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Abstract: The coagulating properties of wood vinegar from para rubber wood, bamboo, and coconut
shell used as a substitute for acetic acid in the production process of natural rubber (NR) sheets
were investigated and considered. For the dirt and volatile content, the tensile strength at break, the
percentage of elongation at break, and the 300% modulus, the results showed that the types of wood
vinegar coagulants were not significantly different from acetic acid. However, the Mooney viscosity
and plasticity retention index (PRI) properties were significantly different from those of acetic acid.
The NR sheet temperature increased rapidly during the first hour after the drying process started
due to heat transfer from the hot air. Afterward, the temperature of the NR sheet samples began
to stabilize. When the drying process started, the drying temperature was increased, so the trend
was reducing the drying time. For the yellowness index (YI) value, the increase in the YI value was
related to the type of coagulating material, the increase in the airspeed, and the drying temperature.
The dried sheet samples using para rubber wood vinegar as the coagulating material had a color
value at the same level as acetic acid and the referent. However, the bamboo and coconut shell wood
vinegars were at a lower level. In comparing the YI value data between the experimental results and
prediction values, the second-degree model had a better fit in prediction than the zero-degree and
first-degree models. This result was confirmed by the higher mean of the coefficient of determination.
The dried sheet product coagulated by using wood vinegar had fungus growth prior to supplying it
to the customer.

Keywords: response surface; para rubber wood; MMAD; size distribution; prediction

1. Introduction

Para rubber (Hevea brasiliensis) is a well-known plant throughout the world [1–4].
In 2019, worldwide natural para rubber (NR) production was about 13.5 million metric
tons [5]. Thailand is the largest country for NR production and exportation [6]. In 2019,
3.82 million metric tons (USD 1 billion) of Thai NR products were exported to the USA,
China, India, and Japan [7]. NR products can be divided into four forms: ribbed smoked
sheets (RSS), block rubber, concentrated latex, and miscellaneous other forms such as air-
dried sheets (ADS) of rubber [8–10]. Due to the number of tires required by the automotive
industry increasing, the amount of consumed RSS and ADS rubber also increased [10–12].

As is known, the ADS rubber process has the same procedure as RSS production
except for the fuel used to dry the NR sheets. When NR sheets are washed and hung on
bars to dry in the chamber, hot gas from para rubber wood combustion flows to dry the NR
sheets in the RSS drying process, but the ADS rubber process uses hot gas from a heater.

In the ADS rubber process, fresh para rubber latex is tapped and collected as white
liquid from para rubber trees by farmers. NR sheets are produced by the addition of a
coagulant, such as the commercial acids formic acid and acetic acid, to the fresh latex,
which is then compressed by a squeezing machine. As these acids are highly toxic and
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not environmentally friendly [13–15], non-toxic compounds were investigated for use as
coagulants in NR sheet production [15,16].

In recent years, much research has studied coagulating material substitutes for the
commercial acids in the ADS rubber production process. For instance, the effects of
wood vinegar as a coagulant and antifungal agent for ADS rubber in particular were
demonstrated [17–20]. Previous research regarding the effects of wood vinegar as an
antifungal agent for ADS rubber has been conducted in laboratories. Fungal inhibition
was tested by cultivating Penicillium sp. from an NR sheet (immerse a 1-g piece of an NR
sample in 5 mL of 0.85 %wt. NaCl and dilute) in a potato dextrose agar (PDA) for 72 h.

Wood vinegar, a pyroligneous acid by-product of wood charcoal production, is a
natural and environmentally friendly substance. Raw wood vinegar is collected during the
carbonization or pyrolysis of wood in airless conditions at temperatures in the range of
500–600 ◦C [21–24]. Para rubber wood, bamboo, and coconut shell are the standard raw
materials with which to produce wood vinegar in Thailand [25,26].

The standard of the Rubber Research Institute of Thailand (RRIT) has divided ADS
rubber into five grades from the highest level (one) to the lowest level (five) [27]. In this
standard, the chemical and physical properties as well as the color (yellowish or yellowness
index (YI) values) are the most important basic characteristics of ADS rubber.

The YI values of the ADS rubber affect the market price considerably because ADS
rubber is graded according to the impurities in the sheet, as well as the yellowishness. NR
sheets which are exposed to excessive temperatures and drying times are brown and thus
subjected to a lower price. To manage the quality of ADS rubber appropriately, a study of
NR sheet drying kinetics and color kinetics through analyzing the YI values is necessary.

As is known, NR sheets change from white to yellow or brown after drying because
of the Maillard reaction [28–30]. The conditions of the acetic acid concentration, room tem-
perature, total drying time, and airflow characteristics directly affect the reaction rate [31].
Previous investigations have shown that most NR drying research has designed and de-
veloped a drying chamber by considering the specific energy consumption and physical
characteristics of ADS sheets [32,33]. Additionally, a mathematical model that considers the
drying kinetics, chamber temperature distribution, and the airflow characteristics during
the drying process has been improved [2,32–37]. Currently, Junka et al. [38] have been
the only ones studying the effects of the drying conditions on the YI value changes in NR
sheets when coagulating with acetic acid during the drying process quantitatively. Until
now, there has been no research on the drying and color kinetics of NR sheets which used
coagulating material substitutes for acetic acids in the ADS rubber production process by
analyzing the YI values.

As for ADS sheet production, an acetic acid coagulant is one of the important chemicals
to improve the NR sheet quality. However, one other alternative chemical is wood vinegar,
which can replace traditional chemicals. Furthermore, because wood vinegar is a natural
and environmentally friendly substance, it would be of interest for use as an additive and
could become an important factor in ADS sheet production.

Therefore, the purpose of this research was to study the chemical and physical proper-
ties and predict the YI value changes of the drying and color kinetics of NR sheets which
were related to the coagulating material type, including wood vinegar without purification
from para rubber wood, bamboo, and coconut shell plus commercial acetic acid during
the drying process. This study would be useful for finding the suitable drying conditions
for each coagulating material while still maintaining the ADS rubber color at the level one
standard and protecting the environment.

2. Materials and Methods

This section clarifies the raw materials and methods used to consider and analyze the
effect of wood vinegar substitutes for acetic acid as the coagulant on the color quality of
para rubber sheets drying.
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2.1. Wood Vinegars and Acetic Acid

The crude wood vinegar without purification from para rubber wood, bamboo, and
coconut shell used as a substitute for acetic acid in this study was supplied by a local manu-
facturer in Pathiu, Chumphon Province, Thailand. The color of these vinegars was reddish
brown. The pH and principal compositions of the wood vinegars were measured with a
pH meter (Mettler Toledo, Greifensee, Switzerland) and gas chromatography (performed
on a Hewlett-Packard 5890 Series II, Waldbronn, Germany), respectively, while the acetic
acid was supplied by a commercial manufacturer in Thailand.

2.2. The Raw NR Sheets

The NR sheets used in this study were obtained from the Agriculture, Food and
Energy Center of King Mongkut’s Institute of Technology Ladkrabang from the Prince of
Chumphon Campus, Pathiu, Chumphon Province, Thailand. The sheets selected related to
the capacity of the chamber and the rubber sheets with initial moisture content on a dry
weight basis (d.b.) were reduced in size for the laboratory test. The length, width, and
thickness of each sheet sample were 300 mm, 100 mm, and 3 mm, respectively, and the
weight was 100 g.

2.3. Drying Chamber

Figure 1 shows the hot air oven chamber used in this study, having dimensions of
600 mm × 800 mm × 1000 mm. It was constructed of steel. A centrifugal blower (Nitco,
model RB60-520, Hessdorf, Germany) driven by a 2.2-kW motor and a 1.5-kW heater
(Maxthermo, model MC-2438, Taiwan) were also used as the airspeed and temperature
controllers, respectively.

2.4. Sampling Methods

Each NR sheet was produced in a tank by adding the coagulant into diluted NR latex
(2000 mL filtered fresh NR latex + 3000 mL water). During the NR latex coagulation process,
the latex completely coagulated within 3 h when using each of the wood vinegar substitutes
and the commercial acetic acid. For the experimental conditions, 40 sheets of NR sheet
samples (4 groups × 10 sheets) were measured and recorded. Dependent on the sample
NR sheet coagulating material type condition, they were divided into four groups: para
rubber wood vinegar, bamboo wood vinegar, coconut shell wood vinegar, and commercial
acetic acid. For each experimental sample group, there were five replications. The sheet
samples for every experiment were hung on four bamboo bars in the drying room. The air
speed conditions were set at 0.3, 0.5, and 0.7 m/s [39,40]. The drying temperatures were 50,
60, and 70 ◦C [7,39–41]. Each NR sheet was taken out of the drying room after different
drying times to record the NR sheet moisture content by the method of ASAE [42] and
the temperature using an infrared thermometer (Benetech, model GM-700, Guangdong,
China). The moisture of the NR sheets were reduced until a final level of 3.0 ± 1.0% d.b. in
accordance with the ADS rubber standard of the RRIT. Thus, 1800 data samples (4 groups
× 10 times × 3 velocities × 3 temperatures × 5 replications) were used for the construction
of the models. The reference sample was a high-quality NR sheet coagulated by using
commercial acetic acid with chemical and physical properties and a color within the level
1 ADS rubber standard from the Clong Wang Chang Cooperative in Pathiu, Chumphon
Province, Thailand. The final moisture level of this sample was 3.0% d.b. after sun drying
for 14 days.
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2.5. Chemical and Physical Properties Analysis

The total particle mass concentration (TPMC) of the smoke particles from the para
rubber chemical properties of the PR sheet sample, dirt content, and volatile content [43]
were calculated by the Standard Malaysian Rubber (SMR) methods, and the physical prop-
erties of the experimental sheets were recorded by a texture analyzer (Lloyd Instruments,
TA Plus, Hampshire, UK) with a 1-kN static load cell and calculated by tensile testing [44].
The Mooney viscosity [45] and plasticity retention index (PRI) [46] were calculated and
considered. The Mooney viscosity value was determined with a viscometer (TECHPRO),
while the PRI value could be calculated by Equation (1) [46]:

PRI =
P30

P0
× 100 (1)

where P0 is the initial plasticity and P30 is the plasticity number after aging for 30 min at
140 ◦C in the NR sample.

2.6. Color Analysis

The color value of the NR sheet drying samples in this research was directly measured
by using a color meter (Minolta, Model CR400, Osaka, Japan). The color parameters were
shown as the average of three readings: lightness (L*), redness (a*), and yellowness (b*).
Each sample was measured at 10 different points and repeated 5 times. The equation of the
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YI value, Equation (2), was determined by the magnitude of deviation in chroma from the
whiteness and the YI value, which could be calculated as explained by Zou et al. [47]:

YI =
100(1.28X − 1.06Z)

Y
(2)

where X, Y, and Z are the color coordinates in the CIELAB color space model.

2.7. Color Kinetic Expression

The zero, first, and second-order rate reaction equations were used to predict the color
change in the NR sheet during the drying process [48]. The reaction rate in the zero order
was constant at all times, while the reaction rate in the first- and second-order depended
on the substrate concentration, where t is the drying time and (h) and k are the reaction
rate constant (h−1). Thus, the rate reaction equations were written.

The zero-order rate reaction equation could be calculated as in Equation (3):

d(YI)
dt

= k (3)

The first-order rate reaction equation could be calculated as in Equation (4):

d(YI)
dt

= k(YI) (4)

The second-order rate reaction equation could be calculated as in Equation (5):

d(YI)
dt

= k(YI)2 (5)

According to Equation (6), the Arrhenius equation, the dependence on the temperature
of the reaction rate was used to find the k value by a graphical plot in each order of the
equation [48,49], where R is the universal gas constant (J mol−1 K−1), E is the activation
energy of the rate constant (J mol−1), A is the frequency factor (h−1), and T is the drying
temperature (K). Thus, this was written as follows in Equation (6):

k = A × exp
(
−E
RT

)
(6)

For the color prediction, the color change was predicted using the YI value of NR
sheet during the drying process. The zero-, first-, and second-order rate reactions could
then be written.

The zero-order prediction models could be calculated by Equation (7):

YI(t) = YI0 + kt (7)

The first-order prediction models could be calculated by Equation (8):

YI(t) = YI0 + exp(kt) (8)

The second-order prediction models could be calculated by Equation (9):

YI(t) =
1(

1
YI0

)
− kt

(9)

2.8. Statistical Analysis

Analysis of variance (ANOVA) was used for graphical analyses of the data to define
the interaction between the responses and to estimate the statistical parameters and the
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process variables. The significant model terms were evaluated by the probability value
(p-value) at a 95% confidence interval.

3. Results and Discussion
3.1. The pH and Principal Compositions of the Wood Vinegars

The vinegars in this study had pH values between 2.65 and 2.71. The principal
compositions of these vinegars as analyzed by gas chromatography (performed on a
Hewlett-Packard 5890 Series II) were as follows: para rubber wood (acetic acid, 11.67 g/L;
phenol, 2.82 g/L; and methanol, 0.52 g/L), bamboo (acetic acid, 10.59 g/L; phenol, 2.08 g/L;
and methanol, 0.44 g/L), and coconut shell (acetic acid, 10.22 g/L; phenol, 2.15 g/L; and
methanol, 0.41 g/L).

3.2. NR Latex Coagulation

During this process, fresh NR latex completed coagulation within 3 h when using
wood vinegar without purification from para rubber wood, bamboo, coconut shell, and the
commercial acetic acid. For the unsmoked rubber sheet colors before the drying process
under the type of coagulating material, the sheet was rather white. In comparing the YI
values between each experimental and reference result, the values were between 35.1 and
35.7 before the test started.

3.3. Chemical and Physical Properties of the NR Sheets

Table 1 presents the chemical and physical properties of the NR sheets which were
related to the type of coagulant material. The results of the average dirt and volatile
contents of the NR sheets showed that the different types of wood vinegar coagulants
were not significantly different from acetic acid. This result was due to acetic acid being
the major component of wood vinegars. For the physical properties, Figure 2 shows that
the tensile strength at break of the NR sheet samples changed during the drying process.
Figure 2 presents that an increase in drying time had the influence of increasing the tensile
strength at break for all samples. This result was due to the space between the rubber
molecules being decreased after water molecule evaporation [50,51]. In comparing the
tensile strength at break values between each experimental and reference result, it is shown
that all the wood vinegar coagulating materials were not significantly different from the
acetic acid. The results show that the average percentage of elongation at break and the
300% modulus were not significantly different.

Table 1. The chemical and physical characteristics of the NR sheet results related to the type of coagulating material.

Type of NR Sheet

Type of Coagulating Material

Raw Wood Vinegars
Acetic Acid

Para Rubber Wood Bamboo Coconut Shell

Before drying
Dirt content (%w/w) 0.048 0.055 0.052 0.054

Volatile content (%w/w) 0.79 0.87 0.85 0.83
After drying

Dirt content (%w/w) 0.037 0.043 0.039 0.042
Volatile content (%w/w) 0.49 0.56 0.52 0.53
Elongation at break (%) 669 682 678 671
300% modulus (MPa) 1.0 1.0 1.0 1.0
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Figure 2. Tensile strength at break change during the drying process.

Figures 3 and 4 present the effect of the type of coagulating material on the Mooney
viscosity and plasticity retention index for the sheet rubber, respectively. In comparing
the phenolic group among the four coagulating materials (para rubber wood vinegar
> coconut shell wood vinegar > bamboo wood vinegar > acetic acid), an increasing number
of phenolic groups in the NR latex reacted with the amine groups in the rubber [52,53],
which increased the Mooney viscosity and PRI of the NR sheet. Therefore, the phenolic
group in the NR latex had a strong influence on the Mooney viscosity and PRI properties
of the sheet. This agreed with the results reported in [52,53]. Note that the results indicated
that the concentration of acids influenced the Mooney viscosity, PRI properties, and the
manufacturing process more than the acid types.
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3.4. Drying Kinetics of the NR Sheets

Figure 5 presents the NR sheet temperature change during the drying process at each
type of coagulating material, airspeed, and temperature. Figure 5 shows the example data
of the experimental values at various drying temperatures (50 ◦C, 60 ◦C, and 70 ◦C), where
the airspeed was controlled at 0.3 m/s and 0.7 m/s. Initially, the NR sheet temperature
samples were at approximately 30 ◦C. The NR sheet temperature increased rapidly during
the first hour after the drying process started due to heat transfer from the hot air, and
subsequently, the NR sheet sample temperature stabilized. The results show that increasing
the air speed did not affect the NR sheet temperature at the same drying temperature and
time period. This agreed with the results reported in [7,38,54,55]. In addition, the results
found that the type of coagulating material and air speed value did not affect the NR sheet
temperature.
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Figure 6 presents the NR sheet moisture change during the drying process for each
type of coagulating material, airspeed, and temperature. When the drying process started,
the NR sheet moisture rapidly reduced through convection heat transfer over the first
12 h. Afterward, the decrease in moisture of the samples was at a constant rate due to heat
diffusion until drying finished at a final moisture of 3.0% d.b. [7,56]. For this reason, as the
drying temperature was increased, the drying time reduced.
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3.5. Color Kinetics of the NR Sheets

Figure 7 presents the YI kinetics of the NR sheet change during the drying process for
each type of coagulating material, airspeed, and temperature. When the test started, the YI
values of the experimental NR sheets and reference were between 35.1 and 35.7. Figure 7
presents that the increase in YI value related to the type of coagulating material and the
increase in the airspeed and drying temperature.
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Table 2 shows the experimental and predicted average YI value of the NR sheet
samples at the final moisture content and total drying time. The results showed that the
average YI values of the dried NR sheet by hot air were between 51.2 and 67.6, while that
of the reference NR sheet was 59.8. For the type of coagulating materials, the dried sheet
samples using para rubber wood vinegar as the coagulating material had a color value at
the same level as the acetic acid and the referent. However, the bamboo and coconut shell
wood vinegar were at lower levels. At the lower drying temperature, the airspeed affected
the YI value, but for the higher temperature it was not affected. The results showed that
the increase in temperature had a prime influence on increasing the average YI values. For
the NR sheet samples dried at 70 ◦C, the average YI value of all the samples was higher
than that of the reference, which presented that their color was falling below the level 1
standard of the ADS rubber.

Table 2. The experimental and predictable YI value of the NR sheet samples at the final moisture content and the total
drying time (temp. = temperature, PR = para rubber, Bb = bamboo, and CS = coconut shell).

Type of Coagulating
Material

Velocity
(m/s)

Drying
Temp. (◦C)

Drying
Time (h)

YI Value
Experiment

YI Value Prediction (Order)

Zero First Second

PR wood vinegar 0.3 50 84 51.2 ± 1.2 b 50.3 50.7 50.3
60 60 54.1 ± 0.3 c 54.7 54.6 56.2
70 48 62.5 ± 1.2 b 59.8 61.4 68.9

0.5 50 80 52.6 ± 0.8 d 52.1 53.7 55.8
60 52 56.8 ± 1.0 f,g 57.3 62.1 64.5
70 42 63.8 ± 0.3 c 64.2 64.8 67.2

0.7 50 75 54.5 ± 0.9 a 53.7 56.1 58.5
60 44 57.2 ± 0.3 c 57.7 58.9 59.7
70 36 64.9 ± 1.2 b 63.7 65.8 68.5

Bb wood vinegar 0.3 50 84 60.5 ± 0.7 e,f 61.8 63.2 64.6
60 60 61.8 ± 1.0 f,g 63.1 64.6 65.9
70 48 63.6 ± 0.8 d 62.6 64.5 65.3

0.5 50 80 62.7 ± 1.2 b 59.3 62.2 68.1
60 52 62.9 ± 0.8 g,h 63.5 65.1 67.8
70 42 65.1 ± 1.2 b 63.8 65.7 71.3

0.7 50 75 64.8 ± 1.0 f,g 63.5 68.7 73.4
60 44 63.4 ± 1.2 b 61.2 64.6 69.2
70 36 67.6 ± 1.5 a,b 62.8 67.4 72.1

CS wood vinegar 0.3 50 84 60.9 ± 0.7 e,f 62.1 63.7 65.1
60 60 62.8 ± 0.6 d,e 63.1 65.2 67.7
70 48 64.6 ± 1.2 b 62.8 69.2 71.5

0.5 50 80 61.4 ± 0.8 d 60.3 62.5 64.7
60 52 63.5 ± 1.0 f,g 64.2 65.8 67.1
70 42 65.8 ± 1.0 f,g 63.9 65.5 69.2

0.7 50 75 63.1 ± 0.8 d 62.8 64.7 66.3
60 44 64.7 ± 1.0 f,g 64.3 67.6 72.9
70 36 67.1 ± 1.5 a,b 62.3 66.3 71.9

Acetic acid 0.3 50 84 51.7 ± 1.2 b 50.9 51.4 50.8
60 60 54.5 ± 0.3 c 54.2 54.8 56.7
70 48 62.6 ± 0.6 de 63.7 64.5 67.1

0.5 50 80 56.5 ± 0.8 d 54.2 55.3 56.8
60 52 57.8 ± 1.0 f,g 59.2 63.7 64.9
70 42 64.8 ± 1.2 b 61.8 63.6 68.3

0.7 50 75 58.3 ± 1.5 a,b 55.3 57.2 62.5
60 44 59.4 ± 0.7 e,f 60.2 64.5 66.9
70 36 65.2 ± 0.3 c 64.9 65.8 67.7

Reference 59.8 ± 0.9 a

a–h: Different letters in the same column indicate a significant difference at a certain p-value (p < 0.05).
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For the changed NR sheet, the browning process was categorized into two interactions:
non-enzymatic and enzymatic browning. As is known, the sheet color change in the non-
enzymatic browning reactions was divided into two interactions: lipid oxidation and the
Maillard interaction. For the lipid oxidation process, the NR sheet has unsaturated fatty
acid elements. When it is oxidized by the oxygen in the air, the pigments in the sheets
change by forming colored polymers [57,58]. The Maillard reaction occurs as the color
value of the product changes during the drying process [58,59]. In this experimental case,
the amino and carbonyl compounds in the rubber sheets were changed to the colored
melanoidins after receiving heat. Much research [58–60] has concluded that the decrease in
the amino and carbonyl compound levels before drying starts has a strong influence on
decreasing the brownness color value on the product’s surface area after drying. Therefore,
the increased value of the brownness color on the dried NR sheet surface area showed that
the NR sheet had a high value of the amino and carbonyl compounds remaining before
the drying process started. For this reason, this indicated that a part of the amino and
carbonyl compounds was removed from the NR latex in the coagulating process. The
results present that the dried NR sheet samples using para rubber wood vinegar and acetic
acid as the coagulating material had lower brownness color values on the surface area
than the samples using bamboo and coconut shell wood vinegar. Thus, this indicates
that the para rubber wood vinegar had a high capability for decreasing the amino and
carbonyl compound values to the same level as acetic acid and a better level than bamboo
and coconut shell wood vinegar. In other words, amino and carbonyl compounds were
removed from the NR latex with acid substances, especially acetic acid. This may be due to
the para rubber wood vinegar having a higher value of acetic acid than the bamboo and
coconut shell wood vinegar. In addition, the results found that the Maillard interaction
rate was higher with the increasing change in the water activity of the rubber sheets and
the drying temperature.

Enzymatic browning occurs when the polyphenols in an NR sheet are oxidized by
the catalytic. This reaction reacts with other compounds in the sheet to create the colored
polymeric compounds. The colors of each experimental sheet sample and the referent are
presented in Figure 8. The results show that the NR sheet samples using para rubber wood
vinegar as the coagulating material had a color value at the same level as the acetic acid
and the referent.
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3.6. The Rate of Constant Determination

Table 3 presents the activation energy and frequency factor values of the expressed
rate constant for the various coagulating materials, airspeeds, and orders. In each order,
these values were determined by the YI values from the experiments and a plot to find and
compare the constant of the experimental reaction rate.

Table 3. The activation energy and frequency factor values of the expressed rate constant (PR = para rubber, Bb = bamboo,
and CS = coconut shell).

Type of
Coagulating

Material

Velocity
(m/s)

Order of the Reaction Rate Constant

Zero First Second

A (h−1) E (J/mol) A (h−1) E (J/mol) A (h−1) E (J/mol)

PR wood vinegar 0.3 18.6 × 106 46,497.8 19.1 × 106 45,042.4 7.4 × 106 44,997.4
0.5 15.9 × 106 44,928.9 14.2 × 106 42,853.8 5.7 × 106 42,028.6
0.7 12.7 × 106 43,167.8 11.3 × 106 41,987.4 2.8 × 106 41,256.9

Bb wood vinegar 0.3 20.2 × 106 48,257.4 21.2 × 106 46.383.6 7.8 × 106 45,227.4
0.5 17.6 × 106 45,578.6 16.1 × 106 44,027.8 5.2 × 106 43,227.8
0.7 12.5 × 106 44,217.4 12.5 × 106 42,369.6 3.5 × 106 41,828.6

CS wood vinegar 0.3 20.6 × 106 48,828.6 21.3 × 106 45,994.7 7.1 × 106 45,043.1
0.5 18.7 × 106 47,307.4 15.1 × 106 43,854.8 4.9 × 106 42,895.6
0.7 11.9 × 106 45,267.6 11.9 × 106 42,778.9 2.8 × 106 41,774.8

Acetic acid 0.3 19.5 × 106 47,528.6 20.4 × 106 46,572.4 8.3 × 106 45,341.8
0.5 16.7 × 106 45,347.4 15.5 × 106 43,712.9 5.9 × 106 42,879.8
0.7 13.8 × 106 43,978.8 12.6 × 106 42,225.6 3.3 × 106 41,936.7

In this model, as a procedure to determine the best fit line with the data, the least-
squares technique was used to calculate the activation energy and frequency factor values
of the expressed rate constant for the various coagulating materials, airspeeds, and orders.
For the same type of coagulating material and order of reactions, Table 3 presents that
decreasing the airspeed increased both the activation energy and frequency factor values.

3.7. YI Value Prediction

In comparing the YI value data between the experimental results and the prediction
values, the second-degree model had a better fit for prediction than the zero-degree and
first-degree models. This result was confirmed by the higher mean of the coefficient of
determination (Figure 9a–c). The mean of the coefficient of determination, or R2, was
between 0.8817 and 0.9675, which is satisfactory (Figure 9c). Hence, the response of these
models showed an increasing trend of the YI values as the drying time progressed.

3.8. Fungi Growth on the Dried Rubber Sheet Product’s Surface after Storage

As is known, the dried sheet product is stored for approximately 6 months at room
temperature before supplying it to customers, and this was replicated during this study.
Table 4 shows how the type of coagulating material affected fungus growth after storage.
Under the NR latex coagulating with acetic acid (Figure 10), the dried sheet surface was
found to have fungus growth over 50% of the surface area after approximately 3 months in
storage and the referent sheet (sun-dried) displayed the same result. For the latex samples
coagulated by using all the wood vinegars, the dried sheet product displayed fungus
growth prior to supplying it to the customer. For this reason, the wood vinegars in this
study comprised a phenol component which could have prevented the sheet from fungus
growth [8,25,61,62].
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Table 4. The fungus growth on the surface area of the dried sheet product after storage (PR = para rubber, Bb = bamboo,
and CS = coconut shell).

Type of Coagulating Material The Fungus Growth after Storage for Approximately Six Months

PR wood vinegar No
Bb wood vinegar No
CS wood vinegar No

Acetic acid Yes (3–6 month)
Reference Yes (3–6 month)
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Figure 10. The fungus growth on the dried rubber sheet product surface after approximately three
months of storage: (a) acetic acid and referent and (b) wood vinegars.

Although fungus problems on the dried sheet could be solved by going through
the drying process again, energy consumption and the cost of production would be in-
creased [39,63]. Additionally, acetic acid can cause harmful effects on humans such as
irritation of the nose, throat, and eyes, chest tightness, cough, fever, and headache. In seri-
ous cases, eye damage, increased heart rate, and damage to the airways can occur [64,65].

Aside from the type of coagulating material, drying temperature, and airspeed, there
may be other variables that should be considered, such as acetic acid or wood vinegar
concentration values, the NR latex concentration, pressure, atmosphere relative humidity,
and others.

From a cost perspective in the production process, the ADS sheet produced by coagu-
lating through the use of wood vinegar from para rubber wood, bamboo, and coconut shell
is more cost-effective than the normal addition of acetic acid by about 3.5%. Note that the
cost of normal ADS sheet production was referenced from the Thailand Rubber Research
Institute [8].
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4. Conclusions

The results of this research present that wood vinegar from para rubber wood, bamboo,
and coconut shell can be used as a substitute for acetic acid in the production process of
natural rubber (NR) sheets. For the Mooney viscosity and PRI of the NR sheets, the results
showed that the wood vinegar coagulation differed significantly from acetic acid. Although
other properties were not significantly different from acetic acid, when the drying process
started, the drying temperature was increased, so the drying time was reduced. The results
show that the increase in temperature had a prime influence on increasing the YI values.
The second-degree model had a better fit in YI value prediction than the zero-degree or
first-degree models. The dried sheet product coagulated using wood vinegar had fungus
growth for over 6 months. Thus, the coagulating of wood vinegar used as a substitute for
acetic acid in the production process of NR sheets could decrease energy consumption and
the cost of production, as it did not require repeating the drying process. Future work using
this knowledge should consider and analyze the acetic acid or wood vinegar concentration
values, NR latex concentration, pressure, and atmosphere relative humidity to improve the
process and product.
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