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Abstract
In today's pulp and paper industries, large quantities of black liquor are produced when wood
or non-wood lignocellulosic feedstocks are digested with cooking chemicals to separate
cellulose ﬁ bres from lignin, hemicellulose and other degraded components. Although black
l i q u o r i s c o n s i d e r e d t o b e a w a s t e p r o d u c t , i t i s r i c h i n b o t h d i s s o l v e d o rg a n i c c o m p o n e n t s f r o m
wood and added cooking chemicals. In order to recover these cooking chemicals and generate
energy from the dissolved organic compounds, it is common practice to burn black liquor in a
recovery boiler. However, this is not always the case; for example in developing countries,
where small-scale non-wood pulping mills tend to lack spent liquor treatment facilities, the
resultant spent liquor is discharged into the environment without effective treatment.
The aim of this thesis is to prove the concept of using partial wet oxidation (PWO) for the
treatment of lignocellulosic-rich waste streams in order to produce chemicals on laboratory
scale. In particular, the efﬂ uent from wood and non-wood pulping mills - i.e. black liquor - is
investigated as a raw material for the PWO process in order to produce valuable chemical
feedstocks and thus improve the proﬁ tability of pulping mills. Moreover, the data produced by
this research will contribute by providing a much-needed estimate of the commercial
feasibility of the PWO concept. The study consists of an investigation into the process concept,
optimization of operating conditions, and the effect of numerous variables on the process yield
in PWO. In addition to the PWO research, the concept of catalytic partial wet oxidation
(CPWO) is stud ied. Fruth ermo re, the effec t o n l ig nin is studied by treating co nc entrated blac k
liquors in a two-stage process comprising carbonation before PWO of the liquid phase.
The experiments were carried out in a 100ml AISI 316 SS bench-scale high- pressure reactor.
Feedstocks studied in this study included the following: wheat straw black liquor (WSBL),
Kraft black liquor (KBL), hydrolysate from pulp bleach (HLP), and hydrolysate from wood
(HLW). Additionally, spruce sawdust with a particle size of less than 1.5 mm was also used as
feedstock for the PWO process. Analysis of the products from PWO was performed using the
following methods: COD, TOC, pH, solid concentration, high performance liquid
chromatography (HPLC), capillary electrophoresis and lignin properties. In this study,
t yp ic al l y f o rmic a c id , a c e t ic a c id a n d l a c t ic a c i d w e re d e t e rm ine d q ua n t i t a t iv e l y. N e v e rt h e l e s s ,
for some cases, more detailed analysis for some other carboxylic acids were also performed.
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1. Introduction

During recent years, concerns over climate change have grown and there have
been increasing calls for cuts in greenhouse gas emissions, which are considered
to be the key cause of catastrophic natural disasters. The main source of carbon
emissions is the continued use of fossil fuel, which can be reduced through the
efficient use of renewable fuels and biomass feedstocks for industrial processes
and energy production processes. The widespread implementation of such
solutions depends on their economic feasibility, which so far is proving to be the
key hurdle to the use of this strategy.
In today’s pulp and paper industry, large quantities of black liquor are
generated when wood or non-wood lignocellulosic feedstock is digested with
cooking chemicals (comprising sodium hydroxide and sodium sulphide) to
separate cellulose fibres from lignin, hemicellulose and other degraded
components of wood. This side stream of the pulp and paper industries is rich
in dissolved organic compounds, lignin, phenolics, resin acids, pulping
chemicals and sulphur compounds, which makes black liquor an attractive
feedstock for valuable chemicals and energy recovery.
At present, black liquor is typically burned in a recovery boiler that allows for
the reclamation of the cooking chemicals from molten salts and the generation
of energy, which can power the majority of the pulping process. Furthermore,
the burning of black liquor in a recovery boiler has the added advantage of
reducing the wastewater treatment costs of the pulp mill. However, this
combustion of black liquor also causes the emission of sulphur oxides into the
environment, which can have a significant impact on the surrounding
environment (Mishra, Mahajani et al. 1995). Moreover, in developing countries
– e.g. China, Pakistan and India - non-wood lignocellulosic materials such as
grasses, wheat and rice straws are used as feedstock in often small-scale paper
mills that lack spent liquor treatment facilities. As a result, the spent liquor is
frequently discharged directly into the environment without any effective
treatment (Alonso, Martin et al. 1993). This causes not only environmental
pollution but also leads to the loss of valuable chemicals – the original
lignocellulosic raw material - that could be recovered from the black liquor. It is
therefore of interest to establish an economically viable process that can extract
valuable chemicals from black liquor along with cooking chemicals and the
energy required to run the pulping process, which can be easily implemented in
the developing world. In order to accomplish this, the utilization of part of the
black liquor as a feedstock in the partial wet oxidation (PWO) process could be
one alternative. The PWO process is an exothermic process and has moderate
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reaction conditions when compared to black liquor gasification in a recovery
boiler. Furthermore, the organics present in the black liquor can be degraded
into short-chain carboxylic acids, which can be further converted into valuable
compounds and thus further increase process profitability (Melin, Parviainen
2015).

1.1 Background of wet oxidation
Presently, several processes such as combustion, incineration and others are
being used for hazard waste disposal, even though these processes have the
potential to discharge flue gases, which cause environmental pollution. The
formation of such secondary pollutants can be mitigated by the wet oxidation
(WO) process, which has the potential to treat a wide range of industrial waste
streams by oxidizing the pollutants into degradable forms under the influence
of an oxidant (Debellefontaine, Foussard 2000).
The origins of WO can be traced back as far as 1911, when Strehlenert used
compressed air at 180 °C to treat sulphite liquor from pulp production. The
treatment technique was further developed by Hanglin and Stauf in 1927, who
used a WO methodology to treat a solution contaminated by metallic salts and
organic impurities at 130 °C and 0.2 MPa pressure (Mishra, Mahajani et al.
1995). The technology was first commercially demonstrated in 1958 by
Borregaard in Norway for the treatment of sulphite liquor; however, the project
proved to be economically unfeasible and the plant was eventually shut down.
While WO technology was being developed for waste water treatment, in the
1930s Zimmermann along with co-researchers used partial wet air oxidation
process for the production of artificial vanilla flavouring (vanillin) from pulp
mill spent liquor. Furthermore, in 1960, a new commercial application of a wet
air oxidation (WAO) process for the recovery of pulping chemicals from waste
liquor pioneered by F.J. Zimmermann proved more successful. After this initial
breakthrough, the application of the WAO process was further extended to
include the complete oxidation of sewage sludge and other waste streams
(Debellefontaine, Foussard 2000). Although the number of commercial WAO
units currently in use for the treatment of different waste streams is over 200,
the principal purpose of more than half of these plants is sewage sludge
treatment (Dietrich, Randall et al. 1985).

1.2 Wet oxidation
The wet oxidation method is a liquid phase oxidation process in which the
dissolved organic and oxidizable inorganic matter are oxidized typically at a
temperature of between 125 °C to 320 °C, using air or pure oxygen. The
solubility of the oxidant increases with an increase in temperature and pressure,
thus as the temperature is raised, a greater reaction rate is achieved. It is
generally believed that the solubility of oxygen decreases with increasing
temperature. However, above 100 °C, the solubility of oxygen increases with
increasing temperature if the oxygen reacts in the reaction mixture (Raffainer
2
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2000). Additionally, the reaction takes place under pressures higher than the
vapour pressure of water in order to enhance solubility and keep the reaction
mixture in the liquid phase (Kolaczkowski, Plucinski et al. 1999; Mishra,
Mahajani et al. 1995). WO reactions are exothermic in nature; the excess heat
liberated during the reaction can be removed by the partial evaporation of water
as complete evaporation may lead to combustion (Mishra, Mahajani et al. 1995).
Moreover, the excess heat can also be captured by using cooling coils and
subsequently used to preheat the WO influent; for example it has been found
that when the organic content of the reaction mixture is > 3 %, the process does
not require additional energy to sustain the reaction temperature (Bowers,
Romano et al. 1995).
The reaction mechanism of WO is not yet completely understood but it has,
however, been proposed that the WO reaction proceeds via a free-radical chain
mechanism. The dissolved oxygen in the mixture initiates a free-radical chain
reaction by interaction with weak C-H bonds on organic compounds to generate
hydroxyl and organic radicals (Debellefontaine, Foussard 2000). During the
WO reaction, the majority of the organic component of the reaction mixture is
degraded into compounds of lower molecular weight, followed by their
conversion into lower molecular weight carboxylic acids. The final step in the
process involves the complete oxidation to CO2 and H2O (Harmsen,
Jelemensky et al. 1997). However, in most cases wet oxidation is used only as a
pretreatement step rather than complete oxidation (Mishra, Mahajani et al.
1995). A general schematic flow diagram of the WO process is presented in
Figure 1 (Bowers, Romano et al. 1995).

Effluent

CO2
Wet Oxidation
Process

Oxidant

Unreacted O2/
oxidant
Inert Solids
Energy Recovery

Figure 1. General schematic flow diagram of wet oxidation process

1.3 Partial wet oxidation
Significant work has been done in the field of complete WO, which is also
reflected in open source literature and patents. Nevertheless, incomplete WO
for the recovery of chemicals has also been studied (Nadezhdin 1988). When
oxidation is not complete, intermediate products are formed. Furthermore, the
toxicity and chemical oxygen demand of the waste stream is also decreased
(Debellefontaine, Foussard 2000; Kolaczkowski, Plucinski et al. 1999).
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The degree of oxidation is a function of the partial pressure of the oxidant (air
or oxygen), temperature, residence time and oxidizability of the pollutant
present (Mishra, Mahajani et al. 1995). Incomplete WO can be achieved by
limiting the flow of oxidant to the reacting mixture. The partial wet oxidation
(PWO) approach is largely used as a pre-treatment step for sewage sludge.
Partial oxidation degrades the molecular structure into organic compounds that
are suitable for further biological degradation. During PWO, some of the
intermediates formed are completely oxidized to CO2 (Levec, Pintar 2007; Jing,
Luan et al. 2012).
The WO process is an energy-intensive process, requiring elevated conditions
of temperature and pressure. This makes the process uneconomical as intense
operating conditions directly relate to the cost of construction materials. The
construction of the reactor accounts for approximately 50 % of the total
investment cost. In contrast, the reaction conditions in PWO are comparatively
moderate, which makes the process safer and economical (Mishra, Mahajani et
al. 1995).
When the oxidation is not complete, the organic and inorganic constituents of
the effluent stream are degraded into short-chain carboxylic acids and their
respective salts, such as acetates, formates and lactates, which are refractory to
further oxidation at moderate temperature (Shende, Mahajani 1997). The acid
salts can be converted into their respective acids by treatment with strong acids.
The salts formed can also be thermally decomposed into acetone or fuel gas
(Onwudili, Williams 2010). Furthermore, during the reaction, the pH is
reduced, which lowers the lignin solubility causing the lignin to precipitate.
Other decomposition products of lignin or sugar such as methanol and
syringaldehyde are also obtained during the PWO reaction (Devlin, Harris
1984).

1.4 Catalytic wet oxidation
The WO process has several advantages when treating industrial waste streams.
Nevertheless, it has high capital and operating costs, which are attributed to the
usage of elevated temperature and pressure. Several studies have been made to
improve the process economics by understanding the effect of catalysts on the
WO of the most common organic pollutants found in waste streams (Levec,
Pintar 2007; Kolaczkowski, Plucinski et al. 1999; Jing, Luan et al. 2012;
Bhargava, Tardio et al. 2006).
The use of a catalyst can speed up the reaction and make the reaction
conditions less harsh, thus making the process more economical. Several
studies have been performed to study the effect of heterogeneous and
homogeneous catalysts in the WO process. Commercial processes, such as
LOPROX, WPO and ATHOS, have been patented where homogeneous catalysts
are used. However, the recovery of the catalyst can be expensive and challenging
(Kolaczkowski, Plucinski et al. 1999; Vaidya, Mahajani 2002). The use of
heterogeneous catalyst is attractive because of the ease of recovery and
reusability. However, the key issues associated with heterogeneous catalysts are
4
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deactivation due to leaching and formation of carbonaceous deposits.
(Bhargava, Tardio et al. 2006; Kolaczkowski, Plucinski et al. 1999; Verenich,
Laari et al. 2000)

1.5 Commercial technologies
The major WAO development work was carried out in the US in the 1950s. In
the 1960s, new commercial applications of the wet air oxidation (WAO) process
for the recovery of pulping chemicals from waste liquor and complete oxidation
of sewage sludge were a huge success. These successful applications led
Zimmermann's group to build several WAO plants for the complete oxidation
of sewage sludge and for the treatment of other waste streams (Debellefontaine,
Foussard 2000). At present, the number of commercial WAO units for the
treatment of different waste streams exceeds 200. However, the principal
purpose of more than half of these plants is treatment of sewage sludge
(Dietrich, Randall et al. 1985).
The Zimpro process is one of the widely commercialized WAO technologies
for sewage sludge treatment. The process employs a co-current bubble column
reactor, which generally operates in the temperature range of 150-325 °C and at
a pressure of 2-12 MPa based on the desired degree of oxidation (Kolaczkowski,
Plucinski et al. 1999).
The Wetox process is also an example of non-catalytic WAO technology. The
process employs a horizontal reactor consisting of 4-6 sections in series with
each compartment acting as a continuous stirred tank reactor. The oxidant is
fed to each section separately, which improves the mass transfer of the oxidant.
The Wetox process operates between 200-250 °C and at 4 MPa; the residence
time varies from 30 - 60 mins (Kolaczkowski, Plucinski et al. 1999).
In the VerTech process, a unique below ground reactor with a depth of 12001500 m and two concentric tubes was used. The pressure inside the reactor
required for WO is developed by means of gravity in the range of 8-11 MPa at
the bottom of the reactor. The temperature is controlled with the help of a heat
exchanger installed at the bottom of the reactor shaft. The maximum
temperature is controlled at 275 °C at the bottom of the reactor. The VerTech
process significantly reduces the cost of pressurizing the reactor and pumping
the effluent to the reactor. However, the cost for constructing such a reactor is
high (Grän-Heedfeld, Schlüter et al. 1995).
The harsh operating conditions in the WAO process make it capital-intensive.
Different catalytic wet air oxidation (CWAO) processes have been developed to
perform WAO in less harsh conditions. The selection of a suitable catalyst also
addresses the problem of oxidizing refractory compounds such as acetic acid
and formic acid. The CWOP developed in Japan mostly used a heterogeneous
catalyst. In the NS-LC (Nippon Shokubai’s wastewater treatment system)
treatment process, a Pt-Pd/TiO2-ZrO2 honeycomb catalyst is used in the
reactor. The reaction takes place at a temperature of 220 °C and a pressure of 4
MPa at a liquid hourly space velocity (LHSV) of 2. The process is capable of
oxidizing 99 % of compounds such as phenols, formaldehyde, acetic acid etc.
5
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(Luck 1999). Another catalytic wet oxidation (CWO) process, which uses
precious metal deposited on titanium or titanium zirconium carriers, is the
Osaka Gas process. The process approach is similar to that of the Zimpro
process with the addition of a supported heterogeneous catalyst. The operating
conditions depend on the composition of the effluent and the degree of
oxidation required (Kolaczkowski, Plucinski et al. 1999). In the Kurita process,
a similar kind of catalyst is used to the one used in the NSLC treatment process
and the Osaka gas process. However, nitrite NO2- is used instead of oxygen to
oxidize ammonia into nitrogen and nitrogen oxides (Luck 1999).
Several processes have also been developed on the concept of using a
homogeneous transition metal catalyst. The use of homogeneous catalysts
requires an additional recovery step, which can be expensive. In the Ciba Geigy
process, copper salt is used as a catalyst in a reactor lined with titanium to resist
material corrosion. After the reaction, the catalyst is recovered as copper
sulphite and recycled back to the reactor. The process uses compressed air as an
oxidant. The reaction takes place at 300 °C and oxidation efficiencies between
95-99% can be achieved when fed with pharmaceutical or chemical waste (Luck
1999). The LOPROX process is a low-pressure wet oxidation process in which
organic compounds with poor biodegradability are treated with oxygen in the
acidic range to make them suitable for degradation in further biological
treatment. The reaction takes place in a bubble column reactor below 200 °C
and at a pressure of 0.5 – 2.0 MPa. The catalyst used is a combination of Fe2+
ions and quinone-forming substances. The residence time is 1-3 h (Luck 1999).
Other significant CWO processes include the WPO, ORCAN and ATHOS
processes.
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2. Objectives of the thesis

The overall objective of this thesis is to prove the concept of using partial wet
oxidation (PWO) for the treatment of lignocellulosic (cellulose, hemicellulose,
lignin) rich waste streams in order to produce chemicals on laboratory scale. In
particular, the effluent from wood and non-wood pulp mills - i.e. black liquor is investigated as a raw material for the PWO process in order to produce
valuable chemical feedstocks and thus improve pulp mill profitability.
Moreover, an effort has been made in this work to produce the data needed to
estimate the feasibility of commercial application of the PWO concept. To meet
these goals, the research was performed on the following sub-goals:

x

To investigate good operating conditions and the effect of various
variables on the production of carboxylic acid from organic-rich waste
streams in PWO. This objective was met in publications [I, II, III]

x

To investigate the effect of a catalysed process on the PWO of wood
and non-wood black liquor, product yields, residence time and
operating conditions. This objective was met in publications [II, III]

x

To study the effects of catalysts and pH on lignin in the PWO of wood
and straw black liquors. This objective was met in publication [III]

x

To investigate the production of chemicals from lignocellulosic
biomass in PWO. This objective was met in publication [IV]
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3. Materials and methods

All the catalytic and non-catalytic PWO experiments of different organic
feedstocks (WSBL: wheat straw black liquor, KBL: Kraft black liquor, HLP:
hydrolysate from wood pulp, HLW: hydrolysate from wood and SD: sawdust)
were performed in a 100 ml bench-scale high-pressure batch reactor. The
general experimental procedure and materials applied in this study are
presented in this chapter.

3.1

Materials

The KBL was obtained from a commercial Kraft pulping plant in Finland where
birch was the raw material. The WSBL came from a bench-scale process
comprising 5 h cooking of pre-extracted wheat straw at 140 °C in 4 wt% NaOH
solution (Pihlajaniemi, Sipponen et al. 2014). The dry and solid straw matter
was separated by filtration and washing.
The HLP and HLW as well as the spruce sawdust were obtained from
laboratory-scale cooking at the Department of Forest Product Technology, Aalto
University. The sawdust was sieved using a 1.41 mm mesh size in order to keep
the particle size smaller than 1.50 mm. The moisture content of the sawdust was
found to be approximately 55 %. The moisture content was determined by
putting a known amount of sawdust sample in an oven for 24 h at 105 °C. Other
chemicals and gases used in the PWO and CPWO experiments are presented in
Table 1.
Table 1. Chemicals and gases used in PWO and CPWO experiments.
Supplier/Manufacturer

Paper

H2O2

Sigma-Aldrich

II and III

AC

Merck

II and III

Fe2(SO4)3

MP Biomedicals

II and III

Fe(NO3)3.9H2O

Sigma Aldrich

II and III

Na2CO3

Merck

IV

Na2S.9H2O

Acros Organics

IV

Carbon Dioxide

AGA Finland

III

Oxygen

AGA Finland

I, II, III and IV

Chemicals

Gases
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3.1.1

Catalyst preparation

The catalysts used in the catalytic partial wet oxidation experiments included
iron activated carbon (Fe/AC), Fe/AC with additional hydrogen peroxide (H2O2)
and iron (III) sulphate Fe2(SO4)3 (Paper II & III). The selection of catalyst was
made based on the reported potential of these catalysts. Activated carbon (AC)
has a high surface area and the potential to generate oxygenated free radicals
that initiate the oxidation reaction (Stüber, Polaert et al. 2001).
Supplementation of AC with iron increased its activity by means of added
acidity, while leaching and deactivation caused by coke deposition were also
reduced (Quintanilla, Casas et al. 2006; Quintanilla, Casas et al. 2007). A small
amount of hydrogen peroxide with AC may enhance the reaction rates
(Quintanilla, Casas et al. 2010). The Fe2(SO4)3 was an efficient catalyst in the
wet oxidation of pulp and paper mill effluents (Verenich, Laari et al. 2001). The
unsupported catalysts were purchased whereas the supported ones were
prepared as described below.
The Fe/AC catalyst was prepared using the wet impregnation method. In this
case, 3.876 g of AC (0.105–0.149 mm) was mixed with 8.0 ml water solution
containing 0.747 g of Fe(NO3)3·9H2O, which corresponds to 2.5 wt% of Fe
content in the solution mixture. The catalyst was dried at room temperature for
2.5 h and further dried in an oven at 70 °C overnight. The catalyst was finally
calcined at 190 °C for 6 h. In order to minimize internal mass transfer resistance,
the catalysts used were ground and sieved to a particle size below 0.15 mm.

3.2 Experimental setup
The experiments were carried out in a 100ml AISI 316 SS high-pressure benchscale reactor (Parr model 4590). The reactor was capable of withstanding a
maximum operating pressure of 6MPa (Muddassar, Melin et al. 2013). The
reactor was equipped with a four-blade, mechanically driven, variable speed
impeller. In most cases, the reactor was operated at the maximum impeller
speed of 800 rpm. The pressure inside the reactor was monitored through a
pressure gauge installed at the top of the vessel; in addition, a pressure relieve
valve, a gas inlet and outlet and a cooling water feedline were located in the
upper section of the reactor vessel. Moreover, a liquid sample extraction line
was also installed in the upper section of the reactor. The reactor was heated by
an external electric heating jacket connected to a control device that allows the
control and monitoring of the temperature inside the reactor. The gases were
fed into the reactor from external high-pressure gas bottles through a pressure
regulator that maintained a constant pressure during the reaction period. At the
end of the reaction, the reactor was depressurized through the gas outlet in the
top of the vessel. The laboratory-scale experimental setup is presented in Figure
2.

9

Materials and methods

PC

Gas Inlet Line
SC
PI

Gas Sample
Cylinder

TC

O2

Sample
Cooler

Gas Outlet in Beaker with cold water

Liquid Sample to sample cylinder

Figure 2. Experimental setup for partial wet oxidation reactions

3.3 Process description
The liquid feedstock to be partially oxidized was loaded in the micro-batch
reactor. In the case of CPWO, the catalyst was charged into the reactor along
with the liquid feed before the reaction. The reactor was closed and preheated
to 15-30 °C below the actual reaction temperatures. During preheating, the
reactor was closed (no oxygen/air was fed and no steam was purged). At
temperatures between 100-105 °C, the vent line valve was opened for a few
seconds to purge the remaining air out of the reactor. This was done to avoid
accumulation of nitrogen in the gas phase.
Approximately 30 °C below the desired oxidation temperature, the oxygen line
was opened for a very short period to start the reaction and allow the
temperature to rise due to the exothermic reaction to the actual reaction
temperature. It took around 5 minutes to reach the target temperature and to
stabilize. Once the reaction temperature was reached, the oxygen valve was
completely opened, which was the point that is considered as the starting time
of the reaction (t=0). The pressure and temperature were kept constant during
the run by the pressure controller for the oxygen feed and the temperature
controller. In most cases, the total pressure was 0.5 MPa higher than the vapour
pressure of the feedstock at the corresponding temperature.
The reaction times for the different runs were in the range of 30 - 80 minutes.
The reaction time in the experiment was the time during which oxygen was fed
to the reactor. After the reaction, the oxygen feed was stopped and the reactor
was cooled to room temperature by quenching with cold water, which took
around 5 minutes. The cooled reactor vent lines were opened to depressurize
the reactor. The oxidation products were analysed by different analytical
techniques.
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3.4 Analytical techniques
COD and TOC determination
The determination of chemical oxygen demand (COD) and total organic carbon
(TOC) was carried out using a VIS spectrophotometer (Hach Lange, model DR
3900) following the manufacturer’s instructions. The COD analysis was based
on the evaluation of the green colour of Cr 3+ after the reaction between the
oxidizing substance and sulphuric acid-potassium dichromate solution in the
presence of silver sulphate as a catalyst.
The TOC determination consists of two stages. First, the total inorganic carbon
(TIC) is expelled using a shaker (Hach Lange, Model TOC-X5). In the second
stage, the TOC is oxidized to carbon dioxide, which passes through a membrane
into the indicator cuvette. The carbon dioxide causes a colour change to occur,
and it is this change in colour that is evaluated with the photometer.
Carboxylic acid determination
Because of the practical limitations with the analytical equipment formic acid,
acetic acid and lactic acid has been the focus of this study. However, in some
cases a more detailed analysis was performed in order to identify other species
present in the reaction mixture after PWO reaction.
The amount of short-chain carboxylic acids present in the feedstock and the
liquid product was determined using high-performance liquid chromatography
(HPLC). The pH of the samples was adjusted to be suitable for an HPLC column
by treating them with strong alkali such as NaOH or with 0.7 M H 2SO4. The
liquid was then filtered through syringe filters with a pore size of 1.2 μm to filter
out any precipitates. The HPLC equipment used was a WATERS 2690 Alliance
model with a WATERS 2414 refractive index detector. The column used was a
HiPlex H 300 x 7.7 mm H+ column (Agilent Technologies). The temperature of
the column was 65 °C and the eluent used was 0.005 mol/ L H2SO4. The flow
was 0.6 mL/ min and injection volume 10 μL.
In some cases, for quantification of carboxylic acids present in the treated
sample, capillary electrophoresis was used. This works on the basis of the
difference between the molecule size and their electrical charge. The instrument
used for capillary electrophoresis was a Beckman Coulter P/ACE MD Q with a
capillary length (Ldet / Ltot) of 100 / 110 cm and internal diameter of 50 μm.
Samples were diluted to 1:50 and 1:100 (v/v) with 20 mM NaOH prior to
analysis. Therefore, undissolved lignin suspended in the solution was dissolved.
The composition of the raw material was measured for gravimetric Klason
lignin, acetone extractives and the hydrolysed sugar yield. The hydrolysed
sugars were analysed using HPLC.
Fourier transform infrared spectroscopy
In order to study the production of fuel gases and inorganic residues from the
partially wet oxidized black liquor, a separate pyrolysis experiment was carried
out. The treated black liquor was dried and heated in the micro-reactor from
11
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room temperature up to a temperature of 470 °C without stirring. The formed
gases were analysed by FTIR every 20 seconds. Based on the analysed gas
composition in the apparatus, the average gas composition during the run was
calculated. For comparison, a carboxylic acid salt sample was decomposed with
the same procedure.
Lignin determination
The lignin content of the lyophilized material was determined according to the
two-stage sulphuric acid hydrolysis procedure (Sluiter, Ruiz et al. 2010). In the
adapted method, 300 mg of material was mixed with 3 mL of 72 wt % sulphuric
acid at 30 °C. After 1 h, the reaction mixture was diluted to 4 wt % sulphuric acid
concentration through the addition of water, and the suspension was heated in
an autoclave at 121 °C for 1 h. The solid and liquid phases of the hydrolysis
mixture were separated by filtration using a glass crucible and a type GF/F
(Whatman) glass fibre filter. The acid-insoluble lignin content was obtained
from gravimetric analysis of the solid residue remaining on the filter after drying
at 105 °C and correction for its ash content. Absorbance at 205 nm of the filtrate
was measured and used to calculate the acid-soluble lignin content according to
the Beer-Lambert law (ε = 110 mL/(mg·cm)). The lignin concentration was
determined based on integration of the chromatograms obtained from the VWD
detector at 280 nm, using original WSBL and KBL for calibration.
In some cases, the amount of lignin in the feedstock and treated liquor was
determined by precipitating out the lignin followed by filtration, washing and
drying. In order to precipitate out the lignin, the liquor was treated with 0.7 M
H2SO4 to reduce the pH to 1.5. The precipitates were filtered out by syringe
filters with a pore size of 1.2 μm. The amount of lignin was determined by
measuring the mass difference of the filter before and after drying.
ഥ w), number-average molar mass (ܯ
ഥ n) and
The weight-average molar mass (ܯ
ഥ w/ ܯ
ഥ n)) of the lignin in the liquid fractions were
polydispersity (PD = ( ܯ
determined by high-performance size-exclusion chromatography (HPSEC)
using the previously described aqueous system (Sipponen, Pihlajaniemi et al.
2014).
Solid concentration
The solid concentration of the samples was determined by measuring the weight
change of about 2-4 g of solution when it was left in an oven at about 105 °C
overnight and evaporated to dryness.
pH
The pH was measured at atmospheric pressure and room temperature
immediately after each oxidation run. The pH meter (VWR pH100) was
calibrated before each round.
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4. Results and discussion

The main objective of this work is to prove the concept of using partial wet
oxidation (PWO) for the treatment of lignocellulosic (cellulose, hemicellulose,
lignin) rich waste streams to produce chemicals on laboratory scale. In
particular, effluent from wood and non-wood pulping mills - i.e. black liquor is investigated in this study. To meet this objective, research was performed and
the results were published in the thesis publications (I-IV). In the first paper,
the background of PWO and good operating conditions for the production of
carboxylic acid from organic rich waste streams in PWO are investigated (Paper
I). The second paper discusses the effect of catalysts on the PWO of wood and
non-wood black liquors (Paper II). Thirdly, the effects of catalysts and pH on
lignin in the PWO of wood and straw black liquors is studied (Paper III). The
fourth paper focuses on the production of chemicals from lignocellulosic
biomass in PWO treatment (Paper IV).

4.1 Partial wet oxidation of aqueous side streams (Paper I)
The initial objective of Paper I was to deepen knowledge about the partial wet
oxidation process by using an experimental approach. The influence of different
parameters and the formation of carboxylic acids when organic rich waste
streams undergo PWO treatment were studied in this work. Four different byproducts from the pulp production process were selected for this study
including wheat straw black liquor (WSBL), Kraft black liquor (KBL),
hydrolysate from pulp bleach (HLP) and hydrolysate from wood (HLW). The
raw materials are discussed in section 3.1. Some of the important characteristics
of the feedstocks treated in the PWO reaction apparatus are summarized in
Table 2 below.
Table 2. Characteristics of the feedstocks used.
Feedstocks

pH

COD

TOC

Lignin

(g/l)

(g/l)

(g/l)

91

45

WSBL

10.5

227

KBL

13.6

180

80

45.2

HLP

1.6

102

47.8

na

HLW
na: not analysed

1.4

156.9

54.4

na
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4.1.1

Experimental procedure

The PWO experiments were carried out in a 100 ml AISI 316 SS high-pressure
bench-scale reactor (Parr model 4590) as described in section 3.2. Oxygen was
used as an oxidant. The laboratory-scale experimental arrangement is
presented in Figure 2. The liquid feedstock was partially oxidized according to
the procedure explained in section 3.3.
Different feedstocks were oxidized under different conditions (180-270 °C &
1.5-6 MPa), as shown in Table 3. For the purpose of analysis, liquid samples of
approximately 3 ml were extracted at various intervals during the reaction from
the oxygen sparger tube positioned at the top of the reactor. While drawing
samples out of the reactor, the oxygen feed was briefly shut off. The liquid
samples were then analysed by various analytical techniques, as mentioned in
section 3.4. The effect of agitation speed on the rate of oxidation in COD
reduction was studied by varying the speed of agitation from 100 rpm to the
maximum 800 rpm. It was observed that performance of the oxidation reaction
was enhanced when the impeller speed was set to 800 rpm. Further
experiments were conducted at a stirring speed of 800 rpm. Furthermore, it has
been reported that the gas-liquid mass transfer resistance during phenol wet air
oxidation was eliminated at 600 rpm (Miguelez, Bemal et al. 1997). In Table 3,
the total pressure during the reaction means the sum of vapor pressure of the
reaction mixture and partial pressure of oxygen at the given reaction
temperature – i.e. (Ptotal = Pvapor + PO2).
Some material was lost during the reaction, as some organics converted into
CO2. There could have been a change in the liquid and solid mass during the
reaction, which altered the concentration. Generally, it was calculated to be less
than 20 % of the feedstock and this has been taken into account in the
calculation of acid yields. In some cases, the concentration did not change. The
actual change in COD and TOC could be higher because there was a change in
mass during the reaction.
Table 3. Operating conditions for PWO various feedstocks.
Feedstocks

Temperature

Total Pressure

O2 Partial Pressure

Reaction time
(min)

(°C)

(MPa)

(MPa)

WSBL

180-270

1.6-6.0

0.6-2.0

80

KBL

230-275

2.4-6.0

0.6-2.0

30-80

HLP

180-240

1.5-3.5

0.4-0.7

30-80

HLW

195-225

1.5-3.6

0.4-0.7

30

The collected samples were analysed for pH, solid content, COD, TOC and
carboxylic acid yield. FTIR analysis was also performed for some samples. The
drop in the pH for the same feedstock during the PWO reaction indicates an
increase in acid content and carbon dioxide generation. Furthermore, the COD
reduction in treated samples shows how much of the feedstock has been
oxidized. The TOC reduction reflects the amount of organic matter that has been
converted into inorganic carbon. The inorganic carbon either remains in the
aqueous phase as dissolved carbon dioxide or bicarbonate or escapes into the
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gaseous phase as CO2. The pH was measured at atmospheric pressure and room
temperature immediately after the PWO reaction.
4.1.2

TOC and COD reductions

The total organic carbon (TOC) and chemical oxygen demands (COD) of various
WSBL and KBL samples before and after PWO treatment under various
temperature and pressure conditions are presented in Figure 3. It is clear that
after the reaction there is a considerable reduction of TOC and COD in the PWO
reaction. A similar trend of TOC and COD reduction was also observed when
KBL and WSBL (solid conc. 20 wt%) were partially wet oxidized at different
conditions of temperature and partial pressure of oxidant, as shown in Figure 4.
TOC reduction is unfavourable, since the organic carbon is converted into
inorganic carbon. The inorganic carbon can be either retained in the solution as
bicarbonate or dissolved carbon dioxide, or escape from the solution into the
gas phase in the reactor.

Figure 3. TOC and COD change during PWO of KBL and WSBL.

Generally, with more severe reaction conditions (higher temperature, higher
partial pressure of oxygen and longer reaction time), higher TOC reductions are
obtained, as shown in Figure 3, Figure 4 and Figure 5. The reduction in TOC
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does not add up to the inorganic carbon content. Therefore, part of the TOC is
converted into carbon dioxide, which goes to the vapour phase. For Kraft black
liquor, only a small part of the feed was lost. However, for wheat straw, a large
part of the feedstock converted into carbon dioxide and escaped into the gas
phase. It was also observed that the pressure after the reaction when the reactor
had cooled down was higher than 1 MPa. A change in the liquid and solid mass
during
g the reaction mayy have altered the concentration.

Figure 4. TOC and COD reduction during PWO of 20 wt% KBL and WSBL. (*150 – no
external oxidant used)

During the PWO, the reaction temperature had a significant effect on TOC and
COD conversions. Figure 3 and Figure 4 provide an overview of the effect of
temperature on COD and TOC reductions. In Figure 3, the COD reduction was
higher at 250 °C than at 270 °C. The significantly higher partial pressure of
oxygen at 250 oC compared to that at 270 °C could be the reason for increasing
the degree of oxidation rather than the higher operating temperature, as shown
in the appendices of Paper-I. With equal partial pressure, the higher the
temperature, the higher the TOC and COD removal, as shown in Figure 4, which
further supports the idea of (Dhakhwa, Bandyopadhyay et al. 2012) that an
increase in temperature improves the reduction of COD through the possible
formation of CO2 from the further oxidation of the organic compounds. The
effect of the partial pressure of the oxidant on COD and TOC reduction is
presented in Figure 5. At a similar reaction temperature, a higher partial
pressure of the oxidant results in higher COD and TOC reductions. The
maximum COD and TOC reduction was achieved when 1.5 MPa partial pressure
of oxygen and 210 oC was used (Figure 5).
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Figure 5. Effect of partial pressure of oxygen on TOC and COD reduction for 20 wt% KBL
and WSBL during PWO reaction. (Reactions temperature: 210 °C)

Since the partial pressure of oxygen could not be measured, it was calculated
as the difference between the total pressure and the vapour pressure of the
solution. The vapour pressure was earlier measured at various temperatures in
the same equipment. The accumulated inert gases such as carbon dioxide
present in the vapour phase might have led to lower partial pressures of oxygen
than what has been calculated.
4.1.3

Change in pH

The formation of acids and carbon dioxide during PWO treatment causes a drop
in pH, as shown in Figure 6. Lignin fragments and sugars are oxidized into
smaller fragments, such as short-chain carboxylic acid groups and carbon
dioxide. Both components consume the alkali present and decrease the pH.
However, with longer reaction times, further change in pH is small. One reason
for this could be the formation of lower molecular weight carboxylic acids such
as acetic acid, which resists further oxidation. Furthermore, it might be that the
final degree of oxidation for the feedstock at the given temperature has been
reached, which is a function of temperature, oxygen partial pressure, reaction
duration and oxidizability of the feedstock (Mishra, Mahajani et al. 1995).
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Figure 6. Effect of temperature and reaction time on pH reduction during PWO of 20 wt%
KBL and WSBL. (*150 – no external oxidant used)

It can also be observed in Figure 6 that the higher the temperature of the
oxidation reaction, the more rapid the drop in pH. The effect of temperature on
pH reduction was more evident in the case of WSBL (Figure 6). At higher
temperature, the time required for the decomposition of lignin fragments and
other organic constituents of the feedstock shortens. Nevertheless, higher
temperature also increases the rate of decomposition of short-chain carboxylic
acids, which seem to be consistent with study by (Nadezhdin 1988). The effect
of the partial pressure of the oxidant did not have any significant effect on the
final pH of the product or on TOC and COD reduction values, which is in
agreement with (Kindsigo, Kallas 2006). Nevertheless, it can be seen in Figure
7 below that the higher the partial pressure of oxygen, the higher the pH
reduction achieved. Moreover, the influence of the partial pressure of oxygen on
pH reduction was more obvious when WSBL was treated by PWO as compared
with KBL. Generally, when no alkaline substances are added, lower the pH, the
more acids and carbon dioxide are produced by wet oxidation. Also, with more
severe reaction conditions, a lower final pH was achieved.

Figure 7. Effect of oxygen partial pressure on pH reduction during PWO of 20 wt% KBL
and WSBL. (Reaction temperature: 210 °C)
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4.1.4

Acid yields

The yields after PWO treatment for different feedstocks - i.e. WSBL, KBL, HLP
and HLW - under various operating conditions are calculated based on the
results from capillary electrophoresis analysis. The highest acid formation after
the PWO reaction was achieved for WSBL. The quantitative results presented in
Figure 8 indicate that the concentrations of formic acid, succinic acid, acetic
acid, glycolic acid and lactic acid increased significantly after PWO treatment.
The product yields for KBL, HLP and HLW after PWO are shown in Figure 9,
Figure 10 and Figure 11, respectively. The acid yields are calculated as acids even
though under those reaction conditions they may exist in their respective salt
form. It is to be noted that the amount of acids in Figure 8 to Figure 11 is
presented in grams (g) not as grams per liter (g/l). During PWO treatment,
different reaction conditions influence the formation of acids differently. The
final solutions after the PWO reaction were analysed for different species by
capillary electrophoresis. However, the formation of short-chain carboxylic
acids, including formic acid, acetic acid, glycolic acid and lactic acid, has been
studied with special interest in this study due to their industrial importance and
significant formation during PWO, in comparison with other acids.
Generally, all acid yields increased during PWO, as shown in Figure 8 to
Figure 11. However, acid yields for WSBL and HLW feedstocks were higher than
for KBL and HLP, respectively.
For black liquor PWO, the most significant increase in acid yield was achieved
in the PWO of WSBL (Figure 8 and Figure 9). The wheat straw black liquor
oxidation carried out under 250 °C and 6 MPa total pressure (PO2: 2 MPa) for
80 minutes showed a significant increase in the concentration of carboxylic
acids. This WSBL partial wet oxidation process seems promising from the
feasibility point of view. The process approach is an interesting alternative to
the conventional downstream processing in non-wood pulping mills. A more
valuable utilization than complete combustion, including production of
chemicals and fuel components seems possible. Experimental results are
indicative of the possible technical feasibility of converting wheat straw black
liquor into carboxylic acid via an environmentally sustainable integrated
process. Even though the yield of acids might be lower compared to
fermentation, the ability to use low-value or waste feedstock makes the method
attractive. Furthermore, partially wet oxidized feedstock can be more
concentrated than fermentation liquors, resulting in easier and more costeffective downstream processing.
The PWO of HLW yielded more acids than that of HLP, as presented in Figure
10 and Figure 11. The acetic acid and formic acid yields in the PWO of HLW were
10.31 g and 5.67 g per 100 g of dissolved dry matter, respectively. In fact, acid
yields could be even higher under basic conditions for hydrolysate feedstocks.
This will be confirmed in further studies.
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Figure 8. Effect of PWO on concentration of various detected acids after PWO of WSBL.
(Amount of product was 15.3% less than the feedstock)
Reaction Conditions: 80 min; 250 °C; PO2: 2 MPa; Impeller speed 800 rpm.

Figure 9. Effect of PWO on concentration of various detected acids after PWO of KBL.
Reaction Conditions: 120 min; 270 °C; PO2: 0.5 MPa; Impeller speed 800 rpm
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Figure 10. Effect of PWO on concentration of detected acids after PWO of HLP.
Reaction Conditions: 80 min; 210 °C; PO2: 0.6 MPa; Impeller speed 800 rpm

Figure 11. Effect of PWO on concentration of various detected acids after PWO of HLW.
Reaction Conditions: 30 min; 225 °C; PO2: 0.7 MPa; Impeller speed 800 rpm

4.1.5

Yield from thermal decomposition

As reported by (Holtzapple, Davison et al. 1999), carboxylic salts are suitable for
producing fuel gases (CH4, H2, CO) or biofuel components (acetone, methane).
Black liquor also contains carboxylic acids. In order to study the significance of
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the decomposition yields of these fuel gases or biofuel components during the
decomposition reaction of black liquor solids, in comparison with the carboxylic
salts responsible for producing the gases, pyrolysis was performed and the
gaseous mixture was analysed by FTIR. Two feedstocks were used in the
experiments, i.e. solids from partially wet oxidized soda black liquor and a
“model” mixture of carboxylic salts without lignin. The partially wet oxidized
soda black liquor was dried in an oven at 105 °C for 24 h in order to obtain dried
solids. The solids were loaded into a 100 ml AISI 316 SS bench-scale reactor and
the temperature was increased by an electric heating jacket from room
temperature to 470 °C in about 1 hour. The reactor was coupled with a FTIR
spectrometer; during heating, the gases formed were measured every 20
seconds, and based on that, the overall gas composition formed during the
decomposition reaction was calculated. In Table 4, the FTIR analysis is
presented for the gases formed when the solids from soda black liquor were
decomposed at 470 °C without stirring. For comparison, a carboxylic acid
sample with the composition shown in Table 5 was decomposed using the same
procedure. It could be suggested that black liquor after the PWO reaction has
the potential to produce fuel gases upon decomposition (Table 4). The yields of
fuel components (acetone, methane) were higher for the carboxylic acid
mixture.
Table 4. Thermal decomposition material balance for PWO of soda black liquor solids.
Feedstock
Component

Product
Amount

Product

(g)

Amount
(g)

total mass

100

total mass

88.04

sodium acetate

6.52

Water

27.54

sodium formate

9.42

CO2

sodium lactate

5.07

CO

sodium glycolate

3.99

acetone

0.72

solid residues

75

methanol

0.72

6.52
2.9

formaldehyde

0.08

solid residues

49.56

In the pyrolysis of partially wet oxidized black liquor, the chemical oxygen
demand was significantly reduced and useful fuel components were formed.
However, for the black liquor case, the yields of fuel components are low and
char remains in the solid residue. It was not possible to quantify all the gaseous
components (hydrogen and some hydrocarbons) in the thermal decomposition
experiment (see Table 4 and Table 5), so the yields of fuel components may be
underestimated.

22

Results and discussion
Table 5. Thermal decomposition material balance for carboxylic salts mixture.
Feedstock
Component

Product

Amount (g)

Product

Amount
(g)

Total Mass

100

Total Mass

96.25

Sodium Acetate

44.2

Water

34.17

Sodium Formate

38

CO2

2.92

Sodium Lactate

12.9

CO

2.08

Sodium Glycolate

4.9

Acetone

2.5

Methane

0.25

Ethanol

0.17

Acetaldehyde
Solid Residues

0.13
54.04

4.2 Catalytic partial wet oxidation of aqueous side streams
(Paper II)
Up until now, little attention has been paid to investigating catalytic partial wet
oxidation (CPWO) for the production of chemicals. However, (McGinnis,
Wilson et al. 1983) and (Chang, Chen et al. 2005) have attempted to investigate
the production of chemicals such as formic acid, acetic acid, methanol and a
mixture of hydroxy organic acids using Al2(SO4)3 as a catalyst with different
kinds of wood. In their work, formic acid and acetic acid were the major acids
produced, accounting for 80-95 % of the total acidity. When milder conditions
were employed, the yields of hydroxy acids, such as glycolic and lactic acid, were
higher. They also studied CuSO4 and FeSO4 catalysts and observed that FeSO4
decreased the formation of acetic acid and increased the formation of formic
acid. The use of catalysts can aid in the complete oxidation of refractory
compounds like low molecular weight carboxylic acids at lower temperature and
pressure conditions (Levec, Pintar 2007; Jing, Luan et al. 2012).
Activated carbon (AC) catalysts have been found to be promising for the
CPWO of organic pollutants due to their low price and avoidance of problems
associated with metal-based catalysts. AC performance is related to high
adsorption capacity and the potential to generate oxygenated free radicals for
initiating the oxidation reaction (Stüber, Polaert et al. 2001). Another
interesting catalyst found in the literature is Fe/AC. It has been reported that Fe
enhanced the activity of AC and produced no leaching and deactivation due to
coke deposition (Quintanilla, Casas et al. 2006; Quintanilla, Casas et al. 2007).
A study by (Quintanilla, Casas et al. 2010) suggests that adding small amounts
of hydrogen peroxide with an AC catalyst acts as a promoter and enhances the
reaction rates. Ferric sulphate Fe2(SO4)3 has been found to be a promising
catalyst for treating organic waste streams with higher efficiency (Verenich,
Laari et al. 2001).
In this section, the partial wet oxidation (PWO) and catalytic partial wet
oxidation (CPWO) of Kraft and non-wood black liquor are discussed for the
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production of carboxylic acids. The hydroxy acids are valuable raw materials for
biopolymers, and acetic acid and formic acid are commonly used chemicals
conventionally produced from fossil feedstock. Results suggest that by
employing PWO and CPWO the amount of acids can be enhanced, the pH
lowered and the lignin content reduced. This makes the separation stage easier
and more economical.
4.2.1

Raw Materials

The raw materials are discussed in section 3.1 above. Some of the important
characteristics of the feedstocks treated in PWO reaction apparatus are
summarized in Table 6. Pure oxygen (99.99 wt %) purchased from AGA,
Finland, was used as oxidant in all the experimental runs. In an earlier study, it
was found that a higher solids concentration affects the catalyst activity
negatively, possibly by lignin precipitation on the catalyst (Melin, Riera et al.
2013). Therefore, feedstocks (KBL and WSBL) were not concentrated by
evaporation in this study.
Table 6. Composition of untreated black liquors, KBL and WSBL, used as feedstock in the
PWO treatment.
Feedstock

pH

Dissolved

Formic

Acetic

Lactic

Sugar

AIL

ASL

solid conc.

Acid

Acid

Acid

(g/l)

(g/l)

(g/l)

(wt %)

(g/l)

(g/l)

(g/l)

KBL

12.8

10.8

10.2

3.6

2.0

3.5

62.6

14.5

WSBL

13.4

10.3

10.4

3.8

2.2

25.8

53.9

16.2

AIL, acid-insoluble lignin; ASL, acid-soluble lignin. Sugar, monosaccharides released from the
carbohydrates in the black liquors in 4% sulphuric acid hydrolysis were calculated as anhydrous sugars.

4.2.2

Catalysts

The catalysts used in this study were iron activated carbon (Fe/AC), Fe/AC with
additional hydrogen peroxide (H2O2) and iron (III) sulphate Fe2(SO4)3. The
unsupported catalysts were purchased whereas the supported ones were
prepared as described in section 3.1.1. The chemicals used either directly as
catalysts or as precursors are shown in Table 7.
Table 7. Catalysts and precursors used in experiments.
Compound

CAS number

Manufacturer

Product number

Fe/AC

-

-

-

H2O2

7722-84-1

Sigma-Aldrich

349887

AC

7440-44-0

Merck

102518

Fe2(SO4)3

10028-22-5

-

-

7782-61-8

Sigma-Aldrich

31233

Fe(NO3)3.9H2O (precursor)
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4.2.3

Experimental procedure

The experiments were performed in a batch reactor containing 75 g of black
liquor and 0.23 g (catalyst dose: 3 g/L) of catalyst, as used by (Dhakhwa,
Bandyopadhyay et al. 2012). In some runs, hydrogen peroxide was added along
with a Fe/AC catalyst, as a promoter to enhance the reaction. The solution of
ferrous iron and hydrogen peroxide, which is also called Fenton’s reagent is
typically used in waste water treatement. The amount of hydrogen peroxide is
equal to 1 wt% of black liquor in the reaction mixture. The reactions were
performed at two different temperatures (170 °C and 230 °C). The experimental
setup and reaction procedure are discussed in detail in sections 3.2 and 3.3. The
PWO and CPWO experiments were performed according to the reaction
conditions shown in Table 8.
Table 8. Operating conditions and catalysts used in the experiments.
Run

Feedstock

Catalyst Type

Catalyst Amount

Temp.

PO2

(g)

(°C)

(MPa)

Reaction
time
(min)

C-1

KBL

-

-

170

0.5

30

C-2

KBL

Fe/AC

0.23

170

0.5

30

C-3

KBL

Fe/AC + H2O2

0.23+2.14

170

0.5

30

C-4

KBL

Fe2(SO4)3

0.23

170

0.5

30

C-5

KBL

-

-

230

0.5

30

C-6

KBL

Fe/AC

0.23

230

0.5

30

C-7

KBL

Fe/AC + H2O2

0.23+2.14

230

0.5

30

C-8

KBL

Fe2(SO4)3

0.23

230

0.5

30

C-9

WSBL

-

-

170

0.5

30

C-10

WSBL

Fe/AC

0.23

170

0.5

30

C-11

WSBL

Fe/AC + H2O2

0.23+2.14

170

0.5

30

C-12

WSBL

Fe2(SO4)3

0.23

170

0.5

30

C-13

WSBL

-

-

230

0.5

30

C-14

WSBL

Fe/AC

0.23

230

0.5

30

C-15

WSBL

Fe/AC + H2O2

0.23+2.14

230

0.5

30

C-16

WSBL

Fe2(SO4)3

0.23

230

0.5

30

4.2.4

Effect on pH

PWO treatment caused marked changes in KBL and WSBL. One of the key
effects was the reduced alkalinity of KBL and WSBL from their initially highly
alkaline pH of about 13. The reduction in pH shows that the lignin fragments
and other organic components, including sugars, decomposed into smaller
fragments such as short-chain carboxylic acid groups and carbon dioxide during
the PWO reaction. Apart from hydrogen peroxide, the catalysts did not affect
the pH compared to the non-catalysed PWO (Figure 12). In contrast, when the
treatment temperature was increased from 170 °C to 230 °C, the pH decreased
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further with both black liquors. This further confirms the association between
higher temperature and the rate of decomposition of short-chain carboxylic
acids as reported by (Nadezhdin 1988).

Figure 12. The effect of heterogeneous catalysts on pH of Kraft black liquor (KBL) and
wheat straw black liquor (WSBL) after PWO at 170 °C and 230 °C.

The final pH of the KBL treated at 230 °C was almost neutral, whereas the
WSBL remained slightly alkaline, given its higher initial pH. The resulting pH
levels suggested acid formation, as confirmed by HPLC analysis of the liquors
(Figure 13).

Figure 13. The effect of heterogeneous catalysts on the total concentration of detected
organic acids in Kraft black liquor (KBL) and wheat straw black liquor (WSBL) after PWO
at 170 °C and 230 °C.

The high pH of the liquor has been reported to be problematic for further
separation (Hellstén, Lahti et al. 2013). (Kumar, Alén 2014) used carbon dioxide
treatment before electrolysis, which would not be necessary for wet oxidized
black liquor. If conventional extraction is used for further separation of acids, a
low pH and high concentration is desired. Partially wet oxidized black liquor
would require significantly less acid.
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4.2.5

Reduction of TOC and COD

As can be seen in Figure 14, the use of a catalyst did not have a significant
influence on the reduction of total organic carbon (TOC) and chemical oxygen
demand (COD) during the PWO reaction as compared to non-catalytic PWO
treatment. Because of the highly concentrated streams and elevated reaction
temperature; the blockage of the active sites by coking and poisoning might be
the possible explanation for catalyst deactivation. Nevertheless, the increase in
temperature results in higher COD and TOC reductions in both KBL and WSBL.

Figure 14. The effect of heterogeneous catalysts on COD and TOC in KBL and WSBL after
PWO at 170 °C or 230 °C.

4.2.6

Acid yields

Generally, all acid yields increased during the CPWO and PWO of KBL and
WSBL (Figure 15). However, there was no increase in the yields of acids
associated with the use of a catalyst in the PWO reaction. The highest yield of
carboxylic acid was achieved when no catalyst was employed in the PWO
process at temperatures of 170 °C and 230 °C. The results, as shown in Figure
15, also suggest that the acid yields were higher for WSBL as compared to KBL
during CPWO and PWO. The higher acid yield in PWO of WSBL as compared to
KBL was also observed during our previous study (Hassan, Melin et al. 2012).
A reason for the different reactivity of the feedstock is most likely the different
relative amount of carbohydrates (easily oxidized) and lignin (more resistant
towards oxidation), since WSBL contained initially 25.8 g/l hemicellulose
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compared to 3.5 g/l in KBL (Table 6). A majority (96 %) of the sugar residues of
WSBL consisted of xylose and arabinose, the two pentose sugars being the main
components of grass hemicellulose (Ebringerova, Hromadkova et al. 2005). In
KBL, 60 % of the sugars were glucose and galactose and the rest consisted of
arabinose and xylose. The higher initial concentration of more reactive pentose
sugars in WSBL was the probable source of the organic acids in PWO since
lignin is suspected to be more resistant towards oxidation compared to
hemicellulose.
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Figure 15. Effect of a heterogeneous catalyst on different acid yields in Kraft black liquor
(KBL, left) and wheat straw black liquor (WSBL, right) after PWO at 170 °C or 230 °C.

Moreover, reduction of TOC and COD after the PWO treatment indicated the
possible formation of carbon dioxide from further oxidation of the organic
compounds. Unlike in KBL, the presence of hemicellulose in WSBL was
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responsible for increasing the total acid concentration from 16 g/l to 30 g/l in
PWO at 230 °C. In addition, a significant increase in acid yields was achieved at
the higher temperature (230 °C). There were no significant differences in acid
yields found for the different catalysts used.
Varying acid yields were obtained from WSBL and KBL after PWO treatment
as a result of the different initial composition of the feedstocks. Also, the relative
amount of lignin and sugar influences the reactivity of the feedstock. For lactic
acid, almost similar yields were obtained for all catalysts and without catalyst.
The highest yields of lactic acid for both feedstocks were achieved at 230 °C. The
lactic acid yields after PWO treatment were significantly higher for WSBL
compared to KBL. Lactic acid is a valuable raw material for biopolymer
production and production from a waste product such as WSBL by a fast
thermal process indicates the potential of the PWO process, since lactic acid
production by fermentation is sensitive to the presence of inhibitory
components in the feedstock such as furfurals.
The yield of detected carboxylic acids (formic acid, acetic acid and lactic acid)
also increased with the increase in temperature when KBL and WSBL, both with
a solids concentration of about 20 wt%, were treated in the PWO reaction
apparatus at different temperatures (Figure 16). It can be suggested based on
the results depicted in Figure 16 below, that the maximum yields of detected
carboxylic acids for KBL and WSBL feedstocks during the PWO reaction were
formed at 240 °C, followed by the PWO reaction performed at 210 °C. However,
surprisingly, the yields of organic acids formed at 150 °C when no external
oxidant was fed to the reactor were higher than the PWO reaction performed at
150 °C and 180 °C in the presence of oxygen. A probable explanation is that,
without external oxidant, the hydrothermal degradation reaction of sugars
present in the feedstock results the formation of carboxylic acids. Furthermore,
during the PWO reaction some of the acids could be converted into CO2 and
H2O. Our hypothesis was that we could get higher acid yields in PWO reaction.
However, this is not true in our case. The effect of reaction time also has a
significant effect on the formation of organic acids during PWO treatment. As
shown in Figure 16, generally the maximum organic acid yield for KBL was
detected for the reaction sample at 30 min, followed by the sample at 20 min.
During the PWO of WSBL, a nearly identical trend can be observed. Based on
the data presented in Figure 16, the reaction time of 30 min is the optimum
reaction time for maximum acid yield.
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Figure 16. Effect of reaction time and reaction temperature on organic acid yield during
PWO treatment of 20 wt% KBL and WSBL. (*150 – no external oxidant used)

During the PWO treatment of KBL and WSBL feedstocks (solid conc. ~20 wt
%), the effect of the partial pressure of oxygen was not so significant on the
organic acid yield. Nevertheless, at a higher partial pressure of oxygen, the yield
of organic acids was slightly improved, as shown in Figure 17, when WSBL and
KBL underwent PWO treatment. Furthermore, as shown in Figure 15 and Figure
16, the highest organic acid yield at a particular temperature was achieved when
WSBL was employed as raw material.

Figure 17. Effect of partial pressure of oxygen on organic acid yield during PWO
treatment of 20 wt% KBL and WSBL.

The decrease in the yield of organic acids with the increase in reaction time, in
particular after 30 min (Figure 16 and Figure 17), suggests that the formed acids
have started to decompose into carbon dioxide and water. (Debellefontaine,
Foussard 2000) show that part of the feedstock is oxidized directly to carbon
dioxide and water whereas part is converted to components that need severe
conditions in order to decompose, such as acetic acid. The higher the reaction
rate to the stable intermediate compared to direct oxidation, the higher the yield
of acids. This is affected by the catalyst and process conditions (the temperature,
pH and oxygen partial pressure).
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Figure 18. Effect of temperature and reaction time on the yield of organic acids during
PWO treatment of 20 wt% KBL and WSBL. (*150 – no external oxidant used)

In Figure 18, the effect of temperature and reaction time on the yield of
individual acids is presented when KBL and WSBL (20 wt %) were treated in
the PWO reaction apparatus. It can be seen that acetic acid was the most stable
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among the three detected acids (formic, acetic and lactic acid) to further
oxidation into water and carbon dioxide, followed by formic acid and lactic acid.
However, in this set of experiments, the lactic acid yield was significantly higher
for the PWO of WSBL at 240 °C and 210 °C.
4.2.7

Influence on lignin

The efficacy of the PWO treatments was monitored by analysis of the
concentration and molar mass distribution of lignin. Changes in lignin
concentration were similar with both KBL and WSBL (Figure 19). Lignin
concentration decreased most in the presence of H2O2. This strong degradative
effect of hydrogen peroxide on lignin is in agreement with its well-known
oxidative bleaching action (Sarkanen, Ludwig 1971). Although the Fe/Ac
supplemented with H2O2 led to the lowest lignin concentration after PWO at
230 °C, other catalysts showed similar results to the non-catalytic PWO.
Therefore, a portion of the lignin units that had resisted chemical cleavage in
the pulping conditions degraded in the more severe PWO conditions.

Figure 19: The effect of heterogeneous catalysts on concentration of lignin in Kraft black
liquor (KBL) and wheat straw black liquor (WSBL) after PWO at 170 °C or 230 °C.

Molar mass distribution is one of the key parameters of lignin with respect to
its material properties (Baumberger, Abaecherli et al. 2007). Without PWO, the
ഥ௪ ) of lignin was 3300 g/mol in KBL and 2730
weight average molar mass (ܯ
g/mol in WSBL. These values are in agreement with the literature values
(Sipponen, Pihlajaniemi et al. 2014; Tolbert, Akinosho et al. 2014). Treatment
ഥ௪ ) of lignin in KBL and
at 230 °C decreased the weight average molar mass (ܯ
ഥ௪ of
WSBL more than PWO at 170 °C (Figure 20). PWO at 230 °C decreased ܯ
ഥ௪ of WSBL to 1700 g/mol. However, while the use of
KBL to 1800 g/mol and ܯ
hydrogen peroxide led to the lowest lignin concentration, this effect could not
ഥ௪ of lignin. Thus, hydrogen peroxide did not selectively
be observed in the ܯ
degrade lignin of any particular molecular weight. Instead, depolymerization of
lignin occurred rather homogeneously and the main driver was the reaction
temperature. Since the heterogeneous catalysts had only a minor effect on the
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PWO process, further investigation was undertaken without a heterogeneous
catalyst in the two-stage process (section 4.3).

ഥ ࢝ ) of
Figure 20: The effect of heterogeneous catalysts on weight average molar mass (ࡹ
lignin in Kraft black liquor (KBL) and wheat straw black liquor (WSBL) after PWO at 170
°C or 230 °C.
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4.3 Influence of pH on Lignin in Partial Wet Oxidation (Paper
III)
This section attempts to explore the effects of pH on lignin during the partial
wet oxidation (PWO) of Kraft black liquor (KBL) and wheat straw black liquor
(WSBL) by employing a two-stage process approach, comprising carbonation
before the PWO of the liquid phase.
The chemical recovery process of the modern pulp mill produces surplus
energy from the combustion of lignin (Svensson, Jönsson et al. 2008). However,
isolation of lignin may help to increase the production capacity of the pulp mill
by debottlenecking the recovery boiler. Recovery of chemicals by combustion in
conventional non-wood pulp mills may not be affordable because of the smaller
capacity of these pulp mills. In contrast, isolation of lignin by precipitation could
generate revenue and reduce the chemical oxygen demand of the effluent (Lora,
Naceur et al. 2008).
A previous work on alkaline wet oxidation reported a yield of organic acids of
up to 13.5 % and a yield of 0.5 % of low molecular weight phenolic compounds
from wheat straw on a weight basis (Klinke, Ahring et al. 2002). Muddassar and
his co-workers found recently that the PWO of wheat straw black liquor yielded
more organic acids than were obtained from the PWO of Kraft black liquor
(Hassan, Melin et al. 2012). A range of organic acids including formic acid,
acetic acid, lactic acid, malic acid, succinic acid, oxalic acid and heavier hydroxy
acids were detected. However, data is lacking concerning the effect of pH and
process conditions on the yield of organic acids and the properties of lignin from
the PWO of black liquor. This information would be important, for instance,
because oxidation of lignin may help to avoid its coprecipitation with silicates,
an inherent problem involved in the desilication of soda black liquors
(Mandavgane, Paradkar et al. 2006). This section presents and describes the
results from a two-stage process in which concentrated black liquors were first
subjected to a carbonation step for lignin precipitation followed by filtration
before the PWO of the liquid phase. The efficacy of the processes is discussed
relative to the treatment conditions, yield of organic acids, and changes in
concentration and molar mass properties of lignin.
4.3.1

Experimental procedure

The experiments were performed in accordance with a two-stage process
approach to investigate the effect of lignin concentration on the PWO of black
liquor (Figure 21). This selection was made because it was anticipated that a
high lignin concentration might obstruct the generation of oxidation products.
To produce starting materials with varying lignin concentration, WSBL and KBL
were concentrated two-fold by evaporation, and the concentrated liquors (80 g)
were carbonated in the batch reactor for 5, 20, 30 or 45 min at 80 °C under 1
MPa CO2 to decrease the pH and precipitate lignin. The liquid phase was
separated by centrifugation, sampled for analysis, and subjected to 30 min PWO
at 210 °C under 0.5 MPa O2 partial pressure. The same reaction apparatus was
35

Results and discussion

used in both stages (carbonation and PWO). The experimental setup and
reaction procedure for PWO has been discussed in detail in section 3.2 and 3.3.
The liquid fractions from single carbonation and PWO treatment were
recovered for various analyses.
Black liquor

Carbonation
5/ 20/ 30/ 45 min, 80 oC
1 MPa PCO2

Lignin (s)

Liquid phase
PWO
30 min, 210 oC
0.5 MPa PO2

CO2 (g)

Low Mw lignin
& acids (l)

Figure 21. Flow diagram of the two-stage process approach.

4.3.2

Raw materials

The raw materials are discussed in section 3.1. Some of the important
characteristics of the feedstocks treated in the carbonation and PWO reaction
apparatus are summarized in Table 9 below. The raw materials used in the
experiments were Kraft black liquor (KBL) and wheat straw black liquor
(WSBL). KBL was obtained from a commercial Kraft pulping plant in Finland,
and WSBL from a bench-scale process comprising 5 h cooking of pre-extracted
wheat straw at 140 °C in 4 wt % NaOH solution (Pihlajaniemi, Sipponen et al.
2014). The KBL and WSBL feedstocks were concentrated two-fold by
evaporation. Pure oxygen (99.99 wt %) and carbon dioxide (99.99 wt %) were
purchased from AGA (Finland).
Table 9. Composition of the original and concentrated black liquors (KBL and WSBL)
used as feedstock in PWO treatmenta
feedstock pH

density dissolved AIL

ASL

sugar formic

solids

acetic lactic

acid

acid

acid

(g/cm3) (wt%)

(g/l)

(g/l)

(g/l)

(g/l)

(g/l)

(g/l)

KBL

12.8

na

10.8

62.6

14.5

3.5

9.4

3.1

5.1

c-KBL

13.0

1.13

19.3

111.9

25.9

6.2

16.8

5.6

9.0

WSBL

13.4

1.08

10.3

53.9

16.2

25.8

10.8

2.2

6.2

c-WSBL
13.3 na
21.5
112.5 33.8
53.9
22.7
4.6
13.0
concentrated by evaporation; na, not analysed; AIL, acid-insoluble lignin; ASL, acid-soluble
lignin. Sugar, monosaccharides released from black liquor carbohydrates in 4% sulphuric acid
hydrolysis were calculated as anhydrous sugars.
ac-,
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4.3.3

Effect of carbonation on pH

A two-stage process comprising the carbonation of black liquor prior to PWO
was investigated as a possible way to enhance the oxidation of dissolved organic
material. One of the key parameters of PWO in addition to temperature is the
pH, which was expected to decrease as a result of carbonation. As anticipated,
the pH of KBL and WSBL dropped from the initial values of 13.0 and 13.3 to 7.6
and 7.8, respectively, as a function of carbonation time (Figure 22).

Figure 22: Effect of carbonation time on pH of Kraft black liquor and wheat straw black
liquor before PWO (black circles) and after PWO of the liquid phase (white circles) at 210
°C.

PWO decreased the pH of the untreated black liquors and the liquid phases
obtained from carbonation. However, no additional drop in pH occurred in
PWO when the initial pH was below 8. On the contrary, PWO increased the pH
of the liquid obtained from WSBL with carbonation times exceeding 20 min.
This observation could be explained by the dissolution of alkaline carbonate
salts and removal of carbon dioxide after PWO. Oxidation of lignin organic
material may be obstructed in these near-neutral pH conditions.
4.3.4

Effect of carbonation on total suspended solids

It was apparent that precipitation occurred during carbonation of the black
liquors. The chemical oxygen demand (COD), total organic carbon (TOC) and
total suspended solids in the two black liquors were therefore determined. As a
result of carbonation, the percentage of total suspended solids decreased in
WSBL from 21.5 % to 14.9 %, but less in KBL (from 19.3 % to 17.6 %). We can
speculate that this difference resulted from the greater amount of hemicellulose
precipitated from WSBL, given its nearly nine times higher initial carbohydrate
content compared to KBL (Table 9).
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4.3.5

Effect of carbonation on reduction of TOC and COD

The above hypothesis that the different amount of suspended solids reduction
as a result of carbonation in WSBL and KBL is caused by the difference in their
composition is consistent with the COD, which decreased more as a result of
carbonation with WSBL than with KBL (Figure 23). Correlation of COD with pH
suggested that precipitation was the main reason for the COD reduction after
carbonation. PWO decreased the solids concentration further, as also observed
from the decreasing TOC levels. The final COD of KBL (115 g/l) was slightly
lower than that of WSBL (123 g/l). The minimum TOC and COD concentrations
obtained from concentrated KBL were equal to the values of the direct PWO of
the original KBL at 230oC (Figure 14). However, the percentage reduction of
COD after carbonation and PWO was three times higher when KBL was
concentrated to a two-fold higher dissolved solids content relative to the original
KBL. This difference suggests that lower pH resulting from carbonation could
promote the reduction of COD in PWO.
c-KBL

c-WSBL

COD
COD

TOC

TOC

Figure 23: Effect of carbonation of Kraft black liquor (KBL) and wheat straw black liquor
(WSBL) on chemical oxygen demand (COD, circles) and total organic carbon (TOC,
triangles) before PWO (black markers) and after PWO treatment of the liquid phase (white
markers) at 210 °C.

4.3.6

Effect of carbonation on lignin

The main target of carbonation in the two-stage process was to precipitate and
intensify the depolymerization of lignin in order to obtain a higher yield of
organic acids. As expected, the lignin concentration of KBL and WSBL
decreased rapidly, driven by pH-dependent precipitation (Figure 24). With
KBL, carbonation decreased the concentration of lignin by 57 %, from the initial
level of 138 g/l to 58.6 g/l, while with WSBL the reduction was 67 % from the
initial level of 146 g/l to 48.3 g/l. The lowest lignin concentrations of 18 − 24 g/l
were obtained from the PWO of the liquid phase isolated after 20 min of
carbonation, and corresponding to pH values in the range of 8−9. Compared to
the direct PWO of black liquors (Figure 19), the two-stage process with 20 min
of carbonation involved much lower pH in PWO. Percentage reductions in lignin
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concentrations were either unaffected (KBL) or increased slightly (from 57.3 %
to 64.5 % with WSBL), despite the differences in initial alkalinity.

Figure 24: Effect of carbonation time on lignin concentration in concentrated Kraft black
liquor (c-KBL) and wheat straw black liquor (c-WSBL) before PWO (black circles) and after
PWO of the liquid phase (white circles) at 210 °C.

ഥ௪
Unlike with direct PWO treatment without carbonation (see Figure 20), ܯ
and PD of lignin were now monitored in relation to the initial lignin
ഥ௪ , which
concentration. Interestingly, 5 min of carbonation increased lignin ܯ
thereafter dropped to a level only slightly lower than the 3300 g/mol of nonconcentrated KBL (Figure 25). A similar trend was observed with WSBL, with
ഥ௪ of
the exception that 20−45 min of carbonation gave a slightly higher ܯ
3100−3200 g/mol compared to non-concentrated WSBL (2730 g/mol). After
ഥ௪
the liquid phases from carbonation were subjected to PWO at 210 ºC, lignin ܯ
from KBL decreased to 1500−1900 g/mol compared to almost similar values
(1600−2000 g/mol) from WSBL. Changes in polydispersities followed those
ഥ௪ . The lowest PD of 2.3 was obtained when the lignin concentration before
ofܯ
PWO was 50−60 g/l. These results suggest that the concentration of lignin or
the prevailing pH had only a minor effect on the depolymerization process. In
contrast, the oxidative degradation of lignin appears to be possible at almost
neutral pH.
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ഥ ࢝ ) (circles) and
Figure 25: Effect of carbonation time on weight average molar mass (ࡹ
polydispersity (triangles) of lignin in concentrated Kraft black liquor (c-KBL) and wheat
straw black liquor (c-WSBL) before PWO (black markers) and after PWO treatment of the
liquid phase (white markers) at 210 °C.

4.3.7

Effect of carbonation on acid yields

The main organic acids detected in the black liquors were formic acid, acetic
acid and unresolved lactic acid and glycolic acid (Figure 26). The obtained levels
of organic acids revealed differences between the two black liquors. With KBL,
concentrations of organic acids remained at 30−35 g/l, regardless of
carbonation or PWO (Figure 27). With WSBL, the acid concentration increased
in PWO compared to the values after carbonation. However, the highest level of
organic acids (54.7 g/l) was obtained without carbonation from the direct PWO
of concentrated WSBL. Comparison to the data in Figure 13 shows that the
percentage increase in concentration of organic acids was lower in the two-stage
process (35.7 %), compared to that obtained from the direct PWO of WSBL (56.5
%). Hence, the yield of organic acids could not be improved by the removal of
lignin from WSBL. It can be speculated that the acid-induced precipitation
removed the hemicellulose that is physically associated with and covalently
linked to lignin in wheat straw (Iiyama, Lam et al. 1994). Moreover, the majority
of lignin was probably incompletely oxidized, or released a different type of
organic acids than those arising from carbohydrates.
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Figure 26. Effect of carbonation time on concentration and distribution of detected
organic acids in concentrated kraft black liquor (c-KBL) and wheat straw black liquor (cWSBL) after carbonation without PWO (-CO2) and after PWO treatment (-CO2+PWO) of
the liquid phase at 210 °C.

Figure 27: Effect of carbonation time on concentration of detected organic acids in
concentrated Kraft black liquor (c-KBL) and wheat straw black liquor (c-WSBL) before
PWO (black circles) and after PWO treatment of the liquid phase (white circles) at 210 °C.
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4.4 Partial wet oxidation of alkaline pretreatment byproduct of
softwood (Paper IV)
In the pretreatment process for ethanol production, it is necessary to make the
biomass more accessible to subsequent enzymatic hydrolysis. During
pretreatment, the lignin that holds the cellulose and hemicelluloses tightly is
degraded and the complex crystalline structures of cellulose and hemicelluloses
are made accessible, also resulting in the increased surface area of the cellulosic
biomass (Limayem, Ricke 2012). The pretreatment method is selected based on
the component that is to be extracted or utilized from the lignocellulosic
biomass. Different pretreatment methods, such as physical, chemical or
microbiological, are discussed in the literature (Wyman, Dale et al. 2005;
Banerjee, Mudliar et al. 2010).
This section is concerned with the production of carboxylic acids from spruce
sawdust in two stages: firstly, treating sawdust by increasing the temperature
from 80 °C up to 160 °C at 2 °C/min with alkali for 30 min, and subsequently,
treating the liquid part from the first step by partial wet oxidation at 210 °C and
under oxygen partial pressure of 0.6MPa for 30 min. The carboxylic acids
studied include formic, acetic and lactic acids. The objective of this work was to
study production of carboxylic acids from a liquid byproduct obtained by
pretreatment of sawdust with sodium carbonate or green liquor. The fibre part
can be used for pulp or bioethanol production.
The spruce sawdust was obtained from the Department of Forest Product
Technology, Aalto University. The sawdust was sieved using a 1.41 mm mesh
size in order to keep the particle size smaller than 1.50 mm. The moisture
content of the sawdust was found to be approximately 55 %. The moisture
content was determined by putting a known amount of sawdust sample in an
oven for 24 h at 105 °C. The raw materials are discussed in detail in section 3.1.
The objective of this study was to treat sawdust first using alkali in order to
obtain the main product fibre, which could be used for bioethanol or pulp
production, and a side by product, which can be further treated by partial wet
oxidation in order to produce chemicals, as shown in Figure 28.

Sawdust
Cooking
chemicals

Distilled
water

Distilled
water

Oxygen

STAGE-1
Cooking
80 -> 160 oC

Washing &
Filtration

Stage-2
PWO
210oC, PO2: 0.6Mpa
30min

Product

Wet sawdust
for drying

Figure 28. Flow diagram for a two-stage process approach.

Two different cooking chemicals (Na2CO3 and Na2S.9H2O) were used in the
first stage, i.e. chemical cooking. The reason for selecting Na2CO3 as a cooking
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chemical was because it is readily available and inexpensive. In addition,
Na2S.9H2O was selected because it is already being used in pulp mills as green
liquor and it can be directly taken from the mill, making the synergy easier.
4.4.1

Experimental procedure

The experiments were carried out in two stages, i.e. cooking the sawdust
followed by the partial wet oxidation of the liquid from the cooked mixture. Both
stages were performed in a 100 mL AISI 316 SS high-pressure micro batch
reactor (Parr model 4590). The reaction apparatus and reaction procedure are
described at length in section 3.2 and section 3.3.
In the first stage, the sawdust was cooked along with distilled water and a
cooking chemical - Na2CO3 or Na2S.9H2O. The liquid to wood ratio on a dry
wood basis was 10. Different amounts of cooking chemicals were used in the
cooking reaction, as shown in Table 10. The prepared feed for cooking was
loaded into the reactor. After closing the reactor, the temperature was slowly
increased. From 80 °C to 160 °C, the temperature increase rate was controlled
at 2 °C/min, which took about 30 min, after which the heating was stopped and
reactor was cooled down to room temperature by quenching with cool water,
which took about 5 minutes. Next, the liquid and solids were separated by
filtration by passing the cooked mixture through a metal sieve of mesh size 0.25
mm. The wet sawdust was then washed with 10 mL of distilled water. The
separated solids were weighed accurately and dried in an oven for 24 h at 105
°C to determine the moisture content. In the second stage, the liquid product
isolated from the cooked mixture was partially wet oxidized in the same reactor
equipment. The PWO reaction conditions in the second stage are presented in
Table 11. The collected samples were analysed for pH, COD, TOC and acetic,
formic and lactic acid content.
Table 10. Operating conditions and chemicals used in cooking (first stage).
Feedstock (g)

Run

Catalysts

Reaction
Product
time
pH
(min)
30
7.7

C-1

SD Na2CO3 Na2S.9H2O DW Total
16
0.96
141.6 158.6

Na2CO3

C-2

16

1.46

141.6

159.1

Na2CO3

30

8.2

C-3

16

2.92

141.6

160.5

Na2CO3

30

9.0

C-4

16

0.72

1.08

141.6

159.4 Na2CO3/ Na2S.9H2O

30

8.3

C-5

16

1.08

1.62

141.6

160.3 Na2CO3/ Na2S.9H2O

30

8.7

SD: sawdust; DW: distilled water
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Table 11. Operating conditions used in partial wet oxidation (second stage) of the liquid
fraction isolated after cooking (first stage).
Liq.
From

Amount
(g)

Temp.
(oC)

PO2
(Mpa)

Reaction
time
(min)

P-1

C-1

35

210

0.6

30

P-2

C-2

35

210

0.6

30

P-3

C-3

35

210

0.6

30

P-4

C-4

35

210

0.6

30

P-5

C-5

35.2

210

0.6

30

Run

4.4.2

pH drop

The pH dropped during all runs in the second stage, which suggests that alkali
was consumed by the carboxylic acids and carbon dioxide in the reaction
mixture during the partial wet oxidation (Figure 29). The pH reduction was the
highest in P-5 and the acid yield was also significant in the P-5 run (Figure 32).
It could be suggested that more acids were formed during the P-5 run; however,
because of the analytical limitations, only three acids were identified for HPLC
analysis.
y

Figure 29. Measured pH of the liquid fraction after first stage (cooking) and second stage
(PWO).

4.4.3

Reduction of COD and TOC

Under the same reaction conditions, different amounts of sodium carbonate and
green liquor used in pre-treatment influence the reduction of COD and TOC
(Figure 30). The maximum COD reduction of 56.5 % in the second stage was
achieved for the P-5 run, with the highest charge of green liquor compared to
wood. Also, the COD for the liquid from C-5 was the highest, which suggests that
most of the lignin and hemicelluloses were dissolved during the pre-treatment
stage. The Na2S present in the green liquor is a stronger alkali than Na2CO3.
Therefore, more organic material is dissolved in pre-treatment. In addition, the
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wet oxidation reaction might be more effective at higher pH. It can be seen from
Table 10 and Figure 30, that generally the higher the charge of alkali, the higher
the COD and TOC obtained in the liquid. In addition, the final pH and acid yields
were higher (Figure 31 and Figure 32). Cooking experiment C-2 was an
exception since a higher COD was obtained compared to C-3.

Figure 30. : Measured COD and TOC of liquid fraction after first stage (blue column) and
second stage (red column).

The value of average chemical oxygen demand is in most cases more than two
times higher compared to the average total organic carbon (Figure 30). It
indicates that components with high oxygen consumption in complete oxidation
per gram of substance, such as lignin or extractives, are present in the liquid.
4.4.4

Acid Yields

Liquid samples for HPLC analysis were taken after the first and second stage.
The product analyses for individual detected acids (formic, acetic and lactic
acids) are shown in Figure 31 for the liquids obtained from pre-treatment and
for partially wet oxidized samples. In Figure 32, the sum of detected organic
acids is presented.
p

Figure 31. Effect of cooking conditions on concentration and distribution of detected
organic acids in liquid fraction after first stage (cooking) and second stage (PWO).
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Figure 32. Effect of cooking condition on concentration of detected organic acids in liquid
fractions after first stage (cooking) and after second stage (PWO).

All acid yields generally increased during PWO (Figure 31). Acetic acid was
obtained in the pretreatment step from the acetyl groups in the feedstock and
formic acid from the degradation of sugars. However, the yield was the highest
for acetic acid; the increase in the formation (wt %) of lactic acid in the second
stage was the highest. The maximum yield for all three acids - i.e. formic, acetic
and lactic acids - was measured in the P-3 run, at 1.8 g/100 g dry spruce, 1.9
g/100 g dry spruce and 0.7 g/100 g dry spruce, respectively. This was the run
with the highest charge of alkali. However, the increase in the amount of acid in
the second stage as compared to the first stage was different for different acids.
The yield of formic acid reduced during the P-2, P-3 and P-5 runs in the second
stage. This could have been caused by the decomposition of formic acid into CO2
and water under the harsh reaction conditions of PWO. Acetic acid was more
stable during PWO reactions as there was no reduction in acetic acid yield as
compared to the pretreatment stage, which is in agreement with the results
obtained by (Alexander 2014).
Generally, the acid yields were similar in PWO for feedstock cooked with
Na2CO3 as compared to Na2S.9H2O for an equal charge of alkali calculated as
Na2O (compare P-1 to P-4 and P-2 to P-5). The other acids, glycolic acid, oxalic
acid etc. could unfortunately not be analysed by HPLC. The analysis of the raw
material and solids obtained after pretreatment shows that the relative amount
of lignin is relatively unchanged (see Table 12). With higher alkali content,
mannan is dissolved. According to the analysis, the extractives content of the
fibre product is also significantly reduced.
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Table 12. Composition of original raw material and pretreated solids C-3, C-2 and C-1.
Raw Material
Components

Remaining Solids (w-%)

w-%

C-3

C-2

C-1

Glucose

47.85

48.65

49.83

49.00

Mannose

10.72

5.71

8.03

9.00

Xylose

6.02

5.87

6.04

5.93

Arabinose

0.95

0.09

0.88

0.89

Rhamnose

0.18

0.07

0.07

0.06

Gravimetric Lignin

28.10

28.70

29.55

29.36

1.45

0.22

0.20

0.26

Extractives

For industrial relevance, a lower liquid-to-solid ratio should be used. A ratio
of 10 had to be used here because of the stirring limitations of the equipment.
The conventionally used lower solid-to-liquid ratio of, for example, 3 would give
a several times more concentrated product.
The study indicates that carboxylic acids can be produced by the method
described. More experiments should be done with other chemicals employed in
the pretreatment. Additionally, acid pretreatment should be checked since no
acid addition would then be necessary after the PWO stage before the extraction
of the acids. In this case, the fibre product obtained after pretreatment was not
examined for enzymatic hydrolysis performance. However, alkaline
pretreatment is known as a method to increase the yield in enzymatic
hydrolysis.
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5. Conclusions

The main purpose of the current study was to prove the concept of using partial
wet oxidation (PWO) for the treatment of lignocellulosic-rich waste streams in
order to produce chemicals on laboratory scale. The study consisted of an
investigation into the process concept, the optimization of operating conditions
and the effect of numerous variables on the process yield in PWO. In addition
to the PWO research, the concept of catalytic partial wet oxidation (CPWO) and
the effect on lignin were also studied. The feedstocks studied in this study
included the following: wheat straw black liquor (WSBL), Kraft black liquor
(KBL), hydrolysate from pulp bleach (HLP), hydrolysate from wood (HLW) and
spruce sawdust. The identification and quantification of formic, acetic and lactic
acid levels formed in the product were also of interest.
Preliminary experiments suggested that a more valuable utilization, including
production of chemicals and fuel components, rather than complete
combustion, is possible. The PWO treatment of WSBL under harsher operating
conditions showed a significant increase in the concentration of carboxylic acids
as compared to KBL. The process approach is an interesting alternative to the
conventional downstream processing in non-wood pulping mills. Even though
the yield of acids might be lower than for fermentation processes, the ability to
use low value or waste feedstock makes the method attractive. Furthermore,
partially wet oxidized feedstock can be more concentrated than fermentation
liquors, which results in easier product separation. The optimization of
operating conditions to enhance the formation of intermediate carboxylic acids
will play a key role in process development. Based on the experiments
performed in this research on the PWO of black liquor feedstocks, reactions
carried out at temperatures (210 oC and 240 oC) and 0.5 MPa oxygen partial
pressure yielded better results. However, investigation should be extended to
find optimal reaction conditions for the maximum yield of high value carboxylic
acids.
The partial wet oxidation of KBL and WSBL at 170 - 230 °C without a catalyst
gave results comparable to a catalysed process. The presence of iron catalysts or
hydrogen peroxide as an additional oxidant did not improve the process. Unlike
the catalysts, increasing the temperature enhanced the PWO process in general.
Lignin concentration decreased by 64 % for KBL and 57 % for WSBL and the
weight-average molar mass of lignin for original KBL reduced from 3.3 to 1.8
kDa and from 2.7 to 1.8 kDa for WSBL after PWO treatment at 230 °C. Unlike
in KBL, the presence of hemicellulose in WSBL was responsible for increasing
the total acid concentration from 16 g/l to 30 g/l in PWO at 230 °C.
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A two-stage process comprising lignin precipitation by carbonation before
subsequent PWO of the liquid fraction decreased the chemical oxygen demand
of the liquid fraction by 38 % and 41 % for WSBL and KBL, respectively. The
two-stage process approach was superior compared to direct PWO, because it
enabled a high level of lignin precipitation from both of the black liquors (KBL
and WSBL), while having only a minor impact on the yield of organic acids.
Spruce sawdust was used as a feedstock for producing carboxylic acids by first
cooking with alkali followed by PWO of the liquid fraction at 210 °C for 30 min
in the presence of oxygen (0.6 MPa). The charge of alkali in the cooking stage
influenced the yield of acids in the PWO stage. The yield could have been
significantly increased by using a constant temperature of 160 °C in the pretreatment step. For industrial relevance, a lower liquid-to-solid ratio should be
used. A ratio of 10 had to be used here because of limitations with stirring in the
equipment. More experiments should be done with other chemicals employed
in pre-treatment. Here, the fibre product obtained after pre-treatment was not
examined for enzymatic hydrolysis performance. However, alkaline pretreatment is known as a method to increase the yield in enzymatic hydrolysis.
The fibre part can be used for pulp or bioethanol production.
Taken together, the preliminary experiments confirmed the proof of concept
of utilising the partial wet oxidation process in the production of valuable
carboxylic acids from lignocellulosic-rich waste streams. Here the study focused
only on lactic, formic and acetic acids and other compounds were not analysed
due to economic and technical challenges. More research is needed to determine
other species formed after PWO. An attempt was made in this study to
determine the optimal reaction conditions and catalyst for maximizing acid
yields. It would be interesting to investigate the effect of other catalysts for
better yields and further improve the reaction conditions. Another possible area
for future research would be to comprehensively investigate the changes in the
physiochemical properties of lignin after PWO treatment to suggest applications
for the treated lignin. The study has successfully demonstrated the increase in
acid yields after PWO, yet work still needs to be done on the economical
extraction of the acids formed in the product.
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In today's pulp and paper industries, large
quantities of black liquor are produced when
wood or non-wood lignocellulosic
feedstocks are digested with cooking
chemicals to separate cellulose ﬁbres from
lignin, hemicellulose and other degraded
components. Although black liquor is
considered to be a waste product, it is rich in
both dissolved organic components from
wood and added cooking chemicals. In order
to recover these cooking chemicals and
generate energy from the dissolved organic
compounds, it is common practice to burn
black liquor in a recovery boiler. However, in
developing countries, where small-scale
non-wood pulping mills tend to lack spent
liquor treatment facilities, the resultant
s p e n t l i q u o r i s d i s c h a rg e d i n t o t h e
environment without effective treatment.
The aim of this thesis is to prove the concept
of using partial wet oxidation for the
treatment of lignocellulosic-rich waste
streams in order to produce valuable
feedstocks and thus improve the
proﬁtability of pulping mills.
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