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Hydrothermal liquefaction (HTL) is an effective way to treat solid
wastes with high moisture content. The co-hydrothermal
liquefaction (co-HTL) experiments of oily scum (OS) and poplar
sawdust biochar (BC) at the different hydrothermal temperatures
were performed in this work. The changes of the appearance and
components of the liquid products were comprehensively studied.
The results showed that the addition of BC into OS significantly
reduced the moisture content of the residue hydrochars obtained
after co-HTL. As the hydrothermal temperature increased, the
liquid products obtained from co-HTL turned clearer and lighter in
color, and the recovery rate of the liquid products significantly
increased. The co-HTL of BC and OS could effectively improve the
liquid quality and enhance the recovery rate of hydrochars. The
carbon numbers of the liquid products obtained from co-HTL were
concentrated in C5-C11, which were main compositions of gasoline.
This work can provide basic data and theoretical reference for OS
efficient treatment and engineering practice.
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1. Introduction

Oily sludge is produced in oilfield exploitation, transportation, storage and refining, etc.
Generally, the petroleum refining process generates large amounts of refinery wastewater,
while bottom sludge from the oil separation tank, oily scum (OS), and residual activated
sludge, which are commonly known as three sludge products, are produced in the refinery [1,
2]. The largest proportion of three sludge products is OS, accounting for 80% [3]. The main
compositions of OS generally contain water content (90-99%), waste oil (0.5-3%), and solid
particles (0.2-2%) [4]. More specifically, OS includes aged crude oil, asphaltenes, heavy
metals and other chemical agents [5]. As a hazardous waste, OS contains a stable water-oil
structure as well as emulsification and flocculation systems, making it difficult to achieve the
removal of water and consuming huge costs [6]. At present, the pre-treatment methods of
plate and frame pressure filtration or centrifugal dehydration are applied for OS to obtain
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filter cakes, which are sent to an incinerator to use combustible substances such as oil and
other hydrocarbons. However, incineration of oily sludge including OS results in serious
secondary pollutions such as the vaporization of heavy metal as well as pollution of NO,, SO,
and particulates [7-10].

At present, hydrothermal liquefaction (HTL) is regarded as an effective thermal
pre-treatment, which has a significant effect on improving OS dewatering performance [11,
12]. HTL generally takes place in a closed Kkettle container at a certain temperature
(150-290 °C) and self-generated pressure (2-10 MPa) [13, 14]. It can dissolve the internal
flocs, destroy colloid structure, and release the intracellular water, thereby improving the
dewatering performance of materials with high moisture content [15]. Duan et al. found that
adding NaOH could increase the oil recovery rate to 78.6% and promote oil-water separation
in the hydrothermal experiments of OS [16]. Namioka et al. found that the moisture content of
sludge which was treated at 200 °C decreased with the increase of hydrothermal dehydration
pressure [17]. Zhang et al. used sodium hypochlorite (NaClO) as well as a combination of
NaClO and ultrasound for the first time to pretreat wet sludge and found that both
pre-treatment methods improved the recovery rate of bio-oil, and the energy recovery rate of
the liquid bio-oil obtained was as high as 58.0% [18]. However, now the high compressibility
of the internal flocculent structure of OS is not completely solved when it is HTL alone, and
excessive hydrothermal temperature can cause high energy consumption, darken the color of
the liquid, and make it difficult to be applied. At the same time, the hydrochar properties are
unstable as fuel. Now, some researchers have use biomass as an additive to improve
hydrothermal product performance of sewage sludge. Cavali et al. studied the
co-hydrothermal reaction of pine sawdust with wet sludge and found that the addition of pine
sawdust was beneficial for improving the calorific value of hydrothermal char [19]. Shan et al.
found that co-hydrothermal of rice husks with domestic sludge was beneficial for reducing the
content of amine substances in hydrochars [20]. Wang et al. found that there was a synergistic
effect of nitrogen enrichment between the two samples in the hydrothermal co- carbonization
of lignocellulosic biomass and sludge, which increased the nitrogen content in the hydrochars
[14]. These results have indicated that different types of biomass could improve the
characteristics of co-hydrothermal products derived from HTL. However, at present the
research on the addition of biochar into OS in the HTL process was studied rarely. Mixing OS
with biochar in the HTL process may be an effective way to solve the problem of high
moisture content. The reports have showed that biochar could serve as a skeleton support and
break down the flocculent groups inside sludge, while the biochar itself would participate in
the reaction and improve product quality [21, 22]. It is crucial to explore the interactions
between biochar and OS in co-HTL, especially in terms of the dewatering performance of OS
and the changes of liquid bio-oil components.

Therefore, this work researched on the co-HTL characteristics and product properties
of poplar sawdust biochar (BC) and OS in a magnetic hydrothermal reactor. The co-HTL
products of BC and OS at the different temperatures were systematically studied, with a focus
on the following aspects: (1) the dehydration performance of OS after co-HTL; (2)
distribution characteristics of the products; (3) characteristic analysis of the liquid product.
The research results can offer experimental data and useful reference for the co-HTL
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performance of OS and BC as well as the clean and efficient utilization of subsequent reaction
products.

2. Materials and methods
2.1. Materials preparation

Raw OS was got from a petrochemical enterprise in China. Poplar sawdust was
selected from a wood treatment plant in China. According to the experimental analysis, the
cellulose, hemicellulose, lignin of poplar sawdust in this work are 41.77, 25.35 and 17.24 %,
respectively. Poplar sawdust was placed in a tube furnace and then heated to the constant
pyrolysis temperature of 600 °Cfor 4 hours under a nitrogen atmosphere. After it was cooled
to ambient temperature, the biochar (BC) product was obtained. After pyrolysis, BC samples
were dried at 105 °C for 24 h, and then separately grinded into powder (0.2 mm) before the
hydrothermal experiment.

2.2. Co-HTL experiment

Pressure gauge Thermocouple

Flowmeter

Temperature control
console

Figure 1. The HTL experimental system

The HTL experimental system is presented in Figure 1. The HTL experiments were
performed in a 316 stainless steel cylinder reactor of 100 ml capacity, with an electric heater
and a magnetic drive stirrer. For each mono HTL experiment of OS, 50 g of OS were placed
into the reactor to mix thoroughly, and the reactor device was sealed. Before the reactor was
heated, the air in the reactor was removed by nitrogen. After guaranteeing the gas tightness of
the whole experimental device, the sample reactor was heated to the setting temperature (180,
200, 220, 240, 260 or 280°C) at 10 °C/min. Then, the speed of the magnetic float in the
reactor was set to 300 revolutions per minute (rpm). The reaction time under each temperature
kept one hour. After each experiment ended, the reactor was then cooled down to ambient
temperature with cooling water. The obtained slurry product after hydrothermal experiment
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was filtered via a 0.5 um fiber membrane, and the filtrate (liquid) and wet solid products
(hydrochars) were obtained. For each experiment, the obtained liquid product was placed in
the glass bottle. Afterward, the wet hydrochars were dried in a heating box at 105 °C for 48 h,
and the mass value of the dried hydrochars was recorded. The dried hydrochars were ground
to particles and were sealed in the plastic-made bag before physicochemical property analysis.
For each co-HTL experiment of OS and BC, 50 g of OS, 1 g of BC and 10 ml of deionized
water were mixed together into the hydrothermal reactor. The co-HTL reaction parameters
including 200, 220, 240, 260 and 280°C for 1 h at 300 rpm were applied. The co-HTL
experimental procedure was same with mono HTL of OS. Each experiment was repeated at
least twice to ensure reproducibility.

2.3. Analysis of liquid

A polarization microscope (BX51) was used to capture the morphology of the different
liquid products. Take an appropriate amount of liquid phase sample and place it on a glass
slide, cover it with a cover glass slide, and flatten the sample to make it evenly distributed,
then observe it under a polarizing microscope.

A gas chromatography-mass spectrometry (GC-MS, Shimadzu GCMS-QP 2010 Ultra)
was used to identify the components in the liquid from the different experimental conditions.
The method of data analysis was used according to the previous testing and analyzing method
[23].

2.4. Data calculation

The mass fractions of the different products were obtained by the following equations
[2, 23].

__MHydrochar 0
Y Hydrochar™— MTotal x100% (1)
MLiquid
Yoo o= x100% 2
Liquid MTotal ( )
i ®
__ MResidual moisture
YResidual moisture ™ MTotal x100%
otal
mTotalszS+mBC+mDeionized water (4)
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YGas and other losses ™ 1- YHydrochar - YLiquid - YResidual moisture

Where m7,,,, is the total mass of materials which were added to the reactor, including OS,
BC, and deionized water, g; mpyar0char 1 the mass of hydrothermal carbon dried to constant
weight in an oven, g; Yeyarochar 1S the mass fraction of dried hydrochars, %; my;g,q is the
final mass of the collected liquid, g; Y74,z is the mass fraction of hydrothermal liquid, %;
M Residual moisture 1S te residual moisture in hydrochars, 9; Yzesidual moisure 1S the mass fraction
of residual moisture, %; and Ygus and orier losses 15 the mass fraction of gas and system loss
during the experimental process.



The filtration characteristics are mainly reflected by the liquid percentage in the
filtration process. The calculation formula of the liquid percentage is as the equation 6.

K=t x100% (6)

AK=K¢o-prr — KurL (7)

Where m, is the mass of the slurry product from the hydrothermal reaction kettle after HTL,
g; m, isthe liquid mass at t time during the filtration process, g; and K, is the liquid yield at
this time. AK is the difference between the maximum liquid yield obtained from co-HTL of
OS with BC and that obtained from OS HTL at the same hydrothermal temperature. K¢o_prL
is the maximum liquid yield from the co-HTL of OS with BC, Ky, is the maximum liquid
yield from the HTL of OS.

3. Results and discussion

3.1. Appearance changes of liquid

(a) HTL

(b) co-HTL

Temperature 180 °C 200 °C 220 °C 240 °C 260 °C 280 °C

Figure 2. Color changes of the liquid products in the different conditions

The color changes of the liquid products obtained in the various experimental
conditions are presented in Figure 2. In Figure 2 (a), as the hydrothermal temperature
increased, the color of the liquid from OS mono HTL firstly deepened and then turned light,
showing brownish black at 220 °C. The reason may be that the organic compounds in the
liquid underwent browning reactions after being heated, including Maillard reaction and
caramelization reaction [24-27]. Due to the fact that the caramelization reaction was limited
to the presence of only polysaccharides, the main reaction occurring during the hydrothermal
process was the Maillard reaction. By observing the color changes of the liquid, the Maillard
reaction mainly occurred in the temperature range of 220 to 240 °C when OS was
hydrothermally treated alone. When the temperature reached above 260 °C, the color of the
liquid began to lighten. This was because the emulsified structure inside OS ruptured at high
temperatures, causing the internal compounds to decompose. From Figure 2 (b), as the
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hydrothermal temperature increased, the color of the liquid obtained from co-HTL of OS and
BC turned clearer. When the hydrothermal temperature was more 240 °C, the color of the
liquid almost completely disappeared, like water from the exterior look of the liquid. This was
due to the decomposition of small molecule hydrophilic chromogenic compounds which were
originally contained in the liquid under the action of high-temperature thermal effects. At the
same temperature, compared the color of the liquid obtained from mono HTL of OS with that
from co-HTL of OS and BC, it was found that the addition of BC made the liquid clearer and
lighter in color. This was because the porous structure of BC could adsorb organic pigment
impurities in the liquid [28], and the attached microbial community on BC could immobilize
and degrade macromolecular organic compounds in the liquid [29, 30].

3.2. Filtration and dehydration characteristics
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Figure 3. Filtration performance in the different conditions

The filtration characteristic curves of the liquid products obtained from co-HTL of OS
and BC are shown in Figure 3. (a), and the differences of the liquid yields between co-HTL
and HTL are shown in Figure 3 (b). From Figure 3 (a), the addition of BC significantly
increased the liquid yield and improved the filtration performance of OS at the different
hydrothermal temperatures. The liquid yield increased with the extension of filtration time.
Based on the previous study, the liquid percentage from raw OS without HTL after filtration
was 33.81% [23]. Compared to raw OS, the liquid yield from co-HTL number was obviously
more than 33.81%. As the hydrothermal temperature increases from 180 to 240 °C the final
liquid yield obtained in the co-HTL process gradually increased, reaching the maximum value
of 86.7% at 240 °C. This was because OS had a stable water-oil structure, which was
destroyed under high hydrothermal temperature and pressure conditions. OS released more
water, while the hydrolysis, decarboxylation, heteroatom chain breakage and other
decomposition reactions that occurred during the hydrothermal process made the surface of
the oil residue carbon highly hydrophobic [31]. As the HTL temperature increased further, the
crushing effect of colloids and asphaltenes became more obvious. However, as the
temperature continued to increase to 260 or 280 °C, the final liquid yield of OS decreased,
indicating that the filtering performance of OS would be inhibited at the excessively high
temperatures. The reason for this phenomenon may be due to the reactions between BC and
OS at high temperature, resulting in an increase in the volume of newly generated oil residue
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carbon particles, which blocked the filter holes of the filter paper and led to a decrease in the
final liquid yield, and at the hydrothermal temperature of 280 °C, this inhibition effect was
most obvious. In addition, when the temperature rose to 250-300 °C, it would cause free
radicals in the hydrothermal reaction system to undergo condensation and polymerization
reactions again, leading to an increase in the content of lipids and asphaltenes and inhibiting
the dehydration of OS [31].

From Figure 3 (b), as the hydrothermal temperature raised from 180 to 240 °C, the
differences of the liquid yields from co-HTL of OS and BC decreased from 15.35 to 5.34%,
but they were more than zero. It indicated that the addition of BC into OS had a synergistic
promoting effect on the hydrothermal dehydration of OS. As the hydrothermal temperature
increased further, this promoting performance of BC gradually decreased, but the dehydration
effect of co-HTL was still better than that of OS HTL. This was because when the
temperature gradually rose, the vast majority of the colloids and asphaltenes in OS had
already cracked, and the performance of releasing water gradually fully decreased [32, 33].
Therefore, the promotion effect was weakened compared to 180 °C. When the temperature
increased to 260 or 280 °C, the differences of the liquid yields from co-HTL of OS and BC
were less than zero. It was found that the addition of BC had an inhibitory effect on the
hydrothermal dehydration of OS. This was due to the excessively high temperature, which
deactivated effective functional groups on the surface of BC [34]. In addition, when the
hydrothermal temperature increased to 260 and 280 °C the liquid degraded at a higher
temperature and produced more hydrochars and gases. Besides, the more and bigger carbon
particles generated during the hydrothermal process adhered to the hydrochar surface and
reduced the specific surface area of hydrochars, making hydrochars unable to act as a conduit
for the released water flow and resulting in a decrease in liquid yield [35].

3.3. Distribution characteristics of three-phase products
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Figure 4. Comparison of product distributions under mono HTL and co-HTL
The comparison of product distributions under mono HTL and co-HTL is shown in
Figure 4. From Figure 4, the hydrochar content from co-HTL was obviously more than that
7



from HTL at the temperature ranging from 180 to 280 °C. It indicated that the addition of BC
into OS boosted the yield of hydrochars. This was because the addition of BC played a
catalytic role in the entire hydrothermal system, promoting the conversion of some long-chain
hydrocarbons into more stable aromatic compounds (precursors of composite hydrothermal
carbon) [36]. As the hydrothermal temperature increased, the hydrochar content from the
co-HTL of OS and BC increased firstly and then decreased, and it obtained the maximum
value of 4.39% at 200 °C. When the hydrothermal temperatures was at 200 or 240 °C, the
liquid mass ratio from co-HTL was more than that from HTL at the same temperature, while
at 180, 220, 260 and 280 °C, the result was opposite. When the hydrothermal temperature
increased to 260 °C, the mass ratio of the liquid obtained from the co-HTL treatment
decreased by 4.37% compared to that of HTL, while the hydrothermal temperature was 280 °C,
it decreased by 13.92%. So, the hydrothermal temperature of 240 °C was the optimal reaction
temperature for the co-HTL of BC and OS in this work, with a maximum liquid phase yield
of 80.89%.

3.4. Characterization of the microstructure of liquid

(1) Images of mono HTL liquid at 400 x magnification

In order to improve the quality of the liquid products and promote their application in
the future, studying the effects of BC addition and hydrothermal temperature on the
morphology and oil compositions of the liquid phase is of great significance. The purpose of
this work was to determine the optimal hydrothermal temperature for co-HTL and obtain
high-quality liquid. The microscopic morphology images of the liquid products obtained from
OS mono HTL are shown in Figure 5.

(a) 180 °C (b) 200 °C (c) 220 °C
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Figure 5. Microscopic images of the liquid products from OS mono HTL (400 x magnification)

It was found from Figure 5 that the hydrothermal temperature significantly affected the
aqueous particles of OS. The raw OS without treatment presented clearly the internal
oil-in-water emulsion structure and a large number of bubbles, thus forming a stable
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emulsified flocculent liquid [37, 38]. From the Figure 5 (a)-(f), as the hydrothermal
temperature increased, the original oil-in-water structure gradually disappeared after HTL
treatment, which was due to the impact of thermal effects that caused the emulsion structure
to break down. However, there were still large particles (red circle area) in the liquid. As the
hydrothermal temperature gradually increased, the number of bubbles in the liquid obviously
decreased, which was due to the degassing and precipitation of bubbles in the high
temperature-pressure hydrothermal environment. In addition, the black granular substances
which were named hydrochars appeared in the liquid during hydrothermal treatment at 240 to
280 °C, which was due to the formation of oil residue carbon at high temperatures. It meant
that the excessive hydrothermal temperature could made OS carbonization and produced
more hydrochars.

(2) Images of co-HTL liquid at 400 x magnification

The microscopic morphology images of the liquid products obtained from OS co-HTL
in the different conditions are in Figure 6. As the hydrothermal temperature increased, the
color of the liquid from co-HTL of OS and BC gradually became lighter and clearer, and the
number and size of black granular hydrochar particles decreased. When the hydrothermal
temperature rose to 260 and 280 °C, the black particles almost disappeared, but some smaller
sized agglomerates (red circle area) still appeared. The reason for this phenomenon was that
OS was easily destroyed and modified during the co-HTL process of OS and BC at the higher
hydrothermal temperature. The active components loaded on the modified BC played a
catalytic role, weakening the bond energy of carbon-carbon bonds, making it easier for
macromolecular substances to break down into small molecules (i.e. saturated and aromatic
fractions) [34, 39].

. ®
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Figure 6. Microscopic images of the liquid products from OS co-HTL (400 x magnification)
From Figure 5 and 6, by comparing the micrographs of the liquid products obtained
from mono HTL and co-HTL, the amount of hydrochar particles in the liquid after co-HTL
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were significantly reduced. This was because the porous structure of BC adsorbed more
hydrochar particles, making the liquid carry less ones [40]. From Figure 6 (e)-(f), the soluble
impurities in the liquid were almost completely removed, which was due to the accelerated
hydrothermal cracking and decomposition of macromolecular substances such as asphaltenes
at the higher temperatures [41].

3.5. Characteristic analysis of liquid
3.5.1. Effect of adding BC on the compositions of liquid

The liquid obtained from the co-HTL of OS and BC consisted of a large amount of
organic compounds, so the important compounds produced from the interactions between OS
and BC were analyzed. The more detailed analysis was conducted on the liquid product from
the co-HTL of OS and BC by using GC-MS. The peak area percentage of the compounds in
the liquid expressed qualitatively the relative content of the ones. The changes of the
compounds in the three liquid products from the mono HTL of OS and the co-HTL of OS and
BC at 180 °C were analyzed, as shown in Figure 7. The main components of the liquid were
mainly divided into anilines, alcohols, phenols, ketones, aldehydes, esters, acids, heterocyclic
compounds and others.
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Figure 7. Compound proportion distributions of the liquid products from mono HTL and
co-HTL

From Figure 7, compared with mono HTL, co-HTL treatment had the different effects
on the main chemical compositions of the liquid. The relative content of alcohol increased
from 26.38 of HTL to 39.27% of co-HTL, which was due to the ring opening of some
oxygen-containing heterocyclic compounds in the hydrothermal reaction environment,
leading to the formation of alcohol substances. The proportion values of heterocyclic
compounds in the liquid obtained via HTL and co-HTL were 13.41 and 13.67%, respectively.
Co-HTL had the significant impact on the content of acid and ester compounds. According to
the liquid obtained from the co-HTL of OS with BC in Figure 7, the total contents of alcohols,
ketones and esters from HTL and co-HTL were 59.12 and 76.61%, respectively. After HTL,
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the content of others including hydrocarbon substances in the liquid significantly decreased,
accounting for 5.76%, which was due to the aromatization of long-chain hydrocarbons in raw
OS [13]. After co-HTL, the proportion of the others in the liquid was only 0.83%. This
indicates that BC can promote the occurrence of aromatization. The content of acid
compounds in the liquid increased from 5.18% of raw OS filtrate to 15.76% of HTL liquid,
while the acid content in the liquid from co-HTL was only 0.7%. The large number of
hydroxyl groups in BC could react with carboxyl groups, further reducing carboxyl acid
content [42]. It was worth noting that after co-HTL treatment, the content of ester substances
in the liquid was 22.03%, which was twice the ester content in the original liquid. This
indicated that the addition of BC enhanced the esterification reaction in the hydrothermal
system, with a large amount of carboxylic acids converted into esters [43]. The addition of
BC had little effect on aldehydes and ketones in the liquid.

3.5.2. Effect of temperature on the compounds of co-HTL liquid
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Figure 8. Compound proportion distributions of the liquid products at the different temperatures

The proportion distributions of compounds in the liquid from co-HTL at the different
temperatures are presented in Figure 8. As the hydrothermal temperature increased, the
content of alcohol compounds in the produced liquid firstly increased and then gradually
decreased, reaching the maximum value of 55.15% at 200 °C. However, the change tendency
of the content of heterocyclic compounds was opposite, with a first decreasing and then
increasing trend, reaching the minimum value of 9.17% at 200 °C. This was because some
oxygen-containing heterocyclic compounds gradually decomposed and opened rings with an
increase of temperature, transforming into alcohols. The content of acids or ester compounds
showed a fluctuating trend with the increase of temperature. Because the metal components
(such as Al, Fe and other metal active sites) loaded on BC promoted the conversion of
carboxylic acids to ester compounds [42]. As the hydrothermal temperature increased, the
content of aniline compounds fluctuated, reaching the minimum value of 0.7%, which was
due to the deamination reaction in the system and forming ammonium ion [44]. Based on the
GC-MS results, the addition of BC effectively improves the product content of aromatic
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alcohols in the liquid. However, the excessive hydrothermal temperature (>260 °C) could
increase the content of heterocyclic compounds.

3.5.3. Carbon number distributions in liquid
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Figure 9. Carbon number distributions in the liquid products obtained from co-HTL

Generally, the carbon number of gasoline, kerosene and diesel are C5-C11, C12-C15
and C10-C22, respectively [45]. To evaluate the quality of the liquid products as fuel, the
chemical compounds in the liquid products obtained from HTL were classified according to
the number of carbon atom. The results of the carbon number distribution are presented in
Figure 9. In Figure 9 the carbon numbers in the liquid product from co-HTL at the
temperatures ranging from 180 to 280 °C were mainly distributed in C5-C11, which were the
major component of gasoline. The relative content of C5-C11 at 240 °C reached the
maximum value of 89.45 %. Therefore, the liquid product from co-HTL of OS and BC could
be an important material in gasoline production. However, the liquid products at 220 and 240
°C didn’t have the compounds containing C12-C15, and those at 200 and 220 °C had small
amount of the compounds containing C16-C18. The compounds containing > C18 were
obtained across the temperature range of 180 to 280 °C. So, hydrothermal temperature has a
significant influence on the carbon numbers in the liquid products. Based on the above
analysis, BC addition into OS would be benefit for improving the fuel performance of the
liquid from OS. This is a new effective way to disposal and utilize OS in the future.

4., Conclusions

The co-hydrothermal liquefaction (co-HTL) characteristics of oily scum (OS) and
poplar sawdust biochar (BC) were studied in this work. The results indicated that the addition
of BC into OS improved significantly the color clarity of the liquid product. The increase of
hydrothermal temperature enhanced the dewatering performance and liquid yield of OS.
Alcohols were the major components of the liquid product from co-HTL of OS and BC. The
carbon numbers in the liquid product from co-HTL at the temperatures ranging from 180 to
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280 °C were mainly distributed in C5-C11. The liquid product from co-HTL is used as an
important material in gasoline production. 240 °C is considered the optimal reaction
temperature in the co-HTL of OS and BC in this work, at which the liquid yield and the
concentration of the compounds containing C5-C11 reach the maximum values. The results
obtained in this work can offer basic experimental data and important reference for the
treatment and utilization of OS.
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