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An experimental study was carried out to investigate the combustion characteristics of plant-derived polyol liquor waste
using thermogravimetric analyzer and vertical tube furnace tests. The research results showed that the waste liquor
combustion reaction comprised four processes: evaporation, pyrolysis, combustion, and inorganic salt reaction, and that a
wave peak exists for each process. The pyrolysis process, which is the most violent reaction, exhibited the maximum peak
weight-loss rate and weight-loss ratio and had the lowest activation energy and frequency factor. The peak weight-loss
rate of inorganic salt reaction process was less than that during the combustion process, but sodium alkali has catalytic
effect at high temperature, which makes the activation energy and the frequency factor of inorganic salt reaction process
less than that of the combustion process. The ignition temperature of the waste liquor in the vertical tube furnace was
lower than the temperature in the thermogravimetric analyzer. The ignition temperature of pyrolysis volatiles measured in
a vertical tube furnace was less than 700 °C but the ignition temperature of carbon combustion as measured with TG —
DTG was 718 °C. When the temperature inside vertical tube furnace was higher than 800 °C, the waste liquor combustion
process becomes almost instantaneous (about 8 s) and is violent, which produces more residual carbon content in the

combustion products as a longer holding time is necessary to ensure that the reaction is completed.
Keywords: plant chemical polyol, waste liquor, kinetics, combustion, evaporation, pyrolysis, inorganic salt reaction.

1. INTRODUCTION

When properly exploited, renewable resources can have
advantages of low pollution, low emissions and a continuing
source of supply. In consequence, renewable resources are
receiving considerable recent attention [1]. Biomass is an
important renewable resource and, in order to replace fossil
resources such as petroleum, all the major energy-
consuming countries are actively exploring and researching
the production of energy and the extraction of useful
materials from biomass to produce plant-based chemical
products and raw materials [2, 3].

A great deal of researches and development has been
carried out on the bio-refining of corn and corn straw to
produce polyols for industrial applications [4]. Bio-refining
has particular advantages of low energy consumption and
low emissions. The bio-refining production of glycols
directly reduces carbon dioxide emissions by 51.7 %,
compared to petroleum refining. It takes 1.42 tons of corn to
produce 1ton of glycol, 4.54 tons of carbon dioxide is
absorbed during growth of the corn, 2.55 tons carbon
dioxide is released during bio-refining and 1.99 tons of the
carbon dioxide from the corn is transformed into glycol [5].
The development of renewable plant-derived chemical
polyol technology has positive practical and social
significance preference to avoid petroleum resources and
reduce environmental pollution and has a far-reaching
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impact on the development of an economically sustainable
ecological environment [6].

A large amount of waste liquor will be produced in the
process of production plant-derived chemical polyol. If it is
not be treated in a timely manner, the waste will result in
serious pollution to the natural environment. In
consequence, pollution-free treatment of the waste liquor
has become the key restriction to the development of the
plant-based chemical polyol industry [7].

The waste liquor from the plant-based polyol process
has similar characteristics the black liquor produced during
papermaking and therefore industry can learn lessons from
the black liquor treatment approach. The combustion of
black liquor is a mature and effective way to recover the
thermal energy of the waste liquor and produce inorganic
sodium salts that can be recycled and reused [8]. The
combustion process of black liquor can be considered in
four stages: drying, pyrolysis carbon combustion, and
inorganic salt reduction, though each stage is not isolated,
and all stages may occur simultaneously in a continuous
process unit [9, 10]. References by Hupa et al to the four
stages of black liquor combustion have been widely
recognized in this field [11-13].

Nassar [14] studied the combustion characteristics of
black liquor of bagasse pulp using a thermogravimetric
analyzer. It was shown that there are three active peaks at
50 °C, 273°C, and 670°C, and it is considered that



volatilization and vulcanization of organic matter occur at a
lower temperature. Decomposition of the organic matter
occurs during pyrolytic combustion at a higher temperature
and the inorganic salt reaction takes place later at higher
temperatures (800 ~ 1000 °C).

Hupa et al. [9, 15] utilized a 1 ~2 ml black liquor
droplet in a high temperature reactor at 800 °C for their
combustion tests. It was found that the initial size of the
droplet was basically unchanged. After 1 ~2s a yellow
flame appeared, and the droplet entered the pyrolysis stage.
The droplet size then expanded rapidly. It was found that the
inner hollow coke particles burned more rapidly than the
homogeneous particles. The hollow structure increases the
specific surface area, which enables better internal mass
transfer and more rapid heat transfer [16].

The temperature, particles size and weight of black
liquor droplets change in the combustion process. The
surface temperature of the droplets in the combustion
always is greater than the internal temperature. It tends to be
consistent in the later stage of the coke combustion reaction.
There are coincidences in each reaction stage, and it is
difficult to strictly distinguished, the process of mass
transfer and heat transfer is uneven [17, 18]. The lignin and
sodium salts in black liquor have an important influence on
the pyrolysis and combustion performance [19]. The stage
of lignin pyrolysis will release a large amount of volatile
gas, which promotes the thermochemical reaction of black
liquor [20]. Most of the research into plant-derived chemical
polyol is at the stage of exploration or pilot testing. Research
into the handling of the waste liquor stream has only
recently commenced. In the present investigation, the
combustion characteristics of plant-derived chemical polyol
waste liquor were studied through experimental tests and
theoretical analysis methods in order to provide background
information on which to base further research on the study
of waste liquor combustion technology.

2. TEST SAMPLES AND METHODS
2.1. Samples

Samples of plant-derived chemical polyol waste liquor
were obtained from a pilot production plant with an annual
output of 200,000 tons of polyol. The waste liquor is a very
complex multi-component material with a density
p=1.1669 g-ml™.

As a by-product of the production process, the plant-
derived chemical polyol waste liquor is creamy at room
temperature and is brown, with rapidly decreasing viscosity,
at higher temperatures. When the liquor was heated to
100 °C, the dynamic viscosity decreased to 210CP, which
exhibits good fluidity.

The components of the plant-derived chemical polyol
waste liquor can be simplified to C15H3708Na-3H20 and
the product after combustion of the waste liquor was carbon
dioxide water, sodium carbonate, and other minor
components. The main reaction formula can be summarized
as follows:
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2.2. Test methodology

The test equipment consisted of a standard
TGA/SDTA851e thermogravimetric analyzer system
produced by Mettler-Toledo and a bespoke vertical tube
furnace arrangement that was developed in-house. The
thermogravimetric analyzer was utilized to conduct
standard TG/DTG determinations and the vertical tube
furnace was used to undertake combustion tests at
sequential preset temperatures. The tube furnace
configuration is shown in Fig. 1.

2.2.1. Thermogravimetric analyzer

The thermogravimetric analyzer was used to evaluate
the dynamic combustion parameters of the plant-derived
chemical polyol waste liquor. The thermogravimetric
analyzer atmosphere was controlled to be air or nitrogen.
The heating rate was 10 °C min?. The plant-derived
chemical polyol waste liquor sample was heated from 50 °C
to 950°C, and the air flowrate was 80 ml min™
Alternatively, the nitrogen flow rate was 40 ml min. The
weight of the test liquor droplet was controlled to be ~ 5 mg.
Pyrolysis tests under a nitrogen atmosphere were carried out
in order to compare the results with others obtained from the
combustion experiment in an air atmosphere.

2.2.2. Vertical tube furnace test method

The vertical tube furnace test simulated the reaction
state of flowing droplets at high temperature and allowed
the combustion process of waste liquor droplets to be
observed and recorded by a high-speed camera. The test
arrangement is shown in Fig. 1. The furnace was heated by
a silicon molybdenum electrical resistance wire coil to
temperatures up to 1800 °C. An observation hole is
provided in the furnace casing to allow a high-speed camera
to capture the combustion behavior in the furnace. The inner
diameter of the quartz tube in the center of the tube furnace
was 54 mm and the length was 1045 mm; the outer diameter
of the ceramic tube was 30 mm, the inner diameter was
22 mm, and the length of the tube was 400 mm.
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Fig. 1. Test system diagram of the vertical tube furnace
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The upper section of the arrangement utilized a water-
cooled head and a ceramic fiber/rubber gasket was placed
between the head and the quartz tube to seal the joint and
provide a thermal break between the furnace tube and the
head.



The liquid droplets were placed in a stainless-steel
metal spoon and suspended into the upper end of the
ceramic tube into the furnace, exposing it to the high-
temperature zone of the furnace to start the thermal
degradation reaction. The ceramic tube is used to reduce the
influence of the high-temperature furnace on heat radiation
during the movement of the droplets and to prevent the
reaction from occurring before the waste liquor is located in
the designated position. The upper end of the ceramic tube
is fitted with a rubber plug, and gas (air or nitrogen) is
introduced from the upper end of the ceramic tube at a flow
rate of 8 L/min. The gas introduced into the upper end of the
ceramic tube not only ensures an oxidizing or inert
atmosphere around the droplet but also functions to cool the
ceramic tube and the sample. Before each test, air or
nitrogen was injected into the furnace to give the desired
atmosphere. The waste gas was discharged from the bottom
of the reactor tube and exhausted to atmosphere.

In order to ensure that the preset temperature is reached
in the furnace, high temperature insulation ceramic fiber is
used to fill the upper and lower ends of the casing and any
gap portions other than the observation port for heat
preservation. The position of the observation port was set at
a position of 26 to 31 cm from the top of the furnace. The
temperature profile was calibrated every 1 cm into the
furnace. The results of the temperature calibration plot at the
observation port of the quartz tube are shown in Fig. 2. As
is evident from this plot, the temperature required for the
combustion tests was achieved in the vicinity of the position
of the observation port.
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Fig. 2. Observation port temperature profile diagram

During each combustion test, a Cooke PCO.1200 s
professional high-speed camera (HSC) produced by Cooke Co.,
Ltd. was used to record the reaction process of droplets in the
furnace, and the exposure time was set to 50ms.

2.3. Thermodynamic method

The macromolecular compound decomposition
dynamics study was carried out using the Coats-Redfern
method, and the separation of the variable integrals is listed
below [21-23]:

9(@) _|

TZ

AR E_ 1

EORT

1-(1-a)""
1_

In

)

g(a) = (n=1); ©)

105

m, —m

a=—-",
m, —m,

(4)

where A is the frequency factor, min; E is the activation
energy, kJ-molt; m, mg, m., is the quality when the heating
temperature is T, the temperature at the start of heating, and
the end of heating, mg; n is the index, 0.5, 0.6, 0.7, 0.8, 1.2,
1.5...; T is Kelvin temperature, K; R is the molar gas
constant, 8.314J-mol*-K?; o is the quality change rate; g
is the heating rate, °C min™.
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3. RESULTS AND DISCUSSION
3.1. Combustion characteristic curve

The TG and DTG curves of the polyol waste liquor
combustion and pyrolysis processes, as measured by the
thermogravimetric analyzer, are shown in Fig.3. The
combustion reaction data for the plant-derived polyol waste
liquor are summarized in Table1l. The combustion
characteristic curves of the polyol waste liquor show that the
combustion process can be considered in four stages, which
are evaporation, pyrolysis, combustion, and inorganic salt
reaction. These processes are similar to those that occur
during black liquor combustion in the pulp and paper
industry, and four fluctuating peaks are evident during the
reaction process.
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Fig. 3. Characteristic curves for the thermal degradation of the
waste liquor

Table 1. Reaction data for waste liquor combustion

Temperature Peak Peak | Weight | Final so_lid

range, °C temperature, | DTG, I_oss conversion,
' °C %-°C1 | ratio, % %

50-120 84 0.0704 7.51
120-300 192 0.2236 | 40.40
300-600 / / 6.52 69.86
600800 733 0.0896 9.80
800-950 871 0.0286 5.63




The evaporation process starts when heating from
ambient temperature to 120 °C. The DTG curve exhibits a
small fluctuation peak, and a peak appears at 84 °C,
indicating that the free moisture in the waste liquor has
largely evaporated, and the weight loss ratio is 7.51 % after
the evaporation process has completed. The pyrolysis
process can be separated into two stages, namely the first
stage of pyrolysis (120 to 300 °C) and the second stage of
pyrolysis (300 to 600 °C). The pyrolysis process is the main
reaction stage and the weight loss ratio on completion
accounts for 46.92 % for the change in weight. The largest
fluctuation peak of the entire pyrolysis process occurs
during the first stage of the reaction. The peak temperature
was 192 °C, and the peak weight loss rate was 0.2236 %-°C
L. The weight loss ratio of the first stage also was the largest,
accounting for 40.4 % of the total weight of the droplet.
During the first stage of pyrolysis, the rate of weight loss is
large, and the reaction speed is rapid. The main mechanism
of weight loss is the loss of a small amount of remaining free
moisture, the water of crystallization and decomposition of
weak aliphatic carboxylic acids in the waste liquor. The
weight loss curve for the second stage of pyrolysis is very
gentle and there is no fluctuation peak. This stage is mainly
associated with decomposition of the relatively strong
chemical bonds and the partial breakdown of the
macromolecular organic matter in the aliphatic carboxylic
acid, so the reaction rate is slower than the first stage and a
higher reaction temperature is required.

After the heating temperature reaches 600°C, and as the
temperature increases, the ignition temperature range of the
waste liquor is reached, and the material commences the
combustion process. A large fluctuation peak, therefore,
appears in the DTG curve. The temperature peaks at 733 °C,
and a peak weight loss rate of 0.0896 % °C is observed.
After the pyrolysis process, a small amount of
macromolecular organic matter and carbon remain from the
waste liquor. In the presence of combustion air, a
combustion reaction occurs, which is intense, but most of
the organic matter is decomposed during the pyrolysis
process. Little more combustible is available so the weight
loss rate and weight loss ratio (9.8 %) are lower than during
the first stage of pyrolysis. After the heating temperature
reaches 800 °C, the inorganic salt reaction process
commences. The reaction process was slow, but a gentle
weight loss fluctuation peak appeared. The peak
temperature was 871 °C, and the peak weight loss rate was
0.0286 % °C. The weight loss ratio of the inorganic salt
reaction process was 5.63 %, which is relatively small. The
melting temperature of sodium carbonate is 851 °C, so
raising the temperature to over 1000 °C will result in a slow
decomposition reaction

4Na,CO5; (D) £>Na20 + CO, T [24]. The maximum heating
temperature of the test was 950 °C, so the inorganic salt
reaction process is mainly associated with the following two
chemical reactions. Chemical reaction Eq. 5 and Eq. 6 are
relatively slow, and the two reactions cross over, making the
rate of weight loss very flat [25].

4Na + 2C + 30, — 2Na,CO5(1); (5)
Na,CO5 (1) +2C(s) = 2Na+3CO T. (6)

Comparing the characteristic curves in Fig. 1 from the
air and nitrogen atmospheres, it is observed that the
atmosphere has an important influence on the reaction
process of the polyol waste liquor. Whereas there are four
reaction processes in an air atmosphere, only three processes
of evaporation, pyrolysis, and inorganic salt reaction are
observed under a nitrogen atmosphere. When the heating
temperature is less than 300 °C, the two environments have
similar characteristic curves, indicating that the oxygen in
the air has little effect on the evaporation process or the first
stage of pyrolysis. When the heating temperature is in the
range of 300600 °C, a significant wave peak was evident
under the nitrogen atmosphere, whereas the presence of
oxygen causes the surface of the waste liquor to form an
oxide film in the air atmosphere, and that affects the
pyrolysis process such that it does not exhibit fluctuation
peaks. The weight loss ratio under the second stage of
pyrolysis under nitrogen is significantly greater than in the
air atmosphere. When the heating temperature had been
raised higher than 600 °C, the combustion reaction will
occur in the air atmosphere. By contrast, in the nitrogen
atmosphere, the weight loss curve drops sharply and the
weight loss curve changes gently. When the heating
temperature is raised higher than 800 °C, the inorganic salt
reaction process exhibits a small fluctuation peak in both
atmospheres, but the reaction is made more intense in the air
atmosphere, due to the participation of oxygen in the
reaction.

Comparing the total weight loss ratios under the two
atmospheres, it was found that the total weight loss rate at
the final temperature in the air atmosphere was smaller than
that under the nitrogen atmosphere, indicating that oxygen
in the air participates in the reaction, so reaction Eq.5
predominates, resulting in an increase in the final product
mass ratio [26].

3.2. Ignition characteristics

The ignition temperature refers to the temperature at
which the carbon begins to burn during pyrolysis of the
waste liquor and is an important parameter for
characterizing the combustion characteristics of the liquor
[27].

The ignition temperature of the plant-derived polyol
waste liquor was determined using the TG-DTG method. On
the DTG curve exhibited a peak at point a. A vertical line
through point a intersects the TG curve at inflection point b,
as shown in Fig. 4.
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Fig. 4. Ignition temperature of waste liquor



When the initial slope tangent (through the point c) of
the TG curve intersects the tangent of point b of the TG
curve, it gives point ¢, which is the ignition temperature, Ti.
The ignition temperature Ti, is an important factor that
determines the stability of combustion of the waste liquor
[28, 29].

Fig. 4 shows that the ignition temperature of the plant
chemical polyol waste liquor was 718 °C, which is higher
than most pulp black liquor, indicating that it is not easy to
burn [27]. Volatilization of plant-derived polyol waste
liquor is concentrated during the first stage of pyrolysis.
During the second stage of pyrolysis, the decomposition of
the macromolecular organic matter is slow, and a high
temperature is required, which results in an increase in the
carbon combustion temperature.

3.3. Combustion dynamics parameters

It can be seen from the combustion weight loss curve
that the main weight loss is divided into three stages, and the
temperature ranges are 150-260 °C, 720-760 °C, and
840-900°C. The activation energy and frequency factor
values are two important parameters for characterizing the
reaction dynamics, and the two parameters determine the
rate of chemical reaction [30, 31].

To calculate the activation energy E, and the value of
the frequency factor A at different heating rates for the three
reaction zones, different values of n are substituted into
Eg. 2 and Eq. 3. When n=1.2, the plot of against 1/T is
basically a straight line, as shown in Fig.5, and the
activation energy E and frequency factor A are obtained at
different temperature ranges, as listed in Table 2.

Table 2. E, A, R? values for different heating rates and temperature

ranges

Temperature, °C | E, KJ-mol? A, mint R?
170-300 El 32.2 Al 293 0.954
390-475 E2 | 1132 | A2 | 2.3.10° | 0.953
840-900 E3 71.0 A3 499 0.972

From the calculation results presented in Table 2, at the
same heating rate, the order of the activation energy values
is E1 < E3 < E2 and the order of the frequency factor values
is Al < A3 < A2. The activation energy and frequency of the
combustion process and the inorganic salt reaction process
are significantly higher than those of the pyrolysis process.
The E/A values for the waste liquor pyrolysis process is the
smallest, and the peak weight loss rate is the largest, mainly
because there are a large number of organic substances with
weak chemical bonds in the waste liquor, which are easily
decomposed. The E/A value of the combustion process is the
largest, indicating that the carbon in the waste liquor
requires more heat. The E/A value of the inorganic salt
reaction process is lower than that of the combustion
processes and should be related to the decomposition of the
alkali sodium salts in the waste liquor.

Compared to paper pulp black liquor, the combustion
activation energy of the plant-derived polyol waste liquor is
similar to that of the straw pulp black liquor, which is higher
than that of other pulp black liquors, indicating that the
polyol waste liquor is not easy to burn [27].
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3.4. Analysis of the combustion process

The waste liquor droplet combustion process was
studied in the vertical tube furnace and the combustion
process was recorded by a high-speed camera. The mass of
waste liquor droplets in the test was 10 mg and the furnace
temperature was set sequentially to 600 °C, 700 °C, 800 °C,
900 °C, and 1000 °C. The images presented in Table 3 are
screenshots of the waste liquor droplet reaction process at
each temperature.
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Fig. 5. Linear fit lines at different temperature ranges: a—150 to
260°C; b—720 to 760°C; c— 840 to 900°C

Comparing the combustion process of plant-derived
polyol waste liquor droplets at the five test temperatures, it
was found that the waste liquor had four specific stages:
evaporation, pyrolysis, combustion, and inorganic salt
reaction. The waste liquor droplets burned very strongly in



the furnace. The overall reaction time observed was
8-12s. From the reaction process of the waste liquor
droplets as recorded by the camera, the evaporation process
of the liquid droplets was very short and the volume
expansion of the droplets during the evaporation process
was small; soon the liquid droplets begin to boil and enter
the liquefaction condition with intense boiling state; then the
volatilization phase occurs, with a very rapid expansion in
the droplet volume. No burning flare was observed under
the condition of 600 °C, but the flare was very evident at
700 °C. After the visible light disappears, the volume of the
waste particle begins to shrink, and the inorganic salt
reaction process takes place at 900 °C and 1000 °C.
Especially at 1000 °C, the waste liquor residue becomes
turns whitish in color as it approaches the furnace
temperature.

From these results of the wvertical tube furnace
experiment, it was concluded that the ignition temperature
of the waste liquor droplets was estimated to be between
600 °C and 700 °C, which differed from the ignition

temperature as determined by the TG-DTG method. The
vertical tube furnace tests and the thermogravimetric
analyzer results were very different. The vertical tube
furnace was pre-set to the desired temperature, and the
waste liquor is introduced into the furnace and is heated
rapidly. The volatile matter is concentrated and precipitated
in a short time, around the surface of the droplet. In the
presence of high temperature environment and air, the
volatiles first ignited and then burned. In the screenshots
shown in Table 3, the bright and long flames also were
observed, while in the thermogravimetric analyzer the
process was slow. During the heating and pyrolysis process,
the volatile matter is precipitated slowly, and no aggregation
zone is formed near the droplets, which therefore cannot
reach the concentration and temperature required for
combustion. When heated to 718 °C, carbon ignition occurs,
but this is different to the ignition of the volatiles in the
vertical tube furnace, which occurs first [32].

Table. 3. Photographs of the waste liquor droplet reaction process in the vertical tube furnace under air

Temperature, °C Initial state Evaporation
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4. CONCLUSIONS

1.

Four processes were observed during the combustion of
plant-derived polyol waste liquor.  These were
evaporation, pyrolysis, combustion and then calcining
of the inorganic salts. Each process has a weight loss
fluctuation peak. The peak weight loss rate in the
pyrolysis process was the largest and that during the
inorganic salt calcining process was the smallest.

Of the four processes of the combustion reaction of
plant-derived polyol waste liquor, the weight loss ratio
of the pyrolysis process was the largest, and the weight
loss ratio of the inorganic salt reaction process was the
smallest. Oxygen in the air participates in the
calcination of inorganic salts, making the total weight
loss of waste liquor in nitrogen atmosphere much
higher than that in an air atmosphere.

The ignition temperature of the waste liquor as
determined from the TG-DTG method was 718 °C,
whereas the ignition temperature observed in the
vertical tube furnace experiment was between 600 °C
and 700 °C. The reason for this apparent discrepancy is
that the heating method of the waste liquor sample in
the thermogravimetric analyzer and in the vertical tube
furnace is different. The temperature determined from
the TG-DTG method is the ignition temperature for
carbon combustion, whereas the temperature observed
in the vertical tube furnace is the ignition temperature
of the volatiles generated by pyrolysis.

The dynamic parameters for combustion of the waste
liquor were calculated using the Coats-Redfern method
and the reaction order of the waste liquor combustion
was 1.2. The activation energy and frequency factor of
the waste liquor pyrolysis process were the smallest and
the reaction was the most intense. The activation energy
and frequency factor of the inorganic salt reaction
process were smaller than those of the combustion
process, indicating that the alkali metal, sodium, has an
important influence on the reaction process.

The results of the DTG and vertical tube furnace tests
have demonstrated conclusively that the waste liquor
from plant-derived polyol production can be utilized in
much the same way as is undertaken with conventional
black liquor combustion in pulp and paper processing
as a substantial source of energy (perhaps for electric
power production) and simultaneous recovery of
valuable calcined salts.
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