise to compare the causes when they are marked by a large number of
different assessments.

Later, in a combined way techniques are used such as brainstorming (BM), importance
technique with Likert scale, and GRA method. The purpose is to determine the main causes,
i.e., having the maximum weight, the most impact on incompatibility. The GRA method
has application for a small number of data (that is, even 4 data), where it is a common
phenomenon during the analysis of causes of incompatibility [38,39].
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2.3. Model Assumptions and Conditions Ensuring Its Novelty

The assumptions of the model were made after making the concept of the model and
determining the conditions of the selected techniques. Moreover, these assumptions have
resulted from literature review, e.g.:

• a lack of limitations for the number of potential causes [2,19];
• the minimum number of potential causes determined for a single category (5M) in the

Ishikawa diagram is equal to 4 causes [36,37,39];
• the minimum number of all second-order causes in the Ishikawa diagram should be

equal to 4 causes [34,35,39];
• Second-order causes are causes having the greatest impact on incompatibility of all

potential causes [12,38];
• the main causes are the causes that have the most impact on incompatibility from all

second-order causes [20,23];
• the causes of potential incompatibility may or may not be of equal importance to each

other, i.e., they may have the same or different influence (severity) on the occurrence
of incompatibility [12,39];

• verification of the impact of causes on occurred the incompatibility is supported by the
process of importance of causes on the Likert scale by selected teams of experts [12,38].

These assumptions were detailed in stages of model, which was characterized in
the next part of the study. The novelty of the model is possibilities of its application for
any product, e.g., the new production process (new products) or a significantly modified
product, where this production is not stable, for example, starting a trial (initial) series.
Additionally, the model has applications for any kind of incompatibilities identified as
part of special processes. Therefore, the model can be used for any entity (e.g., production
enterprise). Furthermore, the model can be integrated with any quality control after
which incompatibility was identified [12]. The novelty of the model resulted from the
character of the implemented quality management tools and decision methods, e.g., the
possibilities to analyze even four incompatibilities [34,35]. Therefore, the model can be
used as part of continually improving products, and for the sustainable development of
industrial products.

2.4. Characteristics of Model

The purpose of the proposed model is to support the stabilization of the quality of
industrial products. The model was developed in eight main stages, as shown in Figure 2.

Detailed characteristics of the model stages are presented in the next part of the study.

Stage 1. Determine the main incompatibility and purpose of the analysis

The incompatibility to analyze should be the main incompatibility, i.e., incompatibility
which is the most often occurring in the enterprise and has the biggest cost or affected waste
of resources. This incompatibility is determined according to the control sheet or using
Pareto analysis [18]. Then, for the chosen incompatibility, the purpose of the analysis is
determined. The SMART(-ER) method is used for that [30]. The purpose is determined by
the entity, e.g., an expert (for example, a quality control manager or a company owner). The
incompatibility should be characterized by considering, e.g., the type of incompatibility, the
product in which this incompatibility was identified, and the number of incompatibilities.
This information about incompatibility is often available in the catalogue (specification)
of incompatibility.

Stage 2. Choice of the team of experts

The purpose of choosing a team of experts is to determine the people responsible for
executing the model and achieving the purpose of the model. This incompatibility of the
product (selected at stage 1) should be analyzed by the expert team to precisely determine
the main cause of this incompatibility. Therefore, the expert team should have knowledge
and experience in the analysis of incompatibility and the ability to solve the problem. The
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appropriate choice of the team of experts has an impact on achieving the objective, as
shown in the study [9]. The team of experts should be chosen according to the method
shown in the study, i.e., [12,31].

Figure 2. Model supporting stabilization quality of industrial products.
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Stage 3. Determine the root cause

Determining the root cause refers to determining the incompatibility at the place of
occurrence. To determine the root cause brainstorming (BM), it is used, which is shown
among the team of experts. The Pareto rule (20/80) can be used for a large number of root
causes, as shown in the study [18,20].

Stage 4. Identify the potential causes

Identification of potential causes (initial causes) includes determining causes that
could have an impact on occurring incompatibility. At this stage, all potential causes are
determined. Their impact (weight) on the incompatibility will be determined in the next
stage of the model. To determine these causes, it is necessary to answer the question:
“What has happened that this incompatibility occurred?”. To identify potential causes,
brainstorming is conducted among the team of experts. The brainstorming is carried out
according to the method, which is shown in the study, e.g., [32,33]. It is necessary to
generate (indication) all potential causes based on the root of the incompatibility (from
stage 3). All potential causes are noted in a place visible to the team, e.g., a blackboard.
The BM should end after about 30 min. The result of this stage is the highest number of
potential causes of incompatibility.

Stage 5. Verify the potential causes

At this stage, verification of all potential causes is done. The purpose of this stage is to
determine the potential causes, which could have an impact on the occurred incompatibility,
and then show these causes in a standardized way. The result of this stage is the Ishikawa
diagram for potential (initial) causes, which are grouped according to the 5M rule [18,19,21].
At this stage, all potential causes have the same weights, i.e., impact into incompatibility.

Step 5.1. Reduction of unreal causes

Firstly, it is necessary to delete potential causes which are unreal, i.e., that probably do
not have an impact on incompatibility. For this purpose, the leader analyzes all potential
causes (generated on stage 4) and, from among them, removes unreal causes.

Step 5.2. Grouping potential causes

Potential causes are grouped according to their categories. It was assumed to use the
5M rule, i.e., man, method, machine, materials, and management. However, it is possible
to use any category which will be adequate for determining potential causes, for example,
personnel measurement, environment. Brainstorming is used to group these causes, which
is done among the selected team of experts. In turn, the Ishikawa diagram is used to group
potential causes [18,19]. Next, for each category (5M), it is necessary to note appropriate
potential causes. According to the concept of the model, in the Ishikawa diagram, it is
necessary to note a minimum of four potential causes in each category of 5M [35,37].

Stage 6. Determine the second-order causes

At this stage, the weights (importance) of the potential causes were determined. It
refers to determining the impact (importance) of these causes on incompatibility. Therefore,
it is determined which potential causes could have the most likely to cause the incompati-
bility. Determining second-order causes relies on analyzing potential causes in each group
of these causes (i.e., 5M) and determining their importance (impact) on the occurrence of
the incompatibilities. For this purpose, it is necessary to use, in a combined way, brain-
storming (BM), Likert scale, and arithmetic average from weight assessment. As a result,
the ranking of potential causes is obtained, where the maximum weight in each group of
5M is the second-order cause. The team of experts assesses potential causes, i.e., determines
importance (weight) of the impact of potential causes of incompatibility. In this aim, the
brainstorming is carried out during which a team of experts assesses causes on the Likert
scale [5,7], where 1—the cause has little influence on incompatibility (low importance),
5—the cause significantly influences the occurrence of incompatibility (high importance).
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All potential causes shown on the Ishikawa diagram (from the 5 stage) should be assessed.
The assessments are noted directly on the Ishikawa diagram by potential causes. The as-
sessments are noted directly on the Ishikawa diagram by potential causes. After assessing
all potential causes, it is necessary to estimate the weights of these causes. The arithmetic
averages of all assessments of the weights are calculated (1):

wi =
∑n

i=1 wi

n
(1)

where: w—weight i-th potential cause, n—number of evaluates for i-th potential cause.
Second-order causes are chosen on the average weights of potential causes. It is

necessary to choose a single cause in each group of causes (i.e., from each of 5M groups). It
is a cause that has a maximum average weight value. It is useful to note these causes in the
Ishikawa diagram. The second-order causes are verified in the next stage of the model.

Stage 7. Identify the main causes

At this stage, second-order causes are verified. The purpose is to identify the main
causes, i.e., causes that have the most impact on the occurrence of incompatibility. It
refers to reverifying second-order causes. Hence, these causes are verified simultaneously
(without including their groups). In this purpose, it was assumed to be used in a combined
way: brainstorming (BM) [40,41], Likert scale [5,7], and GRA method [35,38]. As a result,
the second-order causes are achieved, where the maximum weight is the main cause. If
some second-order causes will have the same weight, these causes are considered equally
important. It is shown in three steps.

Step 7.1. Importance of second-order causes

The team of experts assess second-order causes, i.e., determines importance (weight)
impact of causes on the occurrence of incompatibility. In this aim, the brainstorming is
carried out during which a team of experts assess causes on the Likert scale [5,7], where 1—
the cause has little influence on incompatibility (low importance), 5—the cause significantly
influences the occurrence of incompatibility (high importance).

Step 7.2. Analysis of weight assessments of second-order causes

Based on weight assessments of second-order causes, it is necessary to verify their
importance. The GRA method is used for this [37,38,42,43]. The choice of the GRA method
resulted from its application to supporting decisions in the fuzzy (uncertain) area [34,35],
where it is adequate to verify the importance of causes of incompatibility causes (deter-
mined subjectively by team of experts [36,37]. Furthermore, the GRA method has appli-
cation for a small number of data (i.e., even 4 data), where it is a common phenomenon
during analysis of causes of incompatibility [38,39], except that it conditioned versatility
of the proposed model, where it is possible to verify both a large and a small number of
causes. Ultimately, it is possible to determine adequate improvement actions. The method
is shown in four steps. The result of this stage is weights of second-order causes.

Step 7.2.1. Create the matrix of assessments

First, the matrix is created, i.e., M = m × n, where m—alternative (that is, group of
causes), n—criterion (that is, cause). This matrix should be filled with weights of second-
order causes [34,35].

Step 7.2.2. Normalization of assessment of weight of incompatibility causes

Then, it is necessary to process (normalize) the weights of causes to achieve assess-
ments in the range from 0 to 1. According to the concept of a model, it was assumed that
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“the higher the rating, the greater the impact of the cause on the incompatibility”. Therefore,
according to the GRA method, Formula (2) is used [34,37]:

x∗i (k) =
x(O)

i (k)− min x(O)
i (k)

max x(O)
i (k)− min x(O)

i (k)
(2)

It was assumed that x(O)
0 (k) and x(O)

i (k) are appropriately original and comparable
sequence; i = 1, 2, . . . , m; k = 1, 2, . . . , n; and m—alternative (i.e., group of causes),
n—criterion (i.e., cause) [3,43].

Step 7.2.3. Calculate the relational Grey coefficient

On the basis of normalized sequences, the relational Grey coefficient is calculated.
Formula (3) is used for that [36,37]:

γ[x∗0(k), x∗i (k)] =
Δmin + ξΔmax

Δ0i(k) + ξΔmax
, and 0 < γ[x∗0(k), x∗i (k)] ≤ 1 (3)

where: Δ0i(k) represents a sequence of variations between the original sequence x∗0(k) and
comparison sequence x∗i (k), which is calculated from Formula (4) [39]:

Δ0i(k) = |x∗0(k)− x∗i (k)| (4)

Similarly, the largest (5) and the smallest (6) deviations are calculated [34–36]:

Δmax = max
∀j∈i

max
∀k

∣∣∣x∗0(k)− x∗j (k)
∣∣∣ (5)

Δmin = min
∀j∈i

min
∀k

∣∣∣x∗0(k)− x∗j (k)
∣∣∣ (6)

In turn, the factor ξ from Formula (3) has values [0,1]. Most often, it is assumed that
ξ = 0.5 [35,38].

Step 7.2.4. Determining Grey Relational Assessments

The relationship assessment of Grey is the weighted sum of Grey’s coefficients, as
shown in Formula (7) [36]:

γ(x∗0 , x∗i ) =
n

∑
k=i

βkγ[x∗0(k), x∗i (k)] (7)

where: γ
(

x∗0 , x∗i
)
, tj. a grey relational score that shows the level of correlation between the

original sequence and the comparable sequence, as if they were identical.
A correctly defined grey relational score should be 1 (8) [34,40]:

n

∑
k=1

βk = 1 (8)

As a result, on the basis of the GRA results, it is possible to determine the degree of
influence of the second-order causes on the occurrence of incompatibility. This is shown in
the next step of the model.

Step 7.3. Choice of main cause

Based on calculated values, it is possible to choose the main cause which has the
largest impact on incompatibility. It is the cause that has the maximum value according to
the GRA method [36]. It is useful to mark this cause in the Ishikawa diagram.
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Stage 8. Creating a ranking of actions as part of stabilizing the quality of the product

This stage relies on ordering the weight values of second-order causes (estimated in
Step 7.2). The cause with the maximum GRA value is the main cause (the first position
in the ranking). The lower the value of GRA, the lower the cause is. According to the
rules for continuous improvement of products [2–4], in the first position, it is necessary
to propose improvement actions for the main cause. Following the authors of [18], elim-
inating the root cause in the first place can ensure that the incompatibility is reduced or
eliminated with a certain probability. After improvement actions, it is necessary to verify
their efficiency [40,41]. Then, it is possible to take actions for other incompatibilities of
ranking. For that, it is necessary to use the sequence developed in the proposed model.
Actions implemented in this way (in a repeatable and sequential manner) will help stabilize
the quality of the product as part of the continuous improvement process.

3. Test of Model

The model was tested for cracks on the outer hull of the 418 alloy four-point bearing
(CPW-S 5616), which were identified relatively often in the Polish company. The Polish
industry was chosen because the foundry industry is the most developed in Poland. Ad-
ditionally, in the foundry industry, special processes are the most needed, as shown in
the studies [18–21,24,26,29]. Cracks occur as a result of the loss of ductility of the mate-
rial (i.e., exceed the tensile strength). In enterprises, the methods supporting accurate
determination are the main causes of incompatibility. So far, the bearing verification of
the incompatibility has been based mainly on the experience and decisions of the quality
manager. The choice of the outer hull of the 418 alloy four-point bearing was based on
the individual needs of the enterprise. The incompatibilities of this product were verified
relatively often, and the main causes of its occurrence were not precisely identified. In
addition, in the general approach, the four-point bearing is popular and often used, for
example, in the engineering industry. Therefore, the results obtained for this product can
be useful in different applications. For this reason, it was considered justified to propose a
model that supports the stabilization of the quality of this product.

Stage 1. Determine the main incompatibility and purpose of the analysis

The main incompatibility was a crack in the outer hull of 418 alloy four-point bearing
(CPW-S 5616). This incompatibility was identified by non-destructive tests (magnetic
powder method), as shown in this study [2]. The crack was a flat incompatibility, where
stresses occur at the ends of it. As a result, a notch will form, causing the crack to develop
further [42]. The example of the crack in the outer hull is shown in Figure 3.

 

Figure 3. Crack on the outer hull of four-point bearing.

The outer hull of the four-point bearing was specially designed for oil-free screw
compressors. They have a high-strength outer cage ring and can be operated accurately.
These products can reach high speeds under high operating temperatures and high loads.
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In addition, they provide reduced heat, vibration, and noise generation. The outer four-
point bearing hull is used, among others, mounted on the trunnion of the first rotor disc of
the compressor [43,44].

The outer hull of bearing was made as forging from 418 (CPW-S 5616) alloy. It is
an alloy of modification with higher strength from the family of 12% chrome martensitic
stainless steels. It is a precipitation hardening stainless steel with shear strength. Its
chemical composition is as follows: Fe (81%), Cr (13%), W (3%), Ni (2%), and C (1%). The
mechanical and physical strengths are presented in Table 1.

Table 1. Mechanical and physical strengths of 418 alloy. Own study based on [45].

Mechanical and Physical Strengths Value (21 ◦C)

Ultimate Tensile Strength (MPa) 965
0.2% yield point (MPa) 760

Elongation (%) 15
Brinell hardness 302–352

Based on the selected incompatibility, it was possible to determine the purpose of the
analysis. The purpose was to determine the rank of actions to stabilize quality of the outer
hull of bearing from 418 alloy. This concerned the sequential reduction and the importance
of the causes of fracture in the bearing housing until the main causes of this problem were
identified and the sequence of appropriate improvement actions could be determined.

Stage 2. Choice of the team of experts

According to the expert second stage, the team was selected. The team included a
quality control manager, NDT manager, and authors of the article. The team of experts
had knowledge and experience in this type of incompatibility and methods used in the
proposed model.

Stage 3. Determine the root cause

At this stage, the root cause of the crack on the outer hull of the four-point bearing
was determined. For this purpose, brainstorming was conducted among the experts’ team.
It was assumed that root cause of the crack is a state of stress (deformation). As a result,
the tensile strength of the material is locally exceeded. This is called loss of ductility and is
followed by the formation of a notch that generates this incompatibility. This defect may
cause the product to crack during operation.

Stage 4. Identify the potential causes

Then, the potential causes (initial) of the crack were identified. For this purpose,
brainstorming was conducted among the experts’ team. Potential causes such as:

1. Too fast welding speed;
2. Flow of liquid weld pool too fast;
3. Lack of clean welded layer;
4. Small width in relation to depth (joint proportion);
5. Stresses due to high thermal expansion;
6. Inappropriate selection of material;
7. Unprepared metal surface;
8. High carbon content in the weld;
9. Dirt inside the weld;
10. Employee rush;
11. No periodic training;
12. No TMP (Total Productive Maintenance);
13. Lack of up-to-date procedures;
14. Distraction;
15. Dirty tools;
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16. Lack of unit controls;
17. Broken tools;
18. Failure to use the manual;
19. Moisture of the electrode;
20. Short work experience of the employee;
21. Inadequate lighting;
22. Noise;
23. Contamination of the site;
24. Uncalibrated tools;
25. Psychophysical condition of the worker (e.g., severe nervous tension, exhaustion,

physical or mental malaise).

Twenty-five potential causes were identified and subjected to further verification in
subsequent stages of the model.

Stage 5. Verify the potential causes

At this stage, all potential (initial) causes were verified. The purpose was to determine
potential causes that could have an impact on incompatibility.

Step 5.1. Reduction of unreal causes

First, the impossible cause was deleted from all 25 potential causes, i.e., dirty tools.
The result was the general overview of the tools used, which were kept in an orderly
manner. Other causes were determined as possible causes of the outer hull of the bearing,
which was made as forgings from alloy 418 (CPW-S 5616).

Step 5.2. Grouping potential causes

Then, the potential causes were grouped according to Rule 5M, i.e., man, method,
machine, material, and management. Causes were grouped during brainstorming (BM)
among a team of experts. The Ishikawa diagram was created, as shown in Figure 4.

Figure 4. Ishikawa diagram for a crack in the bearing housing.
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The developed Ishikawa diagram was modified after the next stages of the model
were implemented.

Stage 6. Determine the second-order causes

At this stage, the team of experts determined the impact (importance) of potential
causes. For this purpose, all causes from the Ishikawa diagram were analyzed. The impact
(weight) of potential causes was determined in each 5M group. The brainstorming scale,
Likert scale, and arithmetic average were used in a combined way.

The team of experts assessed the potential causes, i.e., the importance of potential
causes of cracks on the outer hull of bearing. During brainstorming (BM), causes were
assessed on the Likert scale. These assessments are shown in Figure 5.

Figure 5. Ishikawa diagram for crack on the outer hull of four-point bearing to assess the importance
of potential causes.

Then, it was possible to verify the causes and their assessments. The analysis included
assessments of the weights of causes in the 5M group. The average of the assessments was
calculated as the average weight of potential causes. The result is shown in Table 2.
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Table 2. Average weights of potential causes.

Category 5M No. Potential Causes Assessment of Importance Average Weight

man

1 employee rush 2;3;4;3 3.00
2 dissociation 2;2;3;1 2.00
3 not following the manual 5;3;4;5 4.25
4 psychophysical state 4;2;4;4 3.50
5 short work experience of the employee 3;2;3;3 2.75

machine

6 too high cutting speed 5;4;5;4 4.50
7 no TPM 3;3;2;3 2.75
8 electrode humidity 2;2;3;2 2.25
9 too high cooling rate of the weld pool liquid 5;5;5;4 4.75
10 small width in relation to the depth 4;3;4;4 3.75

measure

11 stresses 5;5;2;4 4.00
12 uncalibrated tool 2;1;2;2 1.75
13 no TPM 2;3;3;4 3.00
14 damaged tools 2;1;3;2 2.00

material

15 no cleaned top layer 5;5;3;5 4.50
16 inappropriate selection of additional material 4;5;2;4 3.75
17 inadequately prepared metal surface 5;4;4;5 4.50
18 debris inside the weld 1;2;2;3 2.00
19 high carbon content in the weld 3;2;2;2 2.25

management

20 no periodic training 5;4;5;4 4.50
21 noise 2;2;1;2 1.75
22 environment pollution 2;2;2;2 2.00
23 lack of up-to-date procedures 2;3;3;2 2.50
24 no unit checks 5;5;3;5 4.50
25 inadequate lighting 3;2;3;3 2.75

It is not certain that we have identified all causes, therefore, the sum of average values
should not exceed 100%. In this case, the value was equal to about 80% and is acceptable.

Second-order causes were selected based on the basis of average weights of potential
causes. Second-order causes were selected in each group of causes (i.e., from each group
of 5M). These were causes with the highest value of the arithmetic average. Second-
order causes were not following the manual (C3), too high cooling rate of the liquid
weld pool (C9), stresses (C11), no cleaned surface layer (C15), inadequately prepared metal
surface (17), no periodic training (20), and no unit check (C24). The average values resulting
from the assessments awarded by a team of experts (during the brainstorming method
before step) were marked in the Ishikawa diagram (Figure 6).

The main causes from second-order causes were selected as the main causes. It is
shown in the next stage of the model.

Stage 7. Identify the main causes

Initially, the team of experts assessed second-order causes, i.e., determined the impor-
tance (weights) of the impact the causes on cracks on the outer hull of four-point bearings.
Brainstorming was used for that. The importance of second-order causes was assessed
using the Likert scale. The result is shown in Table 3.

For the assessment of weights of second-order causes, it was achieved according to the
GRA method. This included phases 1 to 4 of the model. First, the average assessments of
Table 4 were normalized. Formula (2) was used for this. Then, with normalized sequences,
the relational Grey coefficient was calculated. Formula (3) is used for those and adequate
Formulas (4)–(6). The Grey Relational Assessment (GRA) is the weighted sum of the Grey
coefficients, as shown in Formula (7). Based on GRA values, the ranking was created. The
maximum value is determined as the main cause. The results are shown in Table 4.
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Figure 6. Ishikawa diagram for crack on the outer hull of four-point bearing to choose the second-
order causes.

Table 3. Assessment of weights of second-order causes.

Category 5M No. Potential Causes Average Weight

Man C3 not following the manual 3;5;3;2
Machine C9 too high cooling rate of the liquid weld pool 5;4;5;4
Measure C11 stresses 5;4;3;5
Material C15 no cleaned top layer 4;5;3;3
Material C17 inadequately prepared metal surface 2;4;4;3

Management C20 no periodic training 1;3;3;2
Management C24 no unit checks 2;3;5;2

Table 4. Results from GRA to choose the main causes.

5M No. Normalization Grey Relational Coefficient
GRA

γ(x*
0, x*

i )
Ranking Results

Man C3 0.50 1.00 0.50 0.25 0.50 1.00 0.50 0.40 0.60 4
Machine C9 1.00 0.75 1.00 0.75 1.00 0.67 1.00 0.67 0.83 1 main cause
Measure C11 1.00 0.75 0.50 1.00 1.00 0.67 0.50 1.00 0.79 2
Material C15 0.75 1.00 0.50 0.50 0.67 1.00 0.50 0.50 0.67 3
Material C17 0.25 0.75 0.75 0.50 0.40 0.67 0.67 0.50 0.56 6

Management C20 0.00 0.50 0.50 0.25 0.33 0.50 0.50 0.40 0.43 7
Management C24 0.25 0.50 1.00 0.25 0.40 0.50 1.00 0.40 0.58 5

where: C3—not following the manual, C9—too high cooling rate of the liquid weld pool, C11—stresses, C15—no
cleaned top layer, C17—inadequately prepared metal surface, C20—no periodic training, C24—no unit checks.

The main cause of the crack in the outer hull of four-point bearing was the too high
cooling rate of the liquid weld pool. This cause had the highest value of the GRA method.
This cause was marked in the Ishikawa diagram (Figure 7).
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Figure 7. Ishikawa diagram for crack on the outer hull of four-point bearing to choose the main cause.

According to the main cause, the ranking of improving actions was created to stabilize
the quality of the outer hull of four-point bearing.

Stage 8. Creating a ranking of actions as part of stabilizing the quality of the product

At this stage, the second-order causes were sorted. These causes were sorted according
to the GRA values. The ranking of second-order causes is presented in Table 5.

Table 5. Ranking of activities to stabilize the quality of the bearing housing.

5M No. Second-Order Causes
GRA

γ(x*
0, x*

i )
Ranking

Man C3 not following the manual 0.60 4
Machine C9 too high cooling rate of the liquid weld pool 0.83 1
Measure C11 stresses 0.79 2
Material C15 no cleaned top layer 0.67 3
Material C17 inadequately prepared metal surface 0.56 6

Management C20 no periodic training 0.43 7
Management C24 no unit checks 0.58 5

As shown in the previous stage, the main cause was the cause with the maximum
GRA value, that is, the cooling rate of the liquid weld pool was too high (0.83). According
to the proposed concept, improvement actions should be taken for this reason in the first
place. According to [42], the post-weld inspection includes the provision of appropriate
geometrical dimensions and the development of surface and volume tests. After imple-
menting improvement actions for these causes, one should propose actions to reduce
stresses, then clean the surface layer, then the need to follow the instructions and introduce
more frequent checks.
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4. Discussion

Stabilization of the quality of products remains a challenge [6,12,23]. It results from
the need to identify the incompatibility of the product, and then its effective verification
to determine the main cause of its occurrence [5,7,14,21]. Later, it is possible to identify
adequate improvement actions [46–49]. In addition, for the lack of stable quality of prod-
uct, the problem consists of a large number of potential causes [50]. On the other hand,
determining the most important (main) cause is difficult.

The GRA results were not verified with other MCDM (Multi-Criteria Decision-Making
Method) methods. However, we tested other approaches for the possibility of including
MCDM in the process of identifying causes of incompatibility [24–29]. The test of the
combination method MCDM (or FMCDM—Fuzzy Multi-Criteria Decision-Making Method)
with the quality management tools was effective in identifying the precise causes of the
incompatibilities of product. However, the research so far has focused mainly on analyzing
a large number of causes of incompatibility. Therefore, there have been no studies that
would combine decision support methods and quality management tools to analyze even
a small number of causes of noncompliance. Therefore, this is the main originality of the
study, which uses the GRA method. This proposed model has been applied for both a
large and small number of causes of incompatibility (even 4 causes). It is important to
mention that, applying different MCDM techniques, the ranks are different for the same
problem. Therefore, future research will focus on the comparison of existing methods
developed [24–29] with the new proposed approach.

The problem of simultaneously determining the main cause of the problem was
identified in the Polish company. The model was carried out by searching and ranking
incompatibilities to identify the incompatibility of cracks on the outer hull of the four-point
bearing of alloy 418 (CPW-S 5616). This made it difficult to start effective improvement
actions for the incompatibility that generates the largest source of waste. During brain-
storming, a team of experts determined the root cause, i.e., state of stress (deformation).
Next, the team of experts determined 25 potential causes, which were grouped and visual-
ized in the Ishikawa diagram with the 5M rule. Causes were evaluated on a Likert scale,
where the team of experts assessed the impact of causes based on incompatibility. The
arithmetic average was calculated from experts’ assessments to determine the weights of
potential causes. On the basis of the results, second-order cause was determined. These
causes were analyzed using the GRA method. As a result, the ranking of the importance of
second-order causes was prepared. The main cause was the cooling rate being too high
of the liquid weld pool (0.83). According to the proposed concept, improvement actions
should be taken for this reason in the first place. Then, the effectiveness of the actions taken
should be verified, and further improvement actions should be taken for the next reason
from the ranking.

Therefore, the objective of the study was to develop a new model that supports
the stabilization quality of industrial products. After the model, it was shown that it is
possible to support the stability quality of industrial products by determining the ranking
of causes that have an impact on the incompatibility of the product, where it is realized by
determining all potential causes and then by their sequential and constructive reduction
to reduce the main causes. The initial test of the model shows that the model can be
effective in improving products in the casting industry. On the basis of the proposed model
for the problem analyzed, it was possible to show the main cause, which was the high
cooling rate of the liquid weld pool. According to the model, for this reason, improvement
actions should be taken in the first place. The research conducted so far has not allowed
us to indicate this cause as the main cause of the problem. The model allowed us to
determine the ranking of other improvement actions. The initial test of the proposed
model shows the possibilities of its application to improve the quality of the product in
casting processes. It turned out that visualization of incompatibility causes supported by
additional decision tools could be the right way to improve the quality of products that
occur in special processes. The developed model allows us to show that the ranking of
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identified causes has essential practical meaning because, according to rule 20/80, reducing
the most important causes results in a significant improvement of product quality. This also
translates into savings related to, for example, materials. To confirm the results obtained
in the preliminary test, it will be necessary to carry out a more extensive investigation for
other products and other processes.

The limitation of the proposed model is the need to verify the problem based on
the knowledge and experience of the team of experts. This applies to the need for a
thoughtful verification of the incompatibility by a properly selected team of experts [9].
Furthermore, the ranking of causes of the problem resulted from individual analysis of
problem. Therefore, it may be different in other cases. Additionally, it should be mentioned
that the proposed method ignores the statistical dispersion of the quality parameters. The
method is complex, although the instruments that can be used in this process support
a precise way of right identifying causes of incompatibility. Therefore, it is possible to
reduce errors. In future research, they plan to make a computer implementation of this
model, and this interface could be relatively simple to use. This study has the objective of
showing that it is possible to develop a model to support the process of identifying causes
of incompatibility of products.

The verification of the model shows its practical potential for use. In the future,
a comparable verification of the model is planned to be performed on various products
(including services). Carrying out a large number of verifications (tests) is likely to highlight
its advantages and possibly show its limitations. Therefore, future research will focus on
developing a computer program for this model. In addition, a dynamic decision-making
platform is planned to be developed to make decisions on various types of incompatibilities.
As part of future research, it is planned to do more extensive research on the model because
the developed model needs tests to show its accuracy in predicting/determining the errors
and incompatibilities. However, the results of the model will be influenced by many factors,
e.g., the selection of a team of experts, which may make it difficult to compare the results.

5. Conclusions

Improving the quality of industrial products requires thoughtful and standardized
actions. Therefore, the aim of the article was to develop a new model that supports the
stabilization quality of industrial products. It refers to the sequential and coherent way
of determining the causes of problems with the quality of products, where the number
of verified causes can be equal to even 4. Moreover, it is possible to reduce the causes of
the problem from potential causes to the most important causes, which possibly have the
most degree of influence on the occurrence of the problem. The model was developed by
integrating and used in a sequential way by the selected techniques. Those techniques were
quality management tools and decision methods in the fuzzy area, that is, SMART(-ER)
method, method of selecting a team of experts, brainstorming (BM), Ishikawa diagram
with the 5M rule, technique of importance in the Likert scale, arithmetic average, and Grey
Relational Analysis (GRA).

The model was carried out by searching and ranking incompatibilities to often identify
incompatibility of cracks on the outer hull of the four-point bearing of alloy 418 alloy
(CPW-S 5616). Incompatibility was identified by non-destructive testing (magnetic powder
method) in the Polish industry. After testing the model, it was concluded that this model
can help support the process of stability, quality of materials, the processes of its formation,
and industrial product processes by determining the classification of causes that have an
impact on the incompatibility of the product; it is realized by determining all potential
causes and then their sequential and constructive reduction to reduce the main causes.
It was concluded that the application of the model may help enterprises stabilize the
quality of products. Additionally, the model can be used for any type of product, for any
incompatibilities, and it can be combined with any quality control. The proposed model can
be widely used in many industries. It seems particularly advantageous to use it for special
processes. Other areas of application may be industries where a particularly high quality
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of products is required. It is connected with the necessity of continuous improvement
based on identifying and then reducing the causes, and not the effects of noncompliance.
Examples of such industries may be the automotive, aviation, etc., industries. The use of
the model in relation to various industries requires the execution of appropriate tests.
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Abstract: It is no secret that graphene, a two-dimensional single-layered carbon atom crystal lattice,
has drawn tremendous attention due to its distinct electronic, surface, mechanical, and optoelectronic
properties. Graphene also has opened up new possibilities for future systems and devices due to
its distinct structure and characteristics which has increased its demand in a variety of applications.
However, scaling up graphene production is still a difficult, daunting, and challenging task. Although
there is a vast body of literature reported on the synthesis of graphene through conventional and
eco-friendly methods, viable processes for mass graphene production are still lacking. This review
focuses on the variety of unwanted waste materials, such as biowastes, coal, and industrial wastes,
for producing graphene and its potential derivatives. Among the synthetic routes, the main emphasis
relies on microwave-assisted production of graphene derivatives. In addition, a detailed analysis
of the characterization of graphene-based materials is presented. This paper also highlights the
current advances and applications through the recycling of waste-derived graphene materials using
microwave-assisted technology. In the end, it would alleviate the current challenges and forecast the
specific direction of waste-derived graphene future prospects and developments.

Keywords: unwanted wastes; nanomaterials; graphene; microwave; batteries; sensors; supercapacitors

1. Introduction

Graphite has been utilized as the essential raw material in the production of graphene
since its discovery. Graphite has an exceptionally anisotropic construction which leads
to its in-plane and out-of-plane surface properties being very different [1]. Graphene is a
layer of graphite. It is a solitary atom thick sheet of sp2 hybridized carbon atoms organized
in a hexagonal grid structure with extraordinary properties, such as high surface area,
high electrical conductivity, and excellent mechanical strength [2]. Due to its exceptional
physical characteristics, such as its ultra-thin properties, significant nonlinearity, and
electrical tunability, graphene is frequently used in combination with other materials to
create tunable optical and other electronic devices [3]. Since each carbon particle has an
unhybridized single bond, graphene has high native flexibility and electronic conductivity.
Recently, 3D structures of graphene honeycombs have been studied through large-scale
molecular dynamics simulations for mechanistic understanding and deformation behaviors
as displayed in Figure 1 [4].
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Figure 1. A variety of Graphene honeycomb 3D structures (a–h) [4].

Graphene oxide (GO) is not a conductor. However, it can be reduced by heat processes
into conductive reduced GO (rGO) [5]. rGO is conveyed by disposing of the oxygenated
groups of GO, where GO is a variant of graphene adorned with functional groups [6].
Despite the fact that rGO is a derivative of graphene, the rigorous process of oxidation and
reduction familiarizes harmed areas with the rGO sheets. There are unreacted functional
groups attached to the rGO plane (Figure 2) [7].

 
Figure 2. The structure of GO and rGO [6].

Graphene, both single layer and multilayer, can now be manufactured in a variety
of ways. The layers of graphene union are fabricated through a hierarchical or base
methodology [8]. Graphite is composed of graphene layers. The graphene layers have
two types of bond structures. The weak Van der Waal interactions hold the graphene
bond layers together with a distance of around 0.341 nm between the adjoining graphene
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layers [9]. The Van der Waal interactions have a significant impact on the frequency of
modes with relative movement between the layers in vibrational dispersion [10]. Some
of the phenomena related to Van der Waal interactions include friction, surface tension,
viscosity, adhesion, cohesion, and wetting [11]. The assembly of carbon atoms into a
graphene arrangement is the bottom-up method of synthesis. The two methodologies have
advantages and downsides that have been explored in literature [12,13]. In this study, we
aim to review the available literature on the synthesis of graphene and graphene-based
materials derived from wastes in the last decade. The focus of waste is biowaste, coal,
and industrial waste as source materials. The specific synthesis method is microwave
synthesis. Moreover, numerous characterization techniques have been discussed along
with the emerging future prospects and recommendations.

2. Synthesis of Waste into Graphene Derivatives

2.1. Biowastes

It has become challenging in the 21st century to obtain clean, affordable, and reliable
energy sources which are essential from both a financial and natural outlook. Biomass has
been identified as one of the most favorable sustainable sources of energy [14]. Biomass
is standard and normal material derived from plants and animals (microorganisms) and
it contains stored energy from the sun [15]. Since plants and animals are classified as
sustainable, the word “renewable” is applicable to both. Moreover, biomass is often time
obtained from forestry, agricultural, industrial, household, and municipal solid wastes
(MSW) [16,17]. Every year, various bio-waste from large-scale livestock or agricultural
sources are dumped into the environment [18]. Biomass is mostly comprised of long
chains of carbon, hydrogen, and oxygen compounds with a carbon fixation as high as
55% by weight [19]. The carbon content of biomass should be concentrated before it can
be converted completely to graphene. The industry has utilized this strategy to make
biochar. Biochemicals, biofuels, and even bio-vehicles are created from biomass utilizing
heat treatment methods, such as gasification, carbonization, liquefaction, and pyrolysis [20].
Carbonization is a pyrolysis process that converts biomass into a carbonaceous, charcoal-
like material [21]. On the other hand, graphitization is a method in which amorphous
carbon is heated before being converted into three-layered graphite [22]. It ought to be
noticed that the carbonization cycle habitually brings about amorphous carbon instead of
graphite-like carbon. Pyrolyzed carbon exists in two forms which are hard and soft carbon.
In fact, despite being heated to extremely high temperatures, hard carbon graphitization
is yet to be achieved [23]. In the meantime, heat treatment readily converts soft carbon
into graphite. In spite of the way that the properties of the converted carbon structures are
similar to graphene, they are not unmodified graphene because of the presence of extra
carbon components [24].

Thermal exfoliation and carbon growth are two methods for the thermal degradation
of biomass [25]. The exfoliation technique with graphitized biomass incorporates breaking
up the carbon structure by overcoming the Van der Waals forces, resulting in graphene
sheets (GSs). This process is similar to the conversion of graphite into graphene with
graphitized biomass substituted for graphite [26,27]. Table 1 shows examples of methods
for the conversion of biomass into graphene derivatives.
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Table 1. Methods for the conversion of biomass into graphene derivatives.

Waste Sources Methods Temperature Atmosphere Time
Graphene

Derivatives
References

Petals of lotus and
hibiscus flowers

Chemical vapor
deposition (CVD) 800–1600 ◦C Air 0.5 h graphene [28]

Newspaper Carbonization 450 ◦C Air 5 days graphene [29]

Chitosan Pyrolysis,
Chemical activation

800 ◦C
900 ◦C N2 gas 3 h

2 h graphene [30]

Camphor leaves Pyrolysis 1200 ◦C Nitrogen gas 4 min graphene [31]

Wheat straw
Hydrothermal,

Pyrolysis,
Pyrolysis

150 ◦C
800 ◦C

2600 ◦C

Air
N2 gas
Ar gas

6 h
3 h graphene [26]

Oil palm leaves &
Palm kernel shell Pyrolysis 700 ◦C N2 gas 3 h GO [32]

Oil palm fiber CVD & Pyrolysis 1020 ◦C Ar and H2 gas 30 min graphene [33]

Rice husks Chemical activation 400 ◦C
800 ◦C Air 2 h graphene [34]

Palm oil Pyrolysis 900 ◦C Ar gas 10 min GO [35]

Spruce bark Hydrothermal
Pyrolysis

180 ◦C
1000 ◦C

Air
N2 gas

12 h
2 h graphene [36]

Mango peel Pyrolysis 750 ◦C H2 gas
Ar gas 15 min graphene [37]

Macademia nut shell Hydrothermal
Pyrolysis

180 ◦C
800 ◦C

Air
Argon gas

12 h
2 h graphene [38]

Soybeans Pyrolysis 800 ◦C Nitrogen gas 2 h graphene [39]

Empty fruit brunch Pyrolysis
Graphitization

350 ◦C
900 ◦C N2 gas 2 h graphene [40]

Bengal gram
bean husk Pyrolysis 400 ◦C

850 ◦C Nitrogen gas 2 h graphene [41]

Populus wood Pyrolysis 950 ◦C Nitrogen gas 1 h graphene [42]

Lignin biomass Hydrothermal 180 ◦C Air 12 h graphene [43]

Walnut shell Pyrolysis 700 ◦C Argon gas 4 h graphene [44]

Coconut shells,
Oil palm empty fruit

bunches (OPEFB),
Rice husks

Carbonization

250, 300, 350, 400,
450 ◦C
105 ◦C

250, 300,
350 ◦C

NaOH
NaOH

Air

2 h
24 h
2.5 h

GO [45]

2.2. Coal Waste

Coal is a unique carbon material that can be subdivided into lignite, bituminous coal,
and anthracite [46]. Lignite and sub-bituminous coal are classified as inferior coal because
of their high moisture content, high impurity, highly volatile matter substance, and low
quantitative worth [47]. Coal is generally converted into fuel through various cycles, such
as ignition, pyrolysis, gasification, and liquefaction [48]. The traditional methods have
drawbacks which include a lack of energy efficiency and ecological contamination [49,50].
Subsequently, a high-esteem and earth-manageable technique in using coal is required [51].
Coal particles, in contrast with normal pieces of graphite and other precursors, contain
a number of aromatic units as well as short aliphatic and ether bonds [52]. It is believed
that coal might be a good option for creating carbon nanomaterials because of its staggered
nanoarchitecture and explicit capabilities. Savitskii et al. [53] utilized anthracite coal and
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a thermo-oxidative technique to produce colloidal GO nanoparticle scatterings in size
range from 122 nm to 190 nm. Pakhira et al. [54] showed that GO can be synthesized from
low-grade coal. It was molded from the natural coalification of plant metabolites isolated
by chemical exfoliation of cold HNO3. However, such GO sheets are bound to break into
negligible round shapes of nanometers. It is striking that there is an expansion in the
utilization of coal-derived nanomaterials for a variety of industrial applications [52].

Currently, the strategy for reprocessing coal into graphene is to initially convert huge
molecule coal into an antecedent carbon source prior to synthesizing graphene. The
precursor carbon source can be gaseous or a particular form [55]. Primer screening of crude
coal, debasement expulsion, pyrolysis (dry refining), gasification, and liquefaction of coal
steps in the preparation of a precursor carbon source [56]. Zhou et al. utilized a reactant
graphitization-helped dielectric barrier discharge (DBD) plasma strategy to make Taixi
anthracite-based synthetically inferred graphene as well as metallic nanoparticle-enhanced
graphene sheets [57]. In this method, crude coal was graphitized at 2400 ◦C for 2 h (under
Ar) directly with Fe2(SO4)3 as a catalyst followed by Hummers’ method oxidation into the
corresponding graphite-like carbon oxides (TX-NC-GO and TX-C-GO, separately) [57,58].

2.3. Industrial Wastes

Malaysia is an emerging nation that relies on modern efficiency as one of its mon-
etary donors. Different types of wastes are produced in industrial processes, including
chemical effluents, industrial plants waste, paper waste, metals, concrete, sludge, electronic
devices wastes, etc. [59]. A number of significant materials (e.g., graphite, Cu, Fe, and Zn)
from industrial waste can be recuperated utilizing a hydrometallurgical technique called
leaching [60]. The commercialization of graphite-based products has immensely improved
during the twenty-first century [61]. It is due to their unique physical and manufactured
properties, such as high chemical resistance, heat capacity, high electrical conductivity, and
lubricity. These unique properties are suitable for various modern applications, such as
contraptions, oils, and metallurgy [62].

A modified Hummers method was utilized to prepare to GO from graphite obtained
from modern waste filtering [63]. Concentrated sulfuric acid (H2SO4) and graphite (30 mL
& 1 g) were mixed homogeneously in an ice bath for 30 min during the synthesis cycle. A
total of 5 g of potassium permanganate (KMnO4) was added and mixed for another 15 min
at temperatures below 10 ◦C [64]. The extent of KMnO4 was subsequently increased from
1:3 to 1:5 to speed up the oxidation rate. From that point onward, 8 mL of ultrapure water
was added dropwise for 15 min, and the temperature of the mixture was kept under 98 ◦C
for around 60 min. Finally, the oxidation reaction was obtained by adding 60 mL ultrapure
water followed by 1 mL H2O2 [65].

3. Microwave Synthesis of Graphene Nanomaterials from Waste Materials

Microwave radiation is electromagnetic radiation with wavelengths ranging from
0.01 to 1 m and frequencies ranging from 300 MHz to 300 GHz [66]. Modern microwaves
have two frequencies, 915 MHz and 2.45 GHz, while the consumed microwave only has
one frequency, 2.45 GHz, and a wavelength of 12.25 cm [67]. Microwaves are widely used
to heat materials that can absorb and convert microwave radiation to heat [68]. These
dipolar particles that are changed can quickly rearrange toward the electric field, leading
to expanded inward atomic contact, and volumetric warming of the whole substance [69].
As a result, microwave-assisted technology is able to provide a quick and efficient method
of evenly heating the material or system from within. The conventional heating system, on
the other hand, is relatively slow and ineffective [70].

Graphite or GO, is a typical wellspring of GSs, which are made from a conventional or
modified Hummer’s method [71]. Hummers’ method is the most widely used method in
the synthesis of GO through a mixture of concentrated H2SO4 and KMnO4 [72]. Since then,
numerous modified versions have been developed. However, the experimental procedures
are mainly very similar to the original Hummers method. Oxidation is achieved using
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KMnO4 and the reaction is stabilized by adding hydrogen peroxide into the solution [73].
A few hazardous reducing agents, such as hydrazine (N2H4) and NaBH4, are normally
utilized in substance methodology to reduce GO. Thermal treatment, on the other hand,
does not require the utilization of hazardous reducing agents making it a more attractive
option [74]. The microwave-assisted technique has acquired ubiquity as an alternative to
conventional graphene preparation. It treats GO or normal graphite in a microwave or
microwave plasma-assisted chemical vapor deposition (MPCVD) framework which utilizes
microwave-assisted solvothermal/aqueous strategies [75]. Microwave radiation provides
a quick and uniform heating rate that leads to fast particle nucleation and growth which
may reduce the reaction time that eventually led to significant energy saving [76]. Figure 3
portrays one potential microwave-assisted strategy for graphene synthesis. Microwave
illumination produces very high temperatures and tensions, and energy is transferred
directly into the GO [77]. Furthermore, the interaction of polar solvents with the surface
oxides on GO sheets is the key factor in determining deposit regularity [77].

 

Figure 3. Schematic illustration of the synthesis of graphene and graphene-based composites with
the assistance of microwave irradiation [77].

Furthermore, the reduction degree of GSs was further enhanced, and the functional
groups on the surface of GO are successfully lowered [78]. There are several obvious
advantages to producing graphene using microwave technology. Firstly, the advantage
of microwave-assisted heating over traditional heating methods is its uniform and rapid
heating of the reaction mixture [79]. In addition, microwave-assisted heating can signifi-
cantly improve the transfer of energy directly to the reactants, resulting in an instantaneous
internal temperature rise [80]. Furthermore, microwave technology enables the use of envi-
ronmentally friendly solvents, resulting in cleaner products that do not require additional
purification steps [81]. Since it involves a quick warming and very fast rate of crystalliza-
tion to create the ideal nanocrystalline items, microwave illumination has recently been
proposed as a valuable procedure for delivering carbon-related composites with uniform
scattering as well as size and morphology control [82]. Table 2 shows examples of waste
materials in graphene derivatives by using the microwave method.
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4. Characterization Techniques

4.1. X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS)

Firstly, XRD is a reliable technique for the structural analysis of GO. This analysis can
be used to assess the pattern/shape and crystallinity of GO [103]. XRD also is comparable
to a fingerprint that is unique for each sample or species. This is due to the evaluation
of achieved data which can be compared with the database results to identify that mate-
rial [104]. In spite of the fact that XRD is certainly not an optimal device for recognizing
single-layer graphene, it can be used to recognize graphite and graphene tests. In the
XRD design, the unblemished graphite has a basal reflection (002) peak at 2θ = 26.6◦
(d spacing = 0.335 nm). Later, the oxidation of graphite into graphite oxide shows middle
basal (002) reflection peak moves to 11.2◦, corresponding to a d spacing of 0.79 nm [105].
The increase in interlayer space is due to water atoms intercalating between the oxidized
graphene layers. The presence of metallic mixtures in graphene structures was analyzed
utilizing XRD examination. In addition, an x-beam connection with a graphitic translucent
stage produces a diffraction design [106]. Non-covalent functionalization of rGO with
two poly ionic fluids (PIL), poly (1-vinylimidazole) (PVI), and 2-bromopropionyl bromide
resulted in the disappearance of a sharp GO diffraction peak at 2θ = 11.8◦ in PIL-rGO
diffractograms [107]. This trend is predictable with the detailed information and a slight
expansion in the power of the GO trademark top in 2θ = 44.5◦ (101) which relates to the
basal reflexing plane of the tri-layered graphite [108]. Figure 4 displays the XRD profiles
of graphite, GO-I, GO-II, and rGO. The formation of GO was confirmed by the diffraction
peak at 2θ = 11.01◦ at a reflection plane (001). A diffraction peak that appeared at 2θ = 26.8◦
at a reflection plane (002) after the thermochemical treatment confirmed the reduction of
GO [109]. This diffractogram demonstrated the disappearance of the GO peak, providing
evidence that GO was converted into rGO. In addition, GO was prepared using different
ratios of acids (I and II) as shown in Figure 4 [109,110].

XPS is one of the most common techniques used to study the relative amount of
carbon, oxygen, and functional groups present in GO and electrochemically rGO (ErGO).
It is an accurate technique to determine the amount of carbon and oxygen compared to
elemental analysis because it is difficult to fully dehydrate a GO sample [111]. This is a
quantitative and reliable technique in removing electrons from the C 1s and O 1s levels
of graphene using X-rays and the energies of the emitted electrons are determined by the
atomic composition of the material [112]. XPS can quantify the different types of carbon
functionalities present and indicate the formation of chemical bonds, and evaluate the
physisorption of molecules through the O/C ratio [113]. This quantification is critical to
correlate the graphene-based materials’ chemical properties versus their performance, for
example, in permeability [114], water purification [115], or bio-sensing [116]. Furthermore,
the surface chemistry and binding sites of both electrically conducting and non-conducting
materials are also studied by XPS. It is possible to characterize the networks and bonds in
the material sample. The photoelectric effect serves as the basis for the theory. Additionally,
XPS can shed light on the atomic composition’s percentage. Figure 5 displays the GO
and rGO of the XPS spectra that exhibit distinctive patterns which reveal their chemical
composition [117].

The C(1 s) and (O1 s) peaks, which are located at about 285 and 532 eV, respectively, in
the XPS full scan spectra of GO and rGO, are discernible [118]. The bonding involved is
further highlighted by the deconvolution of the core orbitals of C(1 s) and O(1 s) [119]. Peaks
for C=O, O=C-OH, C=C and C-C bonds are respectively visible in the C(1 s) deconvolution
for GO at binding energies of 287, 289, 284, and 285 eV. The C-OH and C-O-C groups have
peaks on the O(1 s) deconvolution curve for GO at 532 and 533 eV, respectively [120].
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Figure 4. XRD patterns of graphite (a), GO-I (b), GO-II (c) and rGO (d) [109].

Figure 5. XPS spectra of (a) GO and (b) rGO. C1s XPS spectra of (c) GO and (d) rGO [117].

Table 3 has highlighted the GO and rGO binding energy values. In the case of rGO,
these peaks show up with low intensity, confirming the reduction of GO. As a result, the
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peaks in rGO become narrower when GO is reduced to rGO. Additionally, it appears
intense to restore the π-conjugation in the rGO peak at 284 eV which corresponds to C=C.
The deconvoluted peaks in rGO shift to a binding energy value greater than GO for O(1 s).

Table 3. Binding energy values of GO and rGO in (eV) from the XPS plot [117,119].

Bond GO rGO

C (1 s) O (1 s) C (1 s) O (1 s)

C=C 284 - Increase in intensity -

C=O 287 - Decrease in intensity -

C-O-H 285 532 Decrease in intensity Narrowing of peaks

C-O-C - 533 - Decrease in intensity

The appearance of distinctive peaks in XPS can be used to verify that graphene has
been successfully non-covalently functionalized [121]. According to Khan et al., two distinct
peaks at 729 and 715.3 eV can be used to identify the presence of magnetic nanoparticles
anchored on the GO surface [122]. Furthermore, it is noted that the XPS C1 spectrum
after Fe3O4-functionalization shows peaks associated with C=O (285 eV), C=C (286.2 eV),
and C-O-O (289 eV) bonds. XPS can also be used to identify active sites and further
illuminate associated reaction mechanisms in graphene-based catalytic materials. This
is best illustrated by the direct observation of active sites during the oxygen reduction
reaction (ORR) over nitrogen-doped graphene (NG) catalysts [123]. Even though many
simulation results showed various reaction pathways and adsorption sites for ORR over
NG, the actual mechanism is still in dispute, primarily because there is not any direct
evidence of the detection of intermediate species or active sites [124].

4.2. Other Characterization Methods
4.2.1. Raman Spectroscopy and Fourier-Transform Infrared Spectroscopy (FTIR)

Raman spectroscopy detects the transformation in energy connected with the Stokes
and anti-Stokes transitions between the scattered photons. It is a non-destructive technique
that provides information on chemical structure and molecular interactions by the combi-
nation of light within the bond of material [125]. Moreover, Raman spectroscopy is one of
the most useful assets for concentrating on the construction and nature of carbon-based
materials, for example, graphene [126]. It is a powerful, quick, delicate, and logical tech-
nique for giving subjective and quantitative information to graphene-based materials [127].
Raman spectroscopy is a significant instrument for deciding the quantity of graphite layers
and the level of graphitization [128]. Graphene shows D, G, and 2D bands for the most
parts in Raman analysis [129]. The D band is commonly situated around 1350 cm−1 and
addresses the level of defects in the graphite. The higher the D band, the more defects in
the graphite are observed [130]. The G band is linked to the in-plane vibration of sp2 hy-
bridization of carbon atoms which is located near 1580 cm−1. The 2D peak, also known as
G’, represents the number of graphene layers and is observed at 2700 cm−1 [131]. Figure 6
depicts the Raman spectra of graphene reduced with various reduction conditions which
reflect the significant structural changes that occur during each stage of the electro and
thermal processing [132].
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Figure 6. Raman spectra of samples at various stages of processing [132].

Pristine graphene is a carbon allotrope, and no signal can be collected using FTIR.
Graphite oxide exfoliation is one of the primary routes for preparing practical graphene
which supports catalytic research, and the oxidation step is critical [133]. As a result, many
functional groups may remain in graphene-based catalysts even after being “completely
removed”, having a significant impact on catalytic performance [134]. Therefore, it is
important to evaluate the reduction level. FTIR is one of the most efficient and simple
methods for investigating residual functional groups [135]. Other than that, the method to
determine the bonding configuration of different types of oxygen is FTIR analysis. Addi-
tionally, FTIR is a tool that complements Raman spectroscopy. The identifiable functional
groups do not show any distinctive peaks in the pristine graphite FTIR spectrum [136]. It
only shows two peaks at about 1610 and 450 cm−1 which are attributed to the vibration of
adsorbed water molecules (the O-H stretching) and the skeletal vibrations from graphite
domains, respectively (the sp2 aromatic C=C) [137]. The oxygenated GSs may exhibit a
variety of absorption bands or characteristic peaks ranging from 900 to 3500 cm1 following
treatment with oxidizing agents [138]. These include the stretching vibrations of epoxy C-O
groups (1000–1280 cm−1), alkoxy stretching vibrations (1040–1170 cm−1), O-H stretching
vibrations (3300–3500 cm−1), O-H deformation peaks (1300–1400 cm−1), and carboxyl
peaks (1700–1750 cm−1) [139]. Notably, between 1600 and 1650 cm−1, the aromatic C=C
peak was visible. This peak is a result of the sp2 domains in the unoxidized region of the
graphite, and the vibration that is produced there is known as skeletal vibration [140].

4.2.2. Atomic Force Microscopy (AFM)

As a result of the limits of scanning tunneling microscopy (STM), such as the require-
ment for conductive examples, atomic force microscopy (AFM) was created in 1985 [141].
AFM is a multifunctional instrument that can envision the topography of a sample, measure
its roughness, and distinguish the various periods of a composite [142]. It is widely used
to measure the adhesive strength and mechanical properties of materials. It requires the
utilization of conductive tips that act as top terminals as well as related to programming.
Furthermore, nanoindentation can be utilized to quantify mechanical properties, such as
Young’s modulus and hardness [143]. AFM is broadly utilized in materials science [144],
life science, and other disciplines [145]. As AFM innovation progresses, perception goal
improves, and application scope extends and also more quantitative investigation of no-
ticed pictures has started [146]. For instance, in the field of biomedicine, most exploratory
examinations have zeroed in on the connection between the design and related elements
of natural macromolecules, especially nucleic acids and proteins [147]. AFM in materials
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science can provide data related to the three-layered morphology and surface roughness of
a material surface, as well as the distinction in the distribution of actual properties on the
material surface, for example, morphological analysis [148] and dielectric constant [149].
A modified Langmuir–Schaefer deposition method was used to create a thin monolayer
film suitable for imaging in the samples for AFM measurements. Figure 7 shows a repre-
sentative AFM image of the GO monolayer deposited on the Si substrate as well as the
corresponding size distribution of the GO sheets [150].

Figure 7. Purified GO: (a) atomic force microscopy (AFM) image, (b) GO size distribution, and
(c) AFM scan height analysis [150].

4.2.3. Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS)

Since it can rapidly examine/imagine the morphology of a huge sample, electron
microscopy is broadly utilized in everyday schedule examinations [151]. A potential dif-
ference accelerates thermionic electrons transmitted by a tungsten fiber (cathode) close
to the anode (1.0–30.0 kV). A condenser and objective electromagnetic focal points are
utilized to adjust the bar to the example under vacuum (105 Dad) [152]. Secondary and
backscattered electrons are transmitted during the output, as well as Auger electrons and
X-rays, and their interaction with electrons which changes them completely to grayscale pic-
tures. Pictures of the sample are given by secondary and backscattered electron identifiers,
while compositional data is given by the X-ray spectrometer [153]. Secondary electrons
are fundamentally created by the outer shell’s inelastic scattering, while backscattered
electrons are delivered by the primary electrons [154]. To avoid surface and underlying
damage from the rays, delicate examples, such as polymers, need to be treated carefully.
Nonconductive examples require surface pre-treatment and the sample is normally covered
with a gold or carbon overlayer [155]. Due to the oxygenated epoxy groups of GO, it
shows multilayers with some wrinkles [156]. SEM images provide 3D visualization of
nanoparticles morphology, dispersion in cells, and other matrices. Lateral dimension and
rapid analysis of nanoparticles element composition and surface flaws, such as cracks,
etching residues, differential swelling, and holes can also be seen [157]. Figure 8 shows SEM
images of protruded GNP produced by GNP debonding from the polymer matrix upon
failure as indicated by circles when GNP loading is increased to 10% and 20%, respectively.
It has been observed that while GNP loading is increased to 10% and 20% (Figure 8c,d), the
fractured surfaces become much coarser [158].
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Figure 8. SEM images of GNP fracture surfaces in epoxy at loadings of (a) fGNP = 1%, (b) fGNP = 2%,
(c) fGNP = 10%, and (d) fGNP = 20% [158].

4.2.4. Transmission Electron Microscopy (TEM) and High-Resolution Transmission
Electron Microscopy (HRTEM)

TEM is best known for imaging a specimen’s morphology, a wide variety of other
combined techniques are also available in TEM to extract chemical, electrical, and structural
data. For instance, local diffraction patterns can be measured using the parallel electron
beam of the TEM which can offer precise measurements of the crystal system and pa-
rameters [159]. Furthermore, the transparent, corrugated, or wrinkled structure of the
two-dimensional (2D) GO and rGO nanosheets is visible under the TEM [160]. It is also
described as having the morphology of an ultrathin silk veil with folds and scrolls along its
edges and it is attributed to graphene’s inherent properties [161]. A highly effective method
for characterizing the structure of graphene is HRTEM. It is a special tool for describing
graphene’s atomic structures and interfaces. It has been used to observe graphene flakes
in a fraction of a micron and to reveal the fine chemical structure of GO [162]. Based on a
TEM image of the folds formed at the edge, HRTEM also provides data on the number of
graphene layers. Graphene’s electron diffraction pattern can also be used by HRTEM to
identify its crystalline nature [163]. It is noteworthy that HRTEM can reveal the quantity of
layers present in various areas of the sheets [164]. The measured lattice spacing of single-
layer graphene using this method is 0.236 nm [165]. Figure 9 shows TEM and HRTEM
images of rGO.

4.2.5. Field Emission Scanning Electron Microscopy (FESEM)

The image of the materials’ microstructure is captured using the cutting-edge technol-
ogy known as FESEM. Gas molecules have a tendency to disturb the electron beam and the
emitted secondary and backscattered electrons used for imaging and FESEM is typically
carried out in a high vacuum [166]. The difference between the surface morphology of GO
and rGO was further demonstrated by FESEM analysis [167]. It has been demonstrated
that the rGO’s FESEM image from Figure 10 has more wrinkles than GO [168]. The removal
of oxygenated functional groups from the GO surface during the reduction process was
supposed to be the cause of the corrugations on the rGO surface [169].
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Figure 9. TEM image of bare GO (a) TEM and HRTEM image of rGO-Au (b) [165].

 
Figure 10. FESM micrograph of GO (a) and rGO (b) [168].

5. Future Prospects

Even though scientific interest in graphene has increased for a variety of applications,
there are still several significant obstacles and challenges that need to be addressed and
overcome. One of the critical issues is the reproducibility of waste materials into graphena-
ceous materials. Improved morphological properties should be combined with procedures
that are both scalable and affordable. Excitedly, there is a sustained interest in the synthesis
of materials based on graphene and the evaluation of their production and fusion with
other materials. Although waste precursors have been the subject of recent studies, none
of them have yet been able to be marked into commercially available products. Figure 11
shows the future prospects in graphene synthesis from a variety of wastes. Noteworthy
future prospects include;

• Optimization of process variables and techniques to regulate the size, quality, and
morphology of graphene-derived materials from waste materials.

• Improved synthetic concepts and methods are highly inspiring and necessitate com-
mercial research involving renewable and biodegradable waste materials.

• Well-ordered oxidation/decrease and functionalization are expected for calibrating
material properties, for example, band hole, electrical conductivity, and mechanical
properties [170].

• Controlled graphite, GO, and rGO adjustment is in this way basic for widening the
utilizations of graphene-based materials.
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• To survey the wellbeing risk related with graphene and its subsidiaries, the poisonous-
ness and biocompatibility of these unique carbon structures and their subordinates
should be examined [171].

• Due to its extensive property, graphene preparation is a crucial area for material
scientists. As a result, the scientific community should focus on advanced and novel
microwave instruments which would be a great substitute of toxic and harsh chemicals

• To explore more variations that involving novel synthetic techniques, high purity GO
for its mass production.

• There should be more consideration to lessen the cost effects of graphene derivatives.
• There should be more emphasis on the high yield and purity of graphene derivatives

using a variety of wastes through microwave synthesis.
• This may also lead towards the excellence of functionalization, such as ID, 2D, and 3D

graphene members, to fabricate waste materials into graphene-based structures with
enhanced functionalities and high surface areas [172].

• Improving synthetic ideas and microwave approaches are remarkably motivating and
requires further investigations by recycling waste materials for the optimization of
parameters, such as time, power, and frequency.

• Further analysis of microwave synthesis and applications should be explored where
the waste-based graphene derivatives can be utilized and, thus, the structures and
properties can be modified as per the industrial demands.

Figure 11. Future prospects in graphene synthesis from a variety of wastes.

6. Conclusions

Due to graphene’s industrial significance, there is great concern about its sources
and synthesis methods. These variables affect the price of graphene, and its industrial
applications are constrained. The current study presents an overview of various types of
wastes followed for the synthesis of graphene-based materials. Graphene creates wonders
with its intriguing qualities and great attention from researchers all over the world. GO
isolation has been established for more than ten years. However, the process is a continual
exploration of variations involving novel synthesis techniques, and highly pure GO for its
mass production and commercialization. The major attention is to have a process that is
cost effective and economical. The literature is rich with important process parameters,
their optimizations, and the synthesis of GO from a variety of waste which is useful
for a wide range of applications. We have narrated literature that lists the synthetic
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routes for GO, particularly microwave synthesis, as well as different characterization
methods. Although waste biomass-inferred graphene is one more encouraging material
with various applications, its synthesis method is still open to be explored. Accordingly,
more examination is expected to exhibit the best strategy for creating graphene with the
best properties and optimization. In addition, successful and cost-effective planning may
lead to the use of graphene in a wide range of applications from energy to the environment.
Furthermore, material progress always demonstrates a superior effect in any field. Due to
its diverse properties, graphene preparation is an important area for material scientists. As a
result, the scientific community will always give attention to effective and efficient graphene
preparation. The improvement of graphene through green combination addresses a huge
progression in graphene innovation. The cost of producing graphene in large quantities
could be reduced in alternative ways using carbonaceous wastes as raw materials. The
production of graphene for industrial applications should successfully utilize a variety of
environmentally hazardous solid waste precursors. Since waste-derived graphene might
have impurities, additional purification procedures are needed. Future research is therefore
required to increase graphene production with better yield and properties.
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Abbreviations

GO Graphene oxide
rGO Reduced graphene oxide
MSW Metropolitan strong squanders
GSs Graphene sheets
MPCVD Microwave plasma assisted chemical vapor deposition
PIL-rGO Poly ionic liquid reduced graphene oxide
ErGO Electrochemically reduced graphene oxide
DBD Dielectric barrier discharge
TX-NC-GO and TX-C-GO Coal-based graphite-like carbons oxides
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
TEM Transmission electron microscopy
FESEM Field emission scanning electron microscopy
ANOVA Analysis of variance
BBD Design Box-behnken design
SEMEDAX Scanning electron microscopy energy dispersive X-Ray
EDS Energy dispersive spectroscopy
SEM Scanning electron microscopy
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FTIR Fourier transform infrared spectroscopy
AFM Atomic force microscopy
SAED Selected area (electron) diffraction
FETEM Field-emission transmission electron microscope

References

1. Ke, Q.; Wang, J. Graphene-based materials for supercapacitor electrodes–A review. J. Mater. 2016, 2, 37–54. [CrossRef]
2. Luo, B.; Liu, S.; Zhi, L. Chemical approaches toward graphene-based nanomaterials and their applications in energy-related areas.

Small 2012, 8, 630–646. [CrossRef] [PubMed]
3. Wu, Y.; Zhao, X.; Hu, J.; Xu, H. Low threshold optical bistability based on coupled graphene Tamm states. Results Phys. 2021, 21,

103824. [CrossRef]
4. Chen, Y.; Meng, F.; Bie, X.; Ou, P.; Song, J. Atomistic and continuum modeling of 3D graphene honeycombs under uniaxial

in-plane compression. Comput. Mater. Sci. 2021, 197, 110646. [CrossRef]
5. Safian, M.T.U.; Umar, K.; Ibrahim, M.N.M. Synthesis and scalability of graphene and its derivatives: A journey towards

sustainable and commercial material. J. Clean. Prod. 2021, 318, 128603. [CrossRef]
6. Priyadarsini, S.; Mohanty, S.; Mukherjee, S.; Basu, S.; Mishra, M. Graphene and graphene oxide as nanomaterials for medicine

and biology application. J. Nanostructure Chem. 2018, 8, 123–137. [CrossRef]
7. Somanathan, T.; Prasad, K.; Ostrikov, K.K.; Saravanan, A.; Krishna, V.M. Graphene oxide synthesis from agro waste. Nanomaterials

2015, 5, 826–834. [CrossRef]
8. Bhuyan, M.S.A.; Uddin, M.N.; Islam, M.M.; Bipasha, F.A.; Hossain, S.S. Synthesis of graphene. Int. Nano Lett. 2016, 6, 65–83.

[CrossRef]
9. Cai, M.; Thorpe, D.; Adamson, D.H.; Schniepp, H.C. Methods of graphite exfoliation. J. Mater. Chem. 2012, 22, 24992–25002.

[CrossRef]
10. Tan, P.H.; Han, W.P.; Zhao, W.J.; Wu, Z.H.; Chang, K.; Wang, H.; Wang, Y.F.; Bonini, N.; Marzari, N.; Pugno, N.; et al. The shear

mode of multilayer graphene. Nat. Mater. 2012, 11, 294–300. [CrossRef]
11. Vasu, K.S.; Prestat, E.; Abraham, J.; Dix, J.; Kashtiban, R.J.; Beheshtian, J.; Sloan, J.; Carbone, P.; Neek-Amal, M.; Haigh, S.J.; et al.

Van der Waals pressure and its effect on trapped interlayer molecules. Nat. Commun. 2016, 7, 1–6. [CrossRef]
12. Avouris, P.; Dimitrakopoulos, C. Graphene: Synthesis and applications. Mater. Today 2012, 15, 86–97. [CrossRef]
13. Dasari, B.L.; Nouri, J.M.; Brabazon, D.; Naher, S. Graphene and derivatives–Synthesis techniques, properties and their energy

applications. Energy 2017, 140, 766–778. [CrossRef]
14. Junginger, H.M.; Jonker, J.G.G.; Faaij, A.P.C.; Cocchi, M.; Schouwenberg, P. Summary, Synthesis and Conclusions from IEA Bioenergy

Task 40 Country Reports on International Bioenergy Trade; Utrecht University: Utrecht, The Netherlands, 2011.
15. Lehr, J.H.; Keeley, J. (Eds.) Alternative Energy and Shale Gas Encyclopedia; John Wiley & Sons: Hoboken, NJ, USA, 2016.
16. Hakeem, K.R.; Jawaid, M.; Alothman, O.Y. (Eds.) Agricultural Biomass Based Potential Materials; Springer: Berlin/Heidelberg,

Germany, 2015.
17. Tripathi, N.; Hills, C.D.; Singh, R.S.; Atkinson, C.J. Biomass waste utilisation in low-carbon products: Harnessing a major potential

resource. NPJ Clim. Atmos. Sci. 2019, 2, 35. [CrossRef]
18. Ikram, R.; Jan, B.M.; Ahmad, W. Advances in synthesis of graphene derivatives using industrial wastes precursors; prospects and

challenges. J. Mater. Res. Technol. 2020, 9, 15924–15951. [CrossRef]
19. Xie, X.; Goodell, B. Thermal degradation and conversion of plant biomass into high value carbon products. In Deterioration and

Protection of Sustainable Biomaterials; American Chemical Society: Washington, DC, USA, 2014; pp. 147–158.
20. He, L.; Guo, S.; Lei, J.; Sha, Z.; Liu, Z. The effect of Stone–Thrower–Wales defects on mechanical properties of graphene sheets—A

molecular dynamics study. Carbon 2014, 75, 124–132. [CrossRef]
21. Ronsse, F.; Nachenius, R.W.; Prins, W. Carbonization of biomass. In Recent Advances in Thermo-Chemical Conversion of Biomass;

Elsevier: Amsterdam, The Netherlands, 2015; pp. 293–324.
22. Zhang, C.; Guimin, L.U.; Ze, S.U.N.; Jianguo, Y.U. Catalytic graphitization of carbon/carbon composites by lanthanum oxide. J.

Rare Earths 2012, 30, 128–132. [CrossRef]
23. Pan, G.; Liang, W.; Liang, P.; Chen, Q. Effect of vacuum-carbonization treatment of soft carbon anodes derived from coal-based

mesophase pitch for lithium-ion batteries. Clean Energy 2019, 3, 211–216. [CrossRef]
24. Ikram, R.; Mohamed Jan, B.; Nagy, P.B.; Szabo, T. Recycling waste sources into nanocomposites of graphene materials: Overview

from an energy-focused perspective. Nanotechnol. Rev. 2023, 12, 20220512. [CrossRef]
25. Safian, M.T.U.; Haron, U.S.; Ibrahim, M.M. A review on bio-based graphene derived from biomass wastes. BioResources 2020, 15,

9756. [CrossRef]
26. Chen, F.; Yang, J.; Bai, T.; Long, B.; Zhou, X. Facile synthesis of few-layer graphene from biomass waste and its application in

lithium ion batteries. J. Electroanal. Chem. 2016, 768, 18–26. [CrossRef]
27. Kumar, R.; Joanni, E.; Singh, R.K.; Singh, D.P.; Moshkalev, S.A. Recent advances in the synthesis and modification of carbon-based

2D materials for application in energy conversion and storage. Prog. Energy Combust. Sci. 2018, 67, 115–157. [CrossRef]
28. Ray, A.K.; Sahu, R.K.; Rajinikanth, V.; Bapari, H.; Ghosh, M.; Paul, P. Preparation and characterization of graphene and

Ni-decorated graphene using flower petals as the precursor material. Carbon 2012, 50, 4123–4129. [CrossRef]

172



Materials 2023, 16, 3726

29. Akhavan, O.; Bijanzad, K.; Mirsepah, A. Synthesis of graphene from natural and industrial carbonaceous wastes. RSC Adv. 2014,
4, 20441–20448. [CrossRef]

30. Hao, P.; Zhao, Z.; Leng, Y.; Tian, J.; Sang, Y.; Boughton, R.I.; Wong, C.P.; Liu, H.; Yang, B. Graphene-based nitrogen self-doped
hierarchical porous carbon aerogels derived from chitosan for high performance supercapacitors. Nano Energy 2015, 15, 9–23.
[CrossRef]

31. Shams, S.S.; Zhang, L.S.; Hu, R.; Zhang, R.; Zhu, J. Synthesis of graphene from biomass: A green chemistry approach. Mater. Lett.
2015, 161, 476–479. [CrossRef]

32. Nasir, S.; Hussein, M.Z.; Yusof, N.A.; Zainal, Z. Oil palm waste-based precursors as a renewable and economical carbon sources
for the preparation of reduced graphene oxide from graphene oxide. Nanomaterials 2017, 7, 182. [CrossRef]

33. Tahir, N.A.M.; Abdollah, M.F.B.; Tamaldin, N.; Amiruddin, H.; Tokoroyama, T.; Umehara, N. Potential of growing graphene from
solid waste products. In Proceedings of the SAKURA Symposium on Mechanical Science and Engineering, Nagoya, Japan, 12
September 2017; pp. 26–28.

34. Ismail, M.S.; Yusof, N.; Yusop, M.Z.M.; Ismail, A.F.; Jaafar, J.; Aziz, F.; Karim, Z.A. Synthesis and characterization of graphene
derived from rice husks. Malays. J. Fundam. Appl. Sci. 2019, 15, 516–521. [CrossRef]

35. Mamat, R.H.; Hamzah, F.; Hashim, A.; Abdullah, S.; Alrokayan, S.A.; Khan, H.A.; Safiay, M.; Jafar, S.M.; Asli, A.; Khusaimi,
Z.; et al. Influence of volume variety of waste cooking palm oil as carbon source on graphene growth through double thermal
chemical vapor deposition. In Proceedings of the 2018 IEEE International Conference on Semiconductor Electronics (ICSE), Kuala
Lumpur, Malaysia, 15–17 August 2018; pp. 53–56.

36. Sun, Z.; Zheng, M.; Hu, H.; Dong, H.; Liang, Y.; Xiao, Y.; Lei, B.; Liu, Y. From biomass wastes to vertically aligned graphene
nanosheet arrays: A catalyst-free synthetic strategy towards high-quality graphene for electrochemical energy storage. Chem.
Eng. J. 2018, 336, 550–561. [CrossRef]

37. Shah, J.; Lopez-Mercado, J.; Carreon, M.G.; Lopez-Miranda, A.; Carreon, M.L. Plasma synthesis of graphene from mango peel.
ACS Omega 2018, 3, 455–463. [CrossRef]

38. Lu, X.; Xiang, K.; Zhou, W.; Zhu, Y.; He, Y.; Chen, H. Graphene-like carbon derived from macadamia nut shells for high-
performance supercapacitor. Russ. J. Electrochem. 2019, 55, 242–246. [CrossRef]

39. Sha, T.; Liu, J.; Sun, M.; Li, L.; Bai, J.; Hu, Z.; Zhou, M. Green and low-cost synthesis of nitrogen-doped graphene-like mesoporous
nanosheets from the biomass waste of okara for the amperometric detection of vitamin C in real samples. Talanta 2019, 200,
300–306. [CrossRef] [PubMed]

40. Widiatmoko, P.; Sukmana, I.F.; Nurdin, I.; Prakoso, T.; Devianto, H. Increasing yield of graphene synthesis from oil palm empty
fruit bunch via two-stages pyrolysis. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2019;
Volume 543, p. 012032.

41. Gupta, K.; Gupta, D.; Khatri, O.P. Applied Surface Science Graphene-like porous carbon nanostructure from Bengal gram bean
husk and its application for fast and efficient adsorption of organic dyes. Appl. Surf. Sci. 2019, 476, 647–657. [CrossRef]

42. Ekhlasi, L.; Younesi, H.; Rashidi, A.; Bahramifar, N. Populus wood biomass-derived graphene for high CO2 capture at atmospheric
pressure and estimated cost of production. Process Saf. Environ. Prot. 2018, 113, 97–108. [CrossRef]

43. Ding, Z.; Yuan, T.; Wen, J.; Cao, X.; Sun, S.; Xiao, L.P.; Shi, Q.; Wang, X.; Sun, R. Green synthesis of chemical converted graphene
sheets derived from pulping black liquor. Carbon 2020, 158, 690–697. [CrossRef]

44. Roquia, A.; khalfan hamed Alhashmi, A.; hamed Abdullah alhasmi, B. Synthesis and characterisation of carbon nanotubes from
waste of Juglans regia (walnut) shells. Fuller. Nanotub. Carbon Nanostructures 2021, 29, 860–867. [CrossRef]

45. Ramli, R.; Hidayat, R. Graphene Oxide Based on Biomass Waste: Synthesis and Applications; IntechOpen: London, UK, 2022. [CrossRef]
46. Lee, S.Y.; Mahajan, R.L. A facile method for coal to graphene oxide and its application to a biosensor. Carbon 2021, 181, 408–420.

[CrossRef]
47. Xu, Y.; Zhang, Y.; Zhang, G.; Guo, Y.; Zhang, J.; Li, G. Pyrolysis characteristics and kinetics of two Chinese low-rank coals. J.

Therm. Anal. Calorim. 2015, 122, 975–984. [CrossRef]
48. Xu, T.; Srivatsa, S.C.; Bhattacharya, S. In-situ synchrotron IR study on surface functional group evolution of Victorian and

Thailand low-rank coals during pyrolysis. J. Anal. Appl. Pyrolysis 2016, 122, 122–130. [CrossRef]
49. Zhu, Z.; Zuo, H.; Li, S.; Tu, J.; Guan, W.; Song, W.L.; Zhao, J.; Tian, D.; Jiao, S. A green electrochemical transformation of inferior

coals to crystalline graphite for stable Li-ion storage. J. Mater. Chem. A 2019, 7, 7533–7540. [CrossRef]
50. Kaklidis, N.; Kyriakou, V.; Marnellos, G.E.; Strandbakke, R.; Arenillas, A.; Menéndez, J.A.; Konsolakis, M. Effect of fuel thermal

pretreament on the electrochemical performance of a direct lignite coal fuel cell. Solid State Ion. 2016, 288, 140–146. [CrossRef]
51. Zhang, X.; Sun, B.; Fan, X.; Liang, P.; Zhao, G.; Saikia, B.K.; Wei, X. Hierarchical porous carbon derived from coal and biomass for

high performance supercapacitors. Fuel 2022, 311, 122552. [CrossRef]
52. Li, K.K.; Liu, G.Y.; Zheng, L.S.; Jia, J.; Zhu, Y.Y.; Zhang, Y.T. Coal-derived carbon nanomaterials for sustainable energy storage

applications. New Carbon Mater. 2021, 36, 133–154. [CrossRef]
53. Savitskii, D.P. Preparation and characterization of colloidal dispersions of graphene-like structures from different ranks of coals. J.

Fuel Chem. Technol. 2017, 45, 897–907. [CrossRef]
54. Pakhira, B.; Ghosh, S.; Maity, S.; Sangeetha, D.N.; Laha, A.; Allam, A.; Sarkar, S. Extraction of preformed graphene oxide from

coal: Its clenched fist form entrapping large molecules. RSC Adv. 2015, 5, 89076–89082. [CrossRef]

173



Materials 2023, 16, 3726

55. Tran, V.T.; Saint-Martin, J.; Dollfus, P. Electron transport properties of graphene nanoribbons with Gaussian deformation. Phys.
Rev. B 2020, 102, 075425. [CrossRef]
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