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Abstract: The valorization potential of lignin-rich residual red liquor, derived from wood processing
for cellulose manufacturing, was investigated through two distinct experimental pathways: a slow
pyrolysis and a catalytic pyrolysis process. The biochar quality and pyrolysis oil composition obtained
after each process were studied and compared. A nickel-based alumina-supported catalyst was
proposed for the catalytic pyrolysis process, highlighting a capacity for deoxygenating aromatic
compounds present in the pyrolysis oil, favoring the formation of furan and alkylated benzene
compounds. On the other hand, the use of a catalytic process led to a decrease in surface area for the
obtained biochar.
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1. Introduction

Biomass is considered the renewable organic substitute for petroleum and refers to
materials derived from forestry, specific agricultural crops, trees, plants, and several types
of organic, agricultural, agro-industrial, and domestic waste. The potential of biomass is
vast and includes both wood and animal and vegetable waste [1].

Wood and other forms of biomass represent some of the primary sources of available
solid renewable energy. They not only provide liquid, gaseous, and solid fuels but are
also the only source of such fuels. Biomass is a complex mixture of structural constituents
such as hemicellulose, cellulose, lignin, and minor amounts of extractive substances [2].
These constituents undergo pyrolysis at different rates, through distinct mechanisms and
pathways. As the pyrolysis reaction progresses, the carbon in the pyrolyzed biomass
becomes less reactive and forms stable chemical structures. Consequently, the activation
energy required for biomass conversion increases with the level of conversion [3-5].

The initial step in most biomass processes is pyrolysis, which is subsequently followed
by catalytic upgrading of the produced biocrude liquids. Extensive research has been
conducted on the kinetics and thermal decomposition mechanisms involved in the pyrolysis
of plant biomass and its individual constituents. The pyrolytic decomposition of wood
generates a wide range of chemical compounds, some of which have the potential to serve
as alternatives to conventional fuels [6].

In the realm of lignocellulosic polymers found in biomass, extensive research has
focused on cellulose and hemicellulose in the past decade, while lignin has largely remained
underutilized. A significant portion of the lignin produced yearly by the pulp and paper
industry and biorefineries is merely incinerated to recover its heat value. Notably, lignin
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stands as the only natural polymer composed of aromatics, accounting for approximately
30% of the non-fossil carbon present on Earth and serves as the largest natural reservoir of
solar energy [7].

However, despite its potential, lignin is used merely for its thermal properties, owing
to its inherently complex structure and the underdeveloped technologies for its recovery.
Within the industry, four primary methods are employed for lignin isolation: Kraft, sulfite-
based, organosolv, and soda methods, with the last two methods avoiding the use of sulfur
in the process [8,9].

The sulfite pulping process is used by the pulp and paper industry to produce lig-
nosulphonates. In this process, sulfurous acid salt and sulfites or bisulfites salts are used
with counterions from single-valent sodium, potassium, ammonium or calcium, and mag-
nesium [8]. This process takes place at temperatures of 130-160 °C for 4-14 h. During
this process, pulpwood is converted into cellulose by removing lignin, hemicellulosic
constituents, and other extractable woody material to release the cellulose fibers. The liquor
remaining after the sulfite pulping process is called red or brown liquor. The recovered
lignosulphonates have a high sulfur content and higher molecular masses compared to
lignin produced by the Kraft process [10,11].

In this research, an investigation was conducted to characterize the lignin-containing
residual red liquor obtained during the cellulose manufacturing process from harvested
wood. Initially, the red liquor underwent thorough analysis to gain insights into its compo-
sition. Subsequently, two distinct pyrolysis experiments were performed. The first involved
simple pyrolysis to evaluate the thermal degradation and composition of the material. The
second experiment was conducted using a nickel-based catalyst in a catalytic pyrolysis
setup to explore the potential enhancements in the pyrolysis process.

2. Materials and Methods

In this section, we present a description of the materials and methods utilized in
our research to investigate the catalytic pyrolysis of residual red liquor to achieve our
research objectives. The experiments were conducted on two samples of residual red liquor
from wood pulp production, named SP18 and SU51. The catalyst for the desulfurization
and deoxygenation processes were synthesized in the laboratory using the impregnation
method. The nickel precursor Ni(NOj3),-6H,O was purchased from Scharlab (Barcelona,
Spain) and the y-Al,O3 support (surface area 180 m?/ g) from Alfa Aesar (Thermo Fischer
Chemicals, Waltham, MA, USA).

The catalysts were prepared using the wet impregnation method of the alumina
support, using an aqueous solution of Ni(NOs),-6H,O [12]. The aqueous ammonia solution
was added to the solution of nickel nitrate under continuous stirring for 1 h. The mixture
was then used to impregnate the support at room temperature. After allowing it to dry
overnight at room temperature, the sample was further dried in an air circulation oven at
120 °C for 12 h. It was then calcined in a furnace at 450 °C for 2 h.

The sulfur content was determined by X-ray fluorescence. Elemental composition was
determined on each analysis area as the average of three determinations using a portable
X-ray fluorescence spectrometer Vanta C series, (Olympus, Tokyo, Japan), with a 40 kV
rhodium anode X-ray tube silicon drift detector. The operating mode was GeoChem pre-
calibrated, with an acquisition time of 60 sec. for each beam. Beam 2 (10 kV) was used for
quantification of light elements and beam 1 (40 kV) was used for quantification of heavier
detectable elements.

FTIR spectra were acquired using a Jasco FTIR-6300 spectrometer (Jasco, Tokyo, Japan)
with an ATR (Attenuated Total Reflectance) accessory, operating at room temperature. The
spectra of the samples were recorded with 4 cm~! resolution and scan rate scans/min from
400 to 4000 cm 1.

The resulting biochar was weighed and further analyzed to determine textural charac-
teristics with a NOVA 2200e (Quantachrome—Anton Parr Quanta, Graz, Austria) nitro-
gen porosimeter. The degassing of the samples was performed in degassing stations of
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porosimeter for 4 h under vacuum at constant temperature 160 °C. The specific surface area
was determined with the BET (Brunauer-Emmett-Teller) method from the linear plot of the
adsorption isotherm. The total pore volume and pore size distribution were estimated from
the amount of adsorbed Nj;. The total pore volume was calculated from the single point
adsorption at a relative pressure close to unity. The average pore diameter was determined
from the adsorption average pore diameter using the surface area from the BET method.

The pyrolysis reactor used for the pyrolysis processes of the residual liquor is a hori-
zontal, batch-operated type. It is constructed from stainless steel with an inner diameter
of @ 28 mm and a length of 250 mm. The reactor is equipped with a sheath and a thermo-
couple for inside temperature measurement. Heating of the reactor is achieved using a
thermostatically controlled electric oven with a digital display and temperature control,
with a thermocouple placed at the external wall of the reactor.

After loading the reactor with the material to be pyrolyzed, prior to each experiment,
the reactor is purged with inert gas (nitrogen). The flow rate of the inert gas is regulated
using a valve and a rotameter. The pyrolysis products are cooled in the heat exchanger
and directed to the gas-liquid separator. The liquid fraction is collected, conditioned, and
analyzed by GC-MS. The catalytic pyrolysis reactions took place at 500 °C for 4 h, with
the reactor being heated at 20 °C/min to the working temperature. The red liquor catalyst
mixture was milled in a laboratory planetary mill (Retsch PM100) and introduced either
into the ceramic nacelles or as is into the reactor. The concentration of the catalyst was 2%
(mass) relative to the mass of red liquor.

The characterization of the liquid fraction was performed using GC-MS analysis on
an Agilent 7890 A GC-MS/MS Triple Quad system. A DB-WAX capillary column (30 m
length, 0.25 mm internal diameter, 0.25 pm film thickness) was employed with helium as
the carrier gas at a flow rate of 1 mL/min. The oven temperature was initially set at 70 °C,
increasing to 230 °C at a rate of 4 °C/min with a 5 min hold time. The GC injector and MS
detector temperatures were 250 °C and 150 °C, respectively. The transfer line temperature
was set to 280 °C. The MS detector operated in the electron ionization (EI) mode at 70 eV,
with a mass scanning range of m/z 50-450. Peak identification in the analyzed samples
was carried out using the NIST MS database.

3. Results
3.1. Characteristics of Residual Red Liquor

Before pyrolysis, the sample of red liquor resulting from the sulfite pulping process of
lignin was initially subjected to X-ray fluorescence (XRF) and Fourier transform-infrared
spectroscopy (FT-IR) analysis to gain preliminary insights into its composition.

X-ray fluorescence shows a high amount of sulfur, with a concentration of 11.37%,
presented in Table 1.

Table 1. Elemental composition of red liquor in XRF.

Element % +/— 30
Ca 0.0855 80
P 0.1390 160
K 0.6220 160
S 11.3700 0.14
Other elements 87.76 0.15

The FTIR spectra of two red liquor samples are shown in Figure 1; the difference
between these two beings is that SU51 is a concentrated solution of the same spent red
liquor. The spectra were divided into four regions of interest. Region a contains a strong
and broad stretching of hydroxyl (OH) bonds in the range of 3200-3600 cm .
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Figure 1. FT-IR spectra of red liquor samples (SP18 and SU51).

While bands in the range of 3250-3360 cm ! are typically attributed to intramolecular
hydrogen bonding in cellulose, the second band (around 3250 cm ™) has been found to
be proportional to the amount of monoclinic If cellulose, according to previous stud-
ies [13], which is the predominant form of cellulose found in the SP18 sample. Region b
showed bands associated with cellulose methylene groups, namely 2850 and 2950 cm ™!,
corresponding to the asymmetric and symmetric stretching of cellulose methylene groups,
respectively, and the symmetric stretching of CH in cellulose and hemicellulose.

Region ¢ between 1800 and 1100 cm ! is typically associated with the main compo-
nents of wood and natural fibers, namely cellulose, hemicelluloses, and lignin [14]. The
fingerprint region (region d) revealed characteristic bands for cellulose and lignin, with
bands around 927 cm ™! assigned to the amorphous region of cellulose. Filler material
bands may also be present in this region.

The positions of the most characteristic lignin bands in the fingerprint region are
1593 and 1506 cm ! for aromatic skeletal vibrations, 1458 and 1420 cm ! for C-H bending,
1328 cm ! for the syringyl plus guaiacyl ring, 1234 cm ™! for the syringyl ring and stretching
vibration of C=0, and 1120 cm~! for aromatic skeletal vibrations. In the case of the SU51
sample, the peak located at 1116 cm~! characteristic of the aromatic skeleton, shows an
increase in intensity compared to the other peaks, while in the case of SP18 sample, it
is lower.

Overall, the FTIR analysis of the samples indicated the presence of cellulose. Specific
bands corresponded to different components, such as OH groups, cellulose structures, and
lignin vibrations. Despite some variations in intensity and frequency, the analyzed samples
exhibited similar chemical compositions in Figure 1.

3.2. Catalytic-Free Pyrolysis of Residual Red Liguor

In the conducted experiments, the pyrolysis of red liquor was performed in a hori-
zontal stainless-steel reactor, resulting in the generation of three distinct phases: a gaseous
fraction (pyrolysis gases), a liquid fraction (bio-oil), and a solid fraction (biochar).

Gas chromatography-mass spectrometry (GC-MS) analysis was used to characterize
the components present in the organic phase of the bio-oil. Given the complex composition
of bio-oils, numerous peaks were observed.

The composition of the liquid phase revealed the presence of oxygenated compounds
with aromatic structures such as phenols and substituted phenols, and linear and cyclic
oxygenated aliphatic compounds including carbonyl compounds, acids, and alcohols
(Table 2). Figure 2 shows the chromatogram of the sample where the retention time is
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indicated by an asterisk. These are valuable compounds; notably, phenol compounds have
the potential to serve as substitutes for phenol in the production of phenolic resins [15].

Table 2. GC-MS analysis of bio-oil catalytic-free pyrolysis of red liquor+.

Peak Number Retention Time  Area Sum % Compounds Name
1 7.354 3.15 Acetic acid
2 11.415 2.50 1,3-Cyclopentanedione, 2,4-dimethyl-
3 12.181 7.18 Phenol, 2-methoxy-
4 13.649 11.07 Phenol
5 16.146 61.72 Phenol, 2,6-dimethoxy-
6 19.338 1.61 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)-
7 19.473 5.52 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)-
8 23.646 7.24 Desaspidinol
+TIC Scan UPL 11.D
*16.146 1
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Figure 2. Chromatogram of bio-oil resulting from catalytic-free pyrolysis.

3.3. Catalytic Pyrolysis of Residual Red Liquor

The catalytic pyrolysis of red liquor involves the application of catalysts to enhance the
pyrolysis process and improve the yield of desired products. The catalysts play a crucial
role in promoting the decomposition of complex organic compounds present in residual
red liquor, leading to the production of valuable chemical intermediates or biofuels. The
presence of the metal catalyst resulted in a notable increase in the production of aromatic
compounds compared to non-catalytic pyrolysis. This can be attributed to the abundance
of active sites provided by the catalyst, facilitating enhanced deoxygenation of the bio-oil
and subsequent hydrocarbon formation [16]. The catalyst employed in this experimental
study consists of nickel supported on alumina, prepared using the impregnation method.

The textural characteristics of the prepared catalyst were determined with an NOVA
2200e (Quantachrome) nitrogen porosimeter and are presented in Table 3. Prior to the
analysis, the catalyst sample was degassed at 160 °C under vacuum for 4 h. The metal
catalyst obtained yielded mesoporous materials with a high surface area and narrow pore
diameters ranging from 5 to 6 nanometers.

Table 3. Characteristics of nickel-based catalyst.

Specific Surface, Total Pore Volume, Average Pore
Catalyst Name o 3 .
m-/g cm’/g Diameter, nm
Ni/Al,O3 319.7 0.4342 5.433

The data obtained from the GC-MS analysis of the bio-oil are given in Table 4 and
Figure 3. Unlike catalytic-free pyrolysis, a wide range of organic compounds is observed,
with 2-methoxy phenol being the most abundant. Its presence in the pyrolysis products
makes lignin-rich materials an interesting feedstock for the production of value-added
chemicals and biofuels [17].
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Table 4. GC-MS analysis of bio-oil pyrolysis in the presence of Ni/Al,Os,

Peak Number Retention Time Area sum, % Compound Name
1 5.487 1.30 Furan, 2-methyl-
2 6.261 8.89 Acetic acid
3 6.644 1.86 2-Propanone, 1-(acetyloxy)-
4 7.665 0.76 2-Cyclopenten-1-one, 2,3-dimethyl-
5 7.880 1.17 2-Propanone, 1-hydroxy-
6 8.471 7.53 Butanoic acid
7 8.926 227 2-Furanmethanol
8 10.426 1.19 1,3-Cyclopentanedione, 2,4-dimethyl-
9 11.192 14.94 Phenol, 2-methoxy-
10 12.652 9.01 Phosphonic acid, (p-hydroxyphenyl)-
11 13.394 1.23 Phenol, 2,4-dimethyl-
12 14.726 0.92 Phenol, 2-ethyl-4-methyl-
13 15.181 37.5 Phenol, 2,6-dimethoxy-
14 15.532 1.71 Phenol, 2,6-dimethoxy-, acetate
15 15.891 2.72 1,2,4-Trimethoxybenzene
16 16.370 1.78 Benzene, 1,2,3-trimethoxy-5-methyl-
17 17.742 1.19 Vanillin
18 18.341 1.78 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)-
19 18.469 2.25 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)-

x10 2 |+ TIC Scan Ulei piroliza cat Ni 2.d
1
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0.8 59676839
075
0.7
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Figure 3. Chromatogram of bio-oil from catalytic pyrolysis in the presence of Ni/Al,Os,

4. Discussion

Through GC-MS analysis, the liquid phase was found to contain oxygenated com-
pounds with aromatic structures, including phenols, substituted benzene, furans, and
linear/cyclic aliphatic oxygenated compounds such as carbonyl compounds and organic
acids. Conversely, nickel-based catalysts demonstrate a deoxygenation capacity that leads
to a notable proportion of furan compounds and slows down the reaction between aromatic
compounds and other oxygenated compounds, forming numerous alkylated benzene com-
pounds [18,19]. The identified compounds together with their percentage are presented in
Table 5.
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Table 5. Summary presentation of the results of catalytic pyrolysis experiments.

Identified Compounds Ni Catalyst, %
Furanic compounds 3.57
Aliphatic ketones 4.98
Organic acids 16.42
Phenolic compounds 56.3

However, it is important to note that GC analysis may not capture all bio-oil com-
pounds as certain lignin and carbohydrate oligomers may have limited volatility under
the instrument’s operating conditions [20]. Consequently, the complete identification
of all peaks becomes challenging and only those abundant products were confidently
identified [21].

The porosimetry results as shown in Table 6, reveal that the pyrolysis of residues
produces carbonaceous materials with a small specific surface area and reduced pore
volume, which are characteristic of non-activated carbons [22]. The use of the catalyst
improved the carbonization process, leading to a higher degree of conversion of the organic
matter in the red liquor into solid carbon, as can be seen in the GC-MS analysis of the
resulting bio-oil. This resulted in a reduction in the pores and surface area of the resulting
biochar as more organic matter is converted to carbonaceous material.

Table 6. Porosimetry characteristics of biochars.

Specific Surface, Total Pore Average Pore

Catalyst Name mz/g Volume, cm3/g Diameter, nm
Biochar without catalyst 5173 0.0067 5.193
Biochar with Ni/Al;Oj3 catalyst 2.08 0.0057 11.07
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