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Influence of Sodium Carbonate Addition on Weight Loss
of Bagasse Alkaline Black Liquor during Pyrolysis

Xusheng Li,*®* Jinlong Wang,®° Derong Yan,*” Yongjun Yin,*® and Shuangfei Wang >

To understand the effects and the mechanism of sodium carbonate
(Na2CO3) addition on the bagasse alkaline black liquor (BABL) pyrolysis,
the reaction variables such as temperature, heating rate, and amount of
Na2CO3 addition into BABL-solids were investigated under N2 atmosphere
from 50 °C to 1000 °C by thermogravimetic analysis (TGA). Scanning
electron microscopy (SEM) and the Coats—Redfern method (CRM) were
employed for surface microscopic morphology observations and kinetic
analysis, respectively. The results showed that Na2COs plays an inhibiting
and promoting role during devolatilization (200 °C to 650 °C) and the
reduction stages (650 °C to 1000 °C), respectively. Adding Na2COs into
BABL-solids tends to increase the thickness of the salt layer covering the
BABL-solids surface, which increases the activation energy and reduces
the weight loss ratio of BABL-solids pyrolysis within 200 °C to 650 °C.
Adding Na2COs into the BABL-solids tends to increase the number of
alkaline compounds or the active site of the reduction reaction, which
reduces the activation energy and increases the weight loss ratio of BABL-
solids pyrolysis within 650 °C to 1000 °C. The role of Na2COs as an additive
could be well understood by studying the influence mechanism of Na2COs
on BABL-solids pyrolysis.
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INTRODUCTION

In the pulp industry, more than 50 million tons of industrial lignin are present in
black liquor each year (Lora 2008; Hubbe et al. 2019), and more than 95% of it is used as
fuel for pulp mills to replenish energy and chemicals currently (Demuner et al. 2019). Thus,
the recovery of additional energy and chemicals from black liquor is particularly important
for pulp mills (Naqvi et al. 2010). Black liquor is treated via the Tomlinson recovery
conventionally, which has been in existence for over 80 years. The traditional recovery
process using the recovery boiler has proven to work well. However, the Tomlinson
recovery boiler has several main disadvantages, including low electricity generation
efficiency, emission of NOy, SOy, and particulate matter, as well as safety problems caused
due to the salt melting during combustion (Gea et al. 2003; Naqvi et al. 2010). Therefore,
new alternative methods are being intensively investigated to find more energy-saving,
environmentally friendly, and user-friendly methods to control such processes (Li et al.
1991; Sricharoenchaikul et al. 2002). The gasification of black liquor has been widely
investigated as alternatives to achieve electricity surplus based on satisfying the thermal
and electrical needs of the pulp mills (Gea et al. 2005; Gustafsson and Richards 2009;
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Huang and Ramaswamy 2011; Farzaneh et al. 2014). Black liquor gasification can be
divided into three stages: drying, coking, and char gasification (Li et al. 1990). Essentially
the drying of black liquor is a dewatering process; coking of black liquor can be considered
as a devolatilization process; and char gasification is related to the catalysis of Na>COs
(Gea et al. 2005). Although originally sodium is present as both organic and inorganic
compounds in black liquor, it has been shown that all organic bound sodium is converted
into Na2COs during pyrolysis before the temperature rises to 675 °C (Li et al. 1990).

The Na>COs is one of the important catalysts for biomass reactions (Nguyen et al.
2016; Yu et al. 2018), vegetable oil (Yigezu and Muthukumar 2014; Abdelfattah et al.
2018), and coal (Peng et al. 2017). There are very interesting results in the literature, which
suggests that the addition of NaCOs to biomass pyrolysis has two opposite effects, namely
promoting and inhibiting the pyrolysis process (Gea et al. 2002; Yu et al. 2018). The
Na,COs promotes the gasification of hemicellulose significantly, however, inhibits the
gasification of cellulose, lignin, straw, and pine (Yu et al. 2018). There is only limited
available information to understand the mechanism of the two effects of Na,COs.

Although several theories have been proposed to explain the role of Na,COs in the
black liquor pyrolysis (Gea et al. 2005; Guo et al. 2012). Unfortunately, the effects of
adding additional Na,COz on the pyrolysis of black liquor was not well investigated. It
could be the presence of Na,COs in the alkaline black liquor itself. The influence of
additional addition of Na2COs on the pyrolysis of black liquor has been neglected for a
long time.

In this work, to reveal the influence mechanism of additional Na2CO3 on bagasse
alkaline black liquor (BABL)-solids pyrolysis, the effects of the reaction variables
(temperature, heating rate, and Na2COs amount into BABL-solids) on the weight loss rate
and the weight loss ratio of BABL-solids pyrolysis were investigated by thermo-
gravimetric analysis (TGA). Scanning electron microscopy (SEM) and Coats—Redfern
method (CRM) were employed to observe the microscopic morphology and kinetics
analysis, respectively. A better understanding to the role of Na,COs as an additive of
BABL-solids pyrolysis could be achieved based on this study on the influence mechanism
of Na,CO3 on BABL-solids pyrolysis.

EXPERIMENTAL

Materials and Methods
Materials

The BABL was obtained from the Guangxi Tianyang Nanhua Paper Industry Co.
Ltd. (Baise, China). Various chemicals and reagents used in the experiment (including
Na.COg3), were all analytically pure reagents purchased from Nanning Blue Sky
Experimental Equipment Co. Ltd. (Nanning, China).

Experimental procedure

First, the original black-liquor was concentrated in a 2-L glass beaker by continuous
stirring on a heating plate until its solid content reached over 60%. Secondly, the
concentrated liquor was spread on a glass plate with a thickness of 1.0 mm to 3.0 mm and
allowed dry in an oven at 105 °C for 48 h. The drying process needs to be gradual and
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carefully controlled as possible to avoid the inhomogeneous distribution of inorganic
compounds in the solid matrix. Any difference in the distribution would affect the final
weight loss ratios and the weight loss rates, as shown in the following sections. After
drying, the BABL-solids was ground and sieved through a 200-mesh sieve.

The ultimate and component analyses (wt.% of dry basis) were as follows: Na -
17.82%; K - 1.57%; C - 36.44%; H - 3.76%; N - 0.04%; S - 0.98%; CI - 3.38%; Others
were 36.0%. The organic and inorganic materials of BABL determined by the combustion
method accounted for 69.04% and 30.96%, respectively. The elemental analysis was
obtained in a CHNS Carlo Erba elemental analyzer (Model EA3000, EuroVector, Italy).
The metal analysis was performed by atomic absorption after previous alkaline fusion
(Model EasyLyte PLUS, Medica, Bedford, MA, USA). The chlorine analysis was obtained
in Jana halogen analyzer (Model Multi X 2500, Jena, Germany).

The BABL-solids were pyrolyzed in a thermogravimetric analyzer (TGA, STA-449-
F5, Netzsch, Bavaria, Germany). The sketch of TGA is shown in Fig. 1. Firstly, Na,COs
(0%, 5%, 10%) is mixed with black liquor and subjected to the previous drying, grinding,
and screening process. Then, 10 mg of BABL-solids powder were added to high-purity
alumina (99.8%) flat pan; the gas flow of N (99.99%) was adjusted to 60 cm? per min and
held at 50 °C for 30 min before starting to warm up. Subsequently, the furnace temperature
was increased from 50 °C to 200 °C, 400 °C, 600 °C, 700 °C, 800 °C, or 1000 °C at the
selected heating rates of 10 °C, 20 °C, 30 °C, or 40 °C per min, respectively.
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Fig. 1. Sketch of TGA

Surface Morphology observation

To further understand the influent mechanism of Na,COz on BABL-solids pyrolysis,
SEM was adopted to investigate the surface morphology after the pyrolysis; 10% Na>COs
was added into BABL and subjected to the previous drying, grinding, and screening
process. Then, 10 mg of BABL-solids powder were added to the pan, and the gas flow of
N was adjusted to 60 cm?® per min. It was held at 50 °C for 30 min before starting to warm
up. The furnace temperature was increased from 50 °C to 200 °C, 400 °C, 600 °C, 700 °C,
or 800 °C at the heating rates of 10 °C per min. The sample was kept at 200 °C, 400 °C,
600 °C, 700 °C, and 800 °C for 60 min and then cooled to room temperature. SEM was
performed using SU8220 (Hitachi, Japan), and the sample was coated with gold spraying
prior to the microscopic observation.
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Calculation methods
In this work, the effects of important variables on BABL-solids pyrolysis, including
the final pyrolysis temperature, heating rate, and Na>COs addition into the BABL-solids,
were evaluated by analyzing the weight loss ratios and weight loss rates.
The weight loss ratio (r) is defined using Eqg. 1 as follows,
r (%) = 2 ’”fx 100 (1)
where mo (mg) denotes the initial solid mass and m; (mg) is the remaining solid mass at
time t (min).
The weight loss rate (o) is defined as the variation of the weight loss ratio with time,
according to Eq. (2),
dr
a=-— )
Kinetic models
To understand the mechanism of the BABL-solids pyrolysis, CRM (Coats—Redfern
method) was employed for kinetic analysis (Ebrahimi-Kahrizsangi and Abbasi 2008;
Nagvi et al. 2015). The rate equation of BABL-solids pyrolysis can be expressed as
follows,

=K1 -8) @)
where g = % (%).

When combined with the Arrhenius equation (Jensen 1985; Song et al. 2015), Eq. 4
was obtained,

L= -paexp(-5) (4)

where A represents the frequency factor (L/s), E represents the activation energy (kJ/ mol),
and R is the ideal gas constant (R = 8.314 J/mol).

If the heating rate (y) is constant, i.e., y = %, then

g _ A E
= (1—,3);9Xp(—ﬁ> ()
Integrating the equation by the Coats—Redfern method,
-In(1-p)] _ , [4 __2RT\] _ E
n[F22) < i [2£(1 - 27 - £ ©

If the value of E is very large in the general reaction area, the value of % would be

much smaller than 1. Therefore, In [A— (1 ——)] can be approximated to In [—] By

plotting ln[ n B)] agalnst the slope, — = and intercept, ln[ ] can be obtained and
used to calculate the actlvatlon energy E and frequency factor A.
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RESULTS AND DISCUSSION

TGA of BABL-Solids Pyrolysis

Effects of temperature on the weight loss of BABL-solids pyrolysis

The weight loss of black liquor pyrolysis can be divided into three stages:
dewatering, devolatilization, and catalytic gasification. Figure 2 (A) and (B) displayed the
relation of « vs. temperature and « vs. r, respectively. The associated data for the key nodes
in two graphs were recorded in Table 1. The value of « is -0.15 %/min, -0.09 %/min, and
-0.01 %/min at 166 °C, 543 °C, and 1000 °C, respectively (Table 1), which are nearly

approaching zero. These temperatures are taken as nodes for the following analysis:
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Fig. 2. TGA diagram of BABL-solids pyrolysis: (A) is a vs. temperature at 10 K/min; (B) is a vs. r at
10 K/min; (C) is TG of Na2COs at 10 K/min; (D) is a vs. r at 10, 20, 30, and 40 K/min; (E) is avs. r
with 0%, 5%, and 10% Na2COs addition into BABL-solids at 10 K/min

Li et al. (2020). “Bagasse black liquor pyrolysis,” BioResources 15(2), 2428-2441.

2432



PEER-REVIEWED ARTICLE b | oresources.com

Table 1. Values of a and r of BABL-solids Pyrolysis from the Peaks and Valleys
Observed in Fig. 2 (A) and (B)

a (%/min) r (%) Temperature (°C) Remarks
-0.65 2.07 98 Valley
-0.15 4.68 166 Peak
-1.68 11.59 272 Valley
-1.21 16.55 307 Peak
-1.27 17.77 319 Valley
-0.56 23.85 383 Peak
-0.76 27.40 438 Valley
-0.09 31.40 543 Peak
-0.25 33.22 650
-1.10 37.62 720 Valley
-0.73 42.28 770 Peak
-3.86 57.74 850 Valley
-0.01 80.07 1000 The end

(1) The r-value of BABL-solids is 4.68% within 50 °C to 166 °C. The weight loss
can be attributed to dewatering from BABL-solids (Zhengiu and Kefu 2000).

(2) The r-value of BABL-solids is 26.72% (increasing from 4.68% to 31.40%) from
166 °C to 540 °C. The weight loss can be explained by the devolatilization from the
cracking of organic compounds (Beis et al. 2010). There are at least three valleys with a-
value of -1.68 %/min, -1.27 %/min, and -0.76 %/min at 272 °C, 319 °C, and 438 °C
respectively, as shown in Fig. 2 (A). Each valley implies an accelerated stage determined
by the cracking of various organic compounds (Chu et al. 2017). These organic compounds
present in BABL-solids, may include oligosaccharides (200 °C to 260 °C) (Evans and
Milne 1988), cellulose (240 °C to 350 °C) (Bradbury et al. 1979), aliphatic carboxylic acids
(200 °C to 300 °C) (Alén et al. 1995), and alkali lignin (400 °C to 550 °C) (Li and Wu.
2014), are fragmented into small molecules, which can be easily lost at the temperature
range resulting in weightlessness at this stage.

(3) The r-value of BABL-solids is 48.67% (increasing from 31.40% to 80.07%)
from 543 °C to 1000 °C, which includes a slow weight loss stage with r-value of BABL-
solids of 1.72% from 543 °C to 650 °C. It can be explained by dehydrogenation with less
weight loss (Gea et al. 2005). There is evidence in the literature that there is little cracking
of organic compounds occurs over about 670 °C (Bradbury et al. 1979). Thus, the weight
loss is attributed to release of CO from the reduction of some mixture of alkaline
compounds with the carbon present in BABL-solids char within 650 °C to 1000 °C (Li and
Van Heiningen 1990). These mixtures come mainly from the reduction of Na>COs with the
carbon, but also, to some extent, from the pyrolysis of organic compounds present in
BABL-solids such as carboxylates and phenolates of sodium (Guo et al. 2011). It has been
shown that the weight of Na,CO3 decreased when the temperature was over 800 °C during
pyrolysis (Whitty et al. 2008). Figure 2 (C) also showed this phenomenon. The weight of
Na>CO3 was reduced by about 7.3% during the temperature range of 800 °C to 1000 °C,
as shown in Fig. 2 (C). Thus, the weight loss can be explained by the removal of CO and
Na>CO3 escaping during 650 °C to 1000 °C.

Therefore, it can be considered that the BABL-solids pyrolysis would be divided into
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three stages according to the weight loss in the temperature ranges (50 °C to 166 °C, 166
°C to 650 °C, and 650 °C to 1000 °C).

Effects of heating rate on the weight loss of BABL-solids pyrolysis

When there is no change in the r-value, a decrease in the devolatilization and
reduction stages were observed with the increase in heating rate as shown in Fig. 2 (D). It
was attributed to the shortened residence time and the same final temperatures with the
increasing of heating rate. The no change r-value can be explained by the minimum time,
required to complete the maximum weight loss, less than the heating time, determined by
these heating rates (10, 20, 30, and 40 K/min). This indicated that the devolatilization stage
of BABL-solids pyrolysis is a fast weight loss process. Besides the decrease in r-value can
be explained by the minimum time, required to complete the maximum weight loss, which
is more than the heating time determined by these heating rates (10, 20, 30, and 40 K/min).
This indicated that the reduction stage of BABL-solids pyrolysis as a slow weight loss
process. It is clear that the decrease of the final r-value is due to the decrease of the
reduction stage.

The a-value increased with the increasing heating rate as show in Fig. 2 (D).
According to the definition of «, its value depends on r and the residence time in some
stages. The a-value increase was attributed to no change in r and the shortened residence
time with the increase of heating rate in the devolatilization stage of BABL-solids
pyrolysis. The a-value increase with the increasing heating rate was attributed to the
variation amplitude of r being smaller than the variation amplitude of residence time, as
determined by heating rates in the reduction stage.

Effects of Na.COs addition on the weight loss of BABL-solids pyrolysis

Both a and r decreased with the increase in Na2COs ratio in the devolatilization
stage, as shown in Fig. 2 (E). The percentage decrease of r-value were 29.98%, 27.67%,
and 25.49% with 0%, 5%, and 10% Na.COgz addition ratio, respectively from 200 °C to
543 °C. This indicated that the weight loss process in the devolatilization stage of BABL-
solids pyrolysis could be inhibited by Na,COs addition. Both « and r increased with the
increase of Na,COs addition ratio in the reduction stage: r-value were 45.64% (increasing
from 29.98% to 75.62%), 51.13% (increasing from 27.67% to 79.00%), and 55.74%
(increasing from 25.49% to 81.23%) from 543 °C to 1000 °C with 0%, 5%, and 10%
Na>CO3z addition, respectively. This indicated that Na,COs addition could promote the
weight loss of BABL-solids pyrolysis in the reduction stage.

Kinetics Analysis
The value for In [="22] and Z within 217 °C to 360 °C, 360 °C to 527 °C, 527

°C to 650 °C, 650 °C to 770 °C, and 770 °C to 900 °C displayed a good linear correlation
from Fig. 3. The linear correlation coefficient (R?) were greater than 0.99. According to
Eq. 6, the values of — E are the slope values of the fitting lines, then E-values of BABL-

solids pyrolysis can be calculated, which were displayed in Table 2. The value of E of
BABL-solids pyrolysis after adding 10% Na2COz into BABL-solids increased by 12.94%,
2.19%, and 28.27% within 217 °C to 360 °C, 360 °C to 527 °C, and 527 °C to 650 °C,
respectively, as shown in Table 2. This result indicated that the weight loss of BABL-solids
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pyrolysis is inhibited by Na,COs addition within these temperature ranges.
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Fig. 3. Diagram of kinetic fitting of BABL-solids pyrolysis within various temperature ranges: (A)
217 °C to 360 °C; (B) 360 °C to 527 °C; (C) 527 °C to 650 °C; (D) 650 °C to 770 °C; (E) 770 °C to

900 °C.
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The E of BABL-solids pyrolysis after adding 10% Na,COs decreased by 6.48% and
4.72% within 650 °C to 770 °C and 770 °C to 900 °C, respectively, as shown in Table 2.
This indicated that Na,CO3z promoted BABL-solids pyrolysis within these temperature
ranges.

Table 2. Activation Energies and Rate Changes of BABL-Solids Pyrolysis with
Various Temperature Ranges

Ranges E E (kJ/mol) Rate
Temperature "R Change!
(°C) BABL-solids | 10% Na,CO; | BABL-solids | 10% NazCOs (%)
addition addition
217 — 360 -6599.6 -7453.4 54.87 61.97 12.94
360 — 527 -9941.5 -10158.7 82.65 84.46 2.19
527 — 650 -16804.4 -21554.2 139.71 179.20 28.27
650 — 770 -38122.7 -35650.6 316.95 296.40 -6.48
770 — 900 -45523.4 -43374.0 378.48 360.61 -4.72

1 Rate change is the percentage of the value of E-value of 10% Na>COs3 addition minus E-value of
BABL-solids to E-value of BABL-solids.

Analysis of Surface Morphology

The BABL-solids are granular prior to pyrolysis, as shown in Fig. 4A. The granular
particle were not observed, but the needle crystals and holes with various sizes were
detected on BABL-solids surface after pyrolysis at 200 °C, as shown in Fig. 4B. The holes
are the pores left by evaporation of steam from the dewatering of BABL-solids. The needle
crystals were formed because of the result of recrystallization of inorganic matter, as the
original BABL-solids were not found. It can be explained by the dewatering from BABL-
solids, which caused a high humid environment to dissolve the inorganic matter, then
dewater and recrystallize the material.

The surface of BABL-solids became compact and the holes disappeared after the
BABL-solids pyrolysis at 400 °C (Fig. 4C). The entire surface became covered with a
dense layer of minerals, indicating that the needle crystals were dissolved. The reasonable
explanation may be that BABL-solids liquefaction process produced a high-humidity
environment, which caused the hygroscopic dissolution of inorganic matter (NaOH and
Na>CO3). The inorganic matter was dragged away from BABL-solids’ surface by the rising
steam produced by cracking of organic matter, and the steam quickly escaped at such a
high temperature that the mineral deposits on the surface of the black liquor formed a dense
layered structure. Expectedly, by this time, the BABL was also solidified.

The holes with different sizes are observed on the surface again, and plate-like
species are also observed on BABL-solids surface after pyrolysis at 600 °C, as shown in
Fig. 4D. These holes can be explained by the porous structure generated by the coking of
organic matter. The layered structure is broken by the gas produced by the coking of the
organic matter, causing a flake like structure.

The plate-like substances disappeared from the surface, and the number of holes
were reduced after BABL-solids pyrolysis at 700 °C, as shown in Fig. 4E. This can be
explained by melting of inorganic matter and filling the porous sites by char.

The size and cracks of microspores began to increase after BABL-solids pyrolysis
at 800 °C, as shown in Fig. 4F. The char formation was catalyzed by Na>COs, producing
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CO, which caused the airflow to burst through the char. Consequently, the cracks appeared
on the surface of BABL-solids char.

Black quuor g 3

0 B BN

Fig. 4. SEM images of BABL-solids with 10% Na>COs surface at different temperature
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CONCLUSIONS

1.

The weight loss of BABL-solids pyrolysis occurred during the devolatilization stage
(200 °C to 650 °C) and the reduction stage (650 °C to 1000 °C). The weight loss ratios
of these two stages were 26.72% and 48.67%, respectively, in N2 atmosphere at 10
K/min by TGA.

. Weight loss was rapid in the devolatilization stage of BABL-solids pyrolysis and

reduced slowly in the reduction stage of BABL-solids.

. The Na2COs played both an inhibition and promotion role in the devolatilization stage

and the reduction stage of the pyrolysis, respectively. Both inhibition and promotion
became more prominent as the Na,COz addition ratio was increased.

. The role of Na2CO3z on BABL-solids pyrolysis was related to its structure and state

present in BABL-solids. Adding Na,COz tends to increase the thickness of the salt layer,
which increased the activation energy and reduced the weight loss ratio of BABL-solids
pyrolysis within 200 °C to 650 °C. Adding Na>COs increased the number of alkaline
compounds or the active sites of the reduction reaction, which reduced the activation
energy and increased the weight loss ratio of BABL-solids pyrolysis within 650 °C to
1000 °C.

. The final weight loss ratio of BABL-solids pyrolysis increased as the Na.COs addition

ratio was increased. The benefit was available without additional investment, since
Na>COs is a by-product of black liquor gasification.
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