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Hydrothermal liquefaction (HTL) is a technology capable of producing sustainable hydrocarbon fuels from

wet waste, reducing volumes of that waste as an added benefit. However, sustainable fuel production

through HTL has yet to reach commercial scale and opportunities for improvements to process safety

remain. This work describes low-pressure, low-temperature, two-stage solvent extraction and separation

of HTL products utilizing naphtha range hydrocarbons. The similar qualitative solubility behavior of

bitumen and biocrude (BC) with respect to paraffin versus naphthene or aromatic solvent composition

allows us to examine a process comparable to solvent processing of bitumen. Lab-scale experiments

were carried out to demonstrate the basic process and evaluate key parameters. The laboratory work

indicates that using aliphatic/aromatic solvent mixtures at 80 °C results in a recovery of nearly 100% of

the biocrude from the product mixture with reduced carbon content on the hydro-char. The findings

illustrate the potential of solvent extraction for HTL biocrude processing. On a commercial scale, such

a process may de-risk HTL, improving prospects for commercialization, opening the door to widespread

conversion of wet-waste and waste biomass to sustainable fuels by HTL.
Introduction

As the global drive toward sustainable energy solutions inten-
sies, the demand for renewable diesel and sustainable aviation
fuels is increasing. However, current supplies of these fuels are
limited, necessitating exploration of alternative feedstocks and
innovative processing technologies.1,2 Hydrothermal liquefac-
tion (HTL) emerges as a promising pathway, offering a trans-
formative approach to converting a wide range of wet-waste,
such as sewage sludge, food waste, and agricultural waste,
into a biocrude which can be rened into transportation
fuels.3–6 The potential benets of HTL extend beyond produc-
tion of sustainable fuels, including reducing the volume and
mass of waste that is disposed of in landlls, generating
renewable energy, and producing other sustainable chemicals
from HTL co-products.

In HTL, biomass feedstocks are converted to biocrude (BC)
using subcritical water at high temperature (250–350 °C) and
high pressure (1450–3600 PSI). These reaction conditions
produce an environment in which the ion product of water (KW)
may be elevated by three orders of magnitude over those
encountered under ambient conditions.7,8 At the same time,
dielectric permittivity is signicantly reduced, affecting the
Battelle Blvd, Richland, WA 99354, USA.

tion (ESI) available. See DOI:

f Chemistry 2024
solvating properties of water.9 These combined conditions
enable biomass hydrolysis.7,10,11 The resulting BC is a complex
mixture of hydrocarbons, oxygenates, and nitrogen-containing
compounds resulting from breakdown of lipids, proteins, and
carbohydrates contained in biomass feedstocks. While bio-
crudes typically contain higher oxygen and nitrogen contents
than petroleum crudes,12–15 upgrading allows production of
transportation fuels, chemicals, and other value-added
products.

Current efforts to reduce reliance on fossil fuels, reduce
greenhouse gas emissions, and manage waste more sustainably
have positioned HTL to play an important role in our future
energy mix. There have been numerous attempts to commer-
cialize HTL dating back to the second half of the 20th century,
and signicant investments in small demonstration units were
made by various organizations following the 1970s oil embargo
and high energy prices in the early 1980s. However, widespread
commercial-scale implementation has yet to be realized. Some
challenges to commercialization of HTL remain, including
management of the aqueous phase co-product (HTL-AP),
a dilute but complex mixture of organic compounds, and HTL
product solids (hydro-char).16,17 HTL requires high pressures
and temperatures, which makes cost and safety a primary
consideration when scaling up for commercial deployment.
Minimizing the number of operations performed at HTL reactor
temperature and pressure, product separation, for example, will
help mitigate these issues. The solvent extraction approach
described in this paper for separating biocrude from HTL
Sustainable Energy Fuels, 2024, 8, 3279–3289 | 3279
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product mixtures provides lower-risk operating conditions and
a scalable process design. As will be described in more detail,
the method and solvent choice was designed to accommodate
downstream upgrading of BC in existing rening infrastructure
(co-processing).
HTL product separation

Separating biocrude from aqueous and solid products in the
HTL process is a critical step in producing a high-quality BC
product. The HTL reaction produces a mixture of biocrude oil,
ne solids, gas-phase products, and an aqueous stream con-
taining a high concentration of soluble organic molecules. The
organic (BC), aqueous, and solid phases form stable emulsions
that, in some cases, may not separate even aer several days.
Interactions between the solids and interfacially active chemical
species in the organic and aqueous phases are known to be the
cause of the emulsion stability and aer HTL solids are removed
the oil and water phases separate by gravity.

At the laboratory scale, especially for HTL reactions con-
ducted in batch reactors, separation of biocrude from HTL
aqueous and solid products has oen relied on solvent extraction
methods along with centrifugation and ltration.18,19 A general
method for small-scale batch HTL solvent extraction from the
product mixture involves cooling the mixture to room tempera-
ture, adding a solvent to the mixture, and allowing the mixture to
phase separate. The organic phase containing the BC is removed,
and the BC can be isolated by evaporating the solvent. Others
have also attempted to use only gravity settling.20 Some
researchers have included co-solvents such as glycerol with feed
to improve downstream product separation intending to elimi-
nate the need for solvent extraction of biocrude.21

As currently practiced at Pacic Northwest National Labo-
ratory (PNNL), HTL liquids (aqueous and biocrude) are sepa-
rated from solids at high temperatures and pressures
(blowdown of solids following the reactor). Following high
pressure, high temperature blowdown, BC is separated from the
aqueous phase at a lower temperature and pressure in the
absence of added extractive solvents (general process diagram
Fig. 1 Generalized HTL process.

3280 | Sustainable Energy Fuels, 2024, 8, 3279–3289
for HTL in Fig. 1).22,23 While this approach to product separation
has worked well at laboratory and engineering scales, the
demanding conditions of the separation process may be chal-
lenging at the commercial scale. For example, using high
pressure and temperature blowdown solid separation, at the
HTL commercial scale (i.e., design case: 110 dry tons per day),
the separation section might be as high as 60 feet tall requiring
stainless-steel vessels with walls >7.5 inches thick at a design
pressure of 3000 PSI and temperature of 370 °C. It is important
to consider that operability and safety factors change with the
process scale and HTL unit operations need to be practical and
safe to operate at the commercial scale. A low-pressure, low
temperature product separation process could signicantly
reduce safety concerns and maintenance requirements that
arise from high pressure, high temperature product separation
including erosion from high velocities, material stress and
vessel fatigue due to thermal cycling, and lter plugging.

Low pressure, low temperature solvent processing of HTL
product mixtures provides a potential alternative to the current
PNNL approach. In addition to being safer, such a process may
ultimately be lower in cost and more reliable to operate. In this
work, we describe a hypothetical two-stage solvent processing
approach to HTL product separation and lab-scale experimental
efforts supporting the design of that process.
Biocrude extraction methods

The selection of solvent for BC extraction depends on the
properties of the BC and the desired separation efficiency. There
is a signicant body of research describing the fractionation of
BC through solvent extraction methods including the use of
supercritical uid extraction (SFE).24–36 Previous attention has
been given to the impact of extractive solvent choice on oil
yields and its important consequences with respect to deme-
tallation of biocrude.19,37 Solvents commonly used for HTL
biocrude at the laboratory scale include polar solvents such as
methanol, ethanol, and acetone which are effective at dissolving
oxygenated compounds such as carboxylic acids, alcohols, and
ketones. Nonpolar solvents including hexane, heptane, decane,
This journal is © The Royal Society of Chemistry 2024
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cyclohexane, and hexadecane have also been studied for bio-
crude recovery.30

Solvent cost and compatibility with downstream processing
have been concerns for BC extraction. It is typically not feasible
to completely remove all solvent from the BC product, which
creates several issues. The rst issue is economic because the
solvent is oen worth more than the biocrude. The second is
compatibility with downstream BC upgrading facilities, as
many popular solvents used in research studies are detrimental
to renery operations.
Relevance of bitumen solvent processing

When considering a possible alternative process for processing
the HTL product mix, we noted the mixture of solids and bio-
crude and considered the relevance of processing heavy, viscous
crude bitumen extracted from oil sands or oil shale deposits.
Bitumen comprises a complex mixture of hydrocarbons,
including high-molecular-weight asphaltenes, which results in
several physical properties similar to those of BC. For example,
both are viscous, have densities close to the density of water,
and contain some resin and surfactant molecules. Conse-
quently, the bitumen/solids/aqueous phase emulsion encoun-
tered in oil sand processing has many similarities to the
emulsion produced by HTL.

Excellent summaries of the tar sand extraction process are
available,38,39 but only the elements directly relevant to the
proposed BC extraction process are covered here. There are two
main approaches to mining bitumen: surface mining and in situ
steam injection. Which method is selected depends on local
geology, but both techniques ultimately use hot water to provide
rough separation of bitumen and earth. The resulting slurry
(bitumen, earth, and water) then undergoes a froth treatment
step, where additional earth and water is removed to produce an
emulsion in the range of 50–60% bitumen, 30–40% water, and
Fig. 2 Process flow diagram of a generic solvent extraction process use

This journal is © The Royal Society of Chemistry 2024
10–15% solids. The solids at this stage are extremely ne, with
a signicant portion of particles smaller than 10 microns. The
emulsion is very stable and cannot be gravity separated. Solvent
extraction is used to further purify the bitumen. A hydrocarbon
solvent in the naphtha boiling range is mixed with the emulsion
and the bitumen partitions into the hydrocarbon phase, which
separates by gravity. The remaining aqueous and solvent phase
is typically washed a second time with hydrocarbon solvent to
extract any remaining bitumen. The bitumen is separated from
the hydrocarbon solvent through distillation and the solvent is
recycled back to the extraction stage. Any remaining solvent in
the aqueous phase is steam stripped and recovered to be recy-
cled. This process is shown in Fig. 2.

Some naphtha is intentionally le in the bitumen to be
transported to downstream upgrading facilities, saving energy
but also improving the pipeline transportation properties by
reducing viscosity. The naphtha is recovered in the upgrading
facility and recycled back to the bitumen solvent extraction
process.

Bitumen solvent extraction is a well understood process used
for many decades and has been optimized for economics, reli-
ability, and safety. The most important operating and design
parameters are as follows:

Solvent to bitumen (S/B) ratio: this is the primary energy
impact and operational expense of the process. The solvent
must be boiled off the bitumen for recovery; therefore lowering
S/B reduces energy consumption. However, S/B ratios that are
too low result in poor emulsion separation and a lower-quality
bitumen product.

Settler temperature: a higher operating temperature results
in faster emulsion settling time and allows for a smaller settling
vessel. However, there is an economic trade-off because the
solvent is relatively volatile, and the vessel design pressure must
increase with operating temperature.
d in oil sand bitumen processing production.

Sustainable Energy Fuels, 2024, 8, 3279–3289 | 3281

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4se00516c


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
ju

nh
o 

20
24

. D
ow

nl
oa

de
d 

on
 2

9/
07

/2
02

4 
19

:1
7:

06
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Solvent composition: solvents range from paraffins
(pentane/hexane) to naphthenes. Naphthenes have increased
recoveries because they better solubilize the asphaltenes in
bitumen, but this results in a lower-quality product relative to
paraffin solvents. In addition to more asphaltenes, more water
and solids remain in the bitumen when using naphthene
solvents. The solvent choice depends on the downstream
customers' specications.
Two-stage solvent extraction concept

As discussed above, solvent extraction of HTL BC is well studied
in a lab setting but has not been practiced at commercial or
demonstration scales. There are a few reasons why this is likely
the case: rst, use of chemical-grade solvents to recover BC is
typically not economically attractive even if only small amounts
of the solvent are lost in the process; second, supplying most
solvents in large volumes can be logistically difficult because
chemical manufacturing is oen conned to certain
geographical areas; third, some solvents carry potential envi-
ronmental risks, especially at large scales—this is partially due
to additional contamination of the aqueous product stream
with the solvent and the required treatment; and nally,
contamination of the BC with the organic solvent is inevitable—
therefore, the downstream processing infrastructure (oil ren-
eries) and nal customers (in many cases, the public) must
accept the solvent. The process concept discussed here
addresses these problems through process conguration, mild
process conditions, and selection of widely available solvents
that can be handled safely and are compatible with existing
infrastructure.

The sections that follow describe our initial research efforts
to dene the proper solvents and processing conditions that
will be used to guide future studies and potential scale-up of
a two-stage solvent extraction process for low temperature, low
pressure HTL product separation.

Fig. 3 shows the conceptual ow for continuous solvent
extraction integrated with the HTL process. In brief, a solvent
extraction step can be carried out directly downstream from the
HTL reactor. In solvent extraction, the HTL product emulsion is
thoroughly mixed with the solvent and then allowed to phase
separate. The BC will preferentially be drawn into the solvent.
Because the solvent has a lower density than the aqueous and
solid materials, phase separation by gravity should occur. In the
Fig. 3 Simplified conceptual flow diagram of the BC solvent extrac-
tion process integrated into the HTL process.

3282 | Sustainable Energy Fuels, 2024, 8, 3279–3289
simplest case, the organic phase (solvent and BC) will oat to
the top of the extraction vessel, allowing it to be preferentially
drawn from a high-elevation take-off point such that the
aqueous and solid phases are excluded. Solvent is then removed
from the BC by distillation and recycled for reuse in the
extraction step. Aqueous and solid materials are drawn from the
bottom of the liquid extraction vessel and sent for further
downstream treatment.

Materials and methods

Inductively coupled plasma (ICP) analyses were conducted
using a PerkinElmer Optima 7300-DV ICP-OES equipped with
a cyclonic spray chamber and a Meinhard nebulizer. Elements
selected for detection are Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K,
Mn, Na, Ni, P, Pb, Re, Sr, V, Y, Zn, Mo, Si, Ti, W, Au, Pd, Pt, Rh, S,
Sn, Zr, and Ru. Calibration was performed with certied refer-
ence standards. Gas chromatography-mass spectrometry (GC-
MS) analyses of aqueous samples were carried out using an
Agilent 5795C GC-MS. The column was an Agilent HP-5MS with
30 m × 0.25 mm × 0.25 mm lm thickness with a carrier gas of
helium at 1.0 mLmin−1. Oven temperature was initially held for
0.1 min at 35 °C and ramped at 6 °C min−1, with a nal
temperature of 325 °C. A nal oven hold of 1 minute was used.
The inlet was heated at 270 °C, and 1 mL of sample was injected
using a splitless injection. Ion chromatography (IC) samples
were analysed using a Dionex ICS-3000 equipped with a Dionex
AS11-AC (4.0 × 250 mm) column and a conductivity detector.
Aqueous samples were diluted as necessary to fall within the
calibration range. Detection limits range from 1.0 to 100 ppm.
Analytes include uoride, bromide, nitrate, chloride, sulphate,
and phosphate. Nitrogen, ammonia (NH3–N), and chemical
oxygen demand (COD) analyses were carried out using a HACH
DR2800 following the manufacturer's recommended methods.
CHNS combustion analysis was carried out using an Elementar
Vario Macro Cube. Combustion and reduction tubes were
packed accordingly to analyse carbon, nitrogen, sulphur, and
hydrogen. The combustion tube was heated to 1150 °C and the
reduction tube to 850 °C. Helium was used as the carrier gas.
Infrared spectra were collected on a Nicolet iS50 Fourier
transform infrared spectrometer.

BC miscibility experiments were carried out using a BC
derived from food waste obtained from Joint Base Lewis-
McChord. Toluene (Honeywell), ethyl acetate (Thermo Scien-
tic), methylcyclohexane (Sigma-Aldrich), and decane (Alfa
Aesar) were all used as received. Road-ready cetane gasoline
(EtOH free) was purchased from a local gas station. Solvents
were combined with the BC in the ratios of 1 : 4, 1 : 1, and 4 : 1.
The mixtures were heated to 38 °C, 40 °C, 60 °C, and 82 °C.
Solvents with lower boiling points were not heated to
a maximum temperature of 82 °C. The mixtures were heated
and stirred for 40 minutes and then le to cool at room
temperature. The rst set of miscibility experiments was per-
formed to determine miscibility of BC with each solvent at each
temperature (except for temperatures above the solvent boiling
point). These experiments were qualitative and helped deter-
mine which solvents to use in the following experiments.
This journal is © The Royal Society of Chemistry 2024
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Table 1 CHN analysis of solvent-separated BCs and solids

Sample
Carbon
(mass%) (C)

Hydrogen
(mass%) (H)

Nitrogen
(mass%) (N)

Dry BCa 76.33 9.64 4.96
Residual solids (10 : 1)b 73.57 7.17 7.42
Residual solids (15 : 1)b 72.74 7.26 7.40
Soluble BC (10 : 1)c 76.70 10.81 4.29
Soluble BC (15 : 1)c 76.88 10.24 4.53

a HTL BC derived from sewage sludge dried at 105 °C for 15 hours.
b Residual solids from solvent: BC mixture, dried at 105 °C for 15
hours. c Soluble BC, rotary evaporation, and then dried at 105 °C for
15 hours.
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Solvent extraction and separation experiments were carried
out using a reconstituted HTL product emulsion, composed of
5% BC, 80% HTL aqueous, and 15% hydro-char slurry (∼39%
solids, 61% HTL liquids). The HTL product mixtures were
combined in glass jars and vigorously stirred with a stir bar on
an electric stir plate for several hours. The HTL products
including HTL-AP, BC, and hydro-char slurry used in these
experiments were derived from sewage sludge provided by the
Great Lakes Water Authority (GLWA) wastewater treatment
plant in Detroit, Michigan.

Solvent extraction and separation were performed using
200 g or 300 g of reconstituted HTL product mixtures. The
product mixtures were heated to 40 °C, 60 °C, or 80 °C in
a 500 mL jacketed separation funnel (Ace Glass). Temperature
was maintained using a uid circulating heater with process
temperature monitored using a thermocouple immersed in the
product mixture. For stage 1 separation, the designated quan-
tity of solvent was added to the reconstituted emulsions in the
funnel only when it reached the desired temperature. The
mixture was stirred thoroughly and then heated for the desig-
nated time. Pictures were taken every 10–15 minutes to docu-
ment the settling rate of the mixture. A sample of the organic
phase of ∼30–50% of the total solvent mass was taken off the
top aer the designated time for stage 1 was reached. Only the
top portion was sampled to avoid uptake of the rag layer at the
liquid–liquid phase interface. This sampling method would
also simulate a possible commercial operation, where the
organic phase would be drawn off (or spill over) near the top of
the organic phase liquid.

In stage 2, a mass of solvent approximately equal to the
organic mass removed in stage 1 was added back to the mixture
in the funnel. The mixture was stirred thoroughly and heated
for the designated time. Aer the completion of stage 2, 30–50%
of the total solvent mass was sampled from the top. Preliminary
studies were carried out using toluene as the solvent, while later
evaluations used a mixture of toluene and heptane in an 80 : 20
mass ratio as the solvent.

At the conclusion of stage 2, approximately 30% of the
volume of the aqueous and solid product mixture was drained
from the bottom of the funnel into a glass jar. The sample taken
from the bottom was ltered using lter paper and a Büchner
funnel. The aqueous ltrate was analysed by ICP, CHNS
combustion analysis, GC-MS, NH3N, COD, IC, and HPLC. Aer
ltration, solvent processed hydro-char (HTL solids) samples
were oven dried overnight at 105 °C. Dried hydro-char was
analysed by CHNS and ICP (with HF digestion) techniques.

Solvent from stage 1 and 2 organic samples was removed by
rotary evaporation followed by heating at 105 °C for 18 hours.
The BC remaining aer solvent extraction was sampled and
analysed by ICP, Karl Fischer titration, and CHNS techniques.
The solvent was sampled and analysed with CHNS, ICP, GC-MS,
and Karl Fischer titration. The remainder of the BC aer
sampling was heated to 1000 °C for 20 hours under an atmo-
sphere of air. The remaining solids were considered “ash.”
This journal is © The Royal Society of Chemistry 2024
Results and discussion
BC solubility

The BC extraction process has high potential for fouling due to
precipitation of low solubility species. The chemical properties
of the solvent signicantly inuence how much material
precipitates during the extraction process. Therefore, it is crit-
ical that solubility be assessed.

Solubility evaluation was rst carried out at room tempera-
ture with a solvent mix of toluene and heptane (80/20 mass/
mass meant to roughly simulate reformate) and two separate
batches of BC. Whenmixed at a 10 : 1 ratio (solvent: BC mass) at
room temperature, the BC derived from sewage sludge (used in
most of the experiments in this work) le 1.18% of the residual
mass undissolved, while the BC derived from food waste
resulted in 0.63% undissolved material. When mixed with
solvent at room temperature in a 15 : 1 solvent to BC mixture
ratio, 0.77% of the residual mass was le undissolved. The
residual mass was collected and dried at 105 °C for 15 hours in
air, resulting in brown solids. Similarly, solvent was removed
from soluble portions of BC and then dried overnight at 105 °C.
The resulting dried residual solids and BCs were analysed by
CHNS combustion analysis (Table 1) and infrared spectroscopy
(see the ESI, Fig. S18†). Dried residual solids contain higher
relative quantities of nitrogen and lower H/C ratios compared to
the solvent soluble portion of the BC. These values appear to be
consistent with the bio-derived asphaltenes (“bio-asphaltenes”)
studied by Robertson, et al.40 The infrared spectra of the insol-
uble fractions differ from those of the dried solvent soluble
portion of the BC in the relatively greater intensity of the broad
O–H region compared to the C–H alkane stretching region.

Following the room temperature studies, BC solubility was
evaluated at elevated temperatures (40–82 °C) with a variety of
solvents including decane, ethyl acetate, toluene, methyl-
cyclohexane, and gasoline at three different solvent-to-BC ratios
(1 : 4, 1 : 1, and 4 : 1). The selection of solvents provides a wide
range in polarity (e ∼2.0–6.0 @ 25 °C) and boiling points
(77–174 °C). The results from select experiments are shown in
Table 2. Qualitative testing indicated that the use of aliphatic
solvents would result in signicant quantities of undissolved
BC, while toluene and ethyl acetate le very little residual BC.
Sustainable Energy Fuels, 2024, 8, 3279–3289 | 3283
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Table 2 BC solubility test results

Solvent
Temperature
(°C)

Ratio
(solvent : BC)

% undissolved
residual mass

Decane 60 4 : 1 16%
Decane 80 4 : 1 14%
Methylcyclohexane 60 4 : 1 8%
Methylcyclohexane 80 4 : 1 9%
Toluene 60, 80 1 : 4, 1 : 1, 4 :

1
<1%

Ethyl acetate 60, 80 1 : 4, 1 : 1, 4 :
1

<1%

Fig. 4 Reconstitution of HTL product emulsions (right) from previ-
ously isolated HTL products (left).
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Two-stage processing

Two-stage solvent processing of the HTL product mixtures was
carried out on a “reconstituted HTL product emulsion.” These
reconstituted mixtures were made by recombining previously
separated HTL product streams (solids hydro-char slurry,
aqueous phase, and BC) resulting from HTL processing of
sewage sludge (see Fig. 4 and Materials and methods). The
composition of the reconstituted HTL product emulsion is
intended to closely match the wet product yields isolated aer
HTL processing. In the extraction experiments, reconstituted
HTL product emulsions were mixed with solvent at three
different temperatures (40, 60, and 80 °C) and three different
mass ratios (solvent: HTL product emulsion = 0.7, 0.5, and
0.25). Aer agitation, the mixtures were allowed to settle at the
designated temperature, and the progress was recorded
through photographs at 15-minute intervals. The initial product
separation was carried out using toluene as the diluent/solvent.
Later experiments were carried out using a mixture of toluene
(80% mass) and heptane (20% mass). The procedure is
described in the Materials and Methods section of this report.
Images of the equipment used are available in the ESI.†

We consistently observed that solvent/HTL product mixtures
held at higher temperatures tended to settle more quickly with
both toluene and toluene/heptane mixtures as the solvent. This
behaviour was generally expected due to the dependence of
settling on uid density (and/or viscosity) and dependence of
uid density on temperature.41–43 The settling of the product
mixture at 40 °C in 90 minutes is comparable to 15 minutes of
settling at 80 °C as shown in 5-minute interval settling images at
different temperatures and solvent ratios (Fig. S15†).

Based on the photographs captured every 15–20 minutes,
rough settling curves were constructed for HTL product
mixtures processed with the toluene/heptane solvent (refer to
the ESI†). The images and settling curves show the signicant
differences in the rate of settling for processing at 40 °C and 80 °
C. The initial settling rates recorded for processing at 80 °C were
>3× the rate observed for processing at 40 °C. When processed
at 80 °C, the settling rate of the mixture appears to slow
signicantly within 30 minutes, while mixtures processed at
40 °C require nearly 1.5 hours to reach the same rate with the
phase interface height being signicantly higher. Given the
lower interface height and time to settle, solvent processing the
HTL product mixture at 80 °C would allow a scaled-up process
to use fewer or smaller process vessels.
3284 | Sustainable Energy Fuels, 2024, 8, 3279–3289
Yields and quality of solvent-processed HTL products

In the following sections, we discuss the impacts of process
variables on the yield and quality of the BCs, solids, and
aqueous fractions collected aer solvent processing. It is
important for the reader to remember that in the following
experiments, we have solvent-processed “reconstituted” HTL
product mixtures: the solids, aqueous, and BCs collected from
the current PNNL HTL process, carried out at high pressures in
the absence of additional solvents, were re-mixed to simulate
the original, unseparated HTL product mixture. Therefore,
when discussing “BC recovery,” we are referring to the percent
of BC mass recovered from an organic-phase sample aer
solvent processing compared to the knownmass of BC added to
the reconstituted HTL product mixture (see Fig. 4 above).
Effectively, the concentration of BC in the organic-phase sample
aer processing is divided by the concentration of BC expected
to be in the organic phase at the beginning of the experiment
(eqn (1)). Because we expect nearly 100% of the BC added to be
soluble in the organic solvent (based on elevated temperature
solubility testing) in stage 1, the concentration of BC expected in
the organic solvent is simply the mass of BC added to the
reconstituted product emulsion divided by the mass of organic
solvent used in stage 1 (eqn (1)). “BC remaining” (stage 2) is the
mass of BC expected to be in the mixture at the beginning of
stage 2 aer removal of the organic sample at the end of stage 2
(eqn (2)).

Biocrude Recovery ¼ 100�
½Biocrude in Organic Phase Sample�

½Biocrude Expected in Organic Phase Sample� (1)

Biocrude remaining = Mass of BC Added to the Reconstituted

Emulsion − Mass of BC Collected in

Stage 1 Solvent Processing (2)

In Table 3, we present temperatures of product separation
and masses used in the reconstituted HTL product emulsion,
along with masses and concentrations of BC recovered aer
solvent processing for both stage 1 and stage 2 for a set of four
This journal is © The Royal Society of Chemistry 2024
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Table 3 BC recovery in the first and second stages of the solvent extraction process

Stage 1 &
2 samples

T
(°C)

BC
mass (g)

Mass
solventc,d (g)

[BC] in organic
solution (g g−1)

Mass organic
sample (g)

Mass BC
recovered (g)

[BC] in collected
organic (g g−1)

% BC
recoveryh

Stage 1 A 80 9.37a 100.00c 0.086 40.95f 4.39g 0.107 125%
Stage 1 B 40 9.26a 100.00c 0.085 41.16f 3.71g 0.090 106%
Stage 1 C 80 9.10a 100.05c 0.083 50.00f 4.28g 0.086 103%
Stage 1 D 40 9.10a 100.42c 0.083 40.08f 3.43g 0.086 103%i

Stage 2 A 80 5.52b 45.00d 0.050e 41.68 2.85 0.068 136%
Stage 2 B 40 5.43b 45.00d 0.050e 41.44 1.67 0.040 81%
Stage 2 C 80 4.93b 50.00d 0.045e 50.73 2.56 0.051 112%
Stage 2 D 40 5.77b 40.00d 0.053e 41.12 2.17 0.053 100%

a Mass of HTL BC added to “Reconstituted HTL Product.” Moisture corrected. b BC remaining in stage 2. BC (corrected for moisture) in the
reconstituted HTL product mixture – BC recovered in stage 1. c Toluene and heptane in an 80 : 20 mass ratio. d Solvent added to stage 2 in
replacement of the removed organic sample from stage 1. e BC remaining/organic mass in stage 2. f Mass organic layer taken from the
processed mixture. In samples A and B, 4 g was removed as an analysis aliquot. g Aer solvent removal and drying the organic sample at 105 °
C. h See eqn (1). i ∼100% aer subtracting residual toluene in BC.

Fig. 5 Ash in BC separated using toluene as a solvent at various
temperatures and solvent ratios. *Ash in BC separated using toluene/
heptane mixtures, at a 0.5 solvent (toluene/heptane) to emulsion ratio.
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separate experiments (A–D). An organic sample is collected
from the mixture in each stage, and the solvent is then removed
to assess the yield and quality of the recovered BC. In several
cases, BC recovery exceeds 100% based on the concentration of
BC collected from the organic phase at the end of stage pro-
cessing. In general, the recovery of BC is higher when processed
at a higher temperature in both stages 1 and 2.

Because BC recovery from the reconstituted HTL product
mixture exceeded 100% of BC mixed into the emulsion in most
cases, we considered the possibility that the recovered mass of
solvent-processed BC may be articially inated by incomplete
removal of solvent. However, aer processing and solvent
extraction, only limited concentrations (<0.1%) to no toluene
was found in most of the BCs as assessed by GC-MS (Fig. S17†).
In one case, aer replicate processing of BC at 40 °C, the stage 1
sample was found to contain approximately 2.5 weight%
toluene (toluene in BC). Based on this analysis, we propose that
the apparent recovery of additional BC is likely due to solubi-
lization of organic components in the HTL-AP and/or hydro-
char slurry.

The impact of process parameters on the quality of BC was
assessed primarily by CHN elemental analysis and gravimetric
analysis of ash in BC. Based on CHN analysis (Table 4), aer
solvent processing (extracted BC), the carbon content of the
solvent-processed BCs (76.00–78.01%) is very similar to that of
HTL BC collected by the current PNNL separation process
Table 4 CHN content of solvent-processed BCs

Sample N (mass%) C (mass%) H (mass%)

As received PNNL BC 5.39 69.24 9.62
PNNL BC, dried 105 °Ca 4.96 76.33 9.64
Extracted BC, 40 °C stage 1b 4.55 77.67 10.11
Extracted BC, 40 °C stage 2b 4.55 78.01 10.12
Extracted BC, 80 °C stage 1b 4.61 76.12 9.94
Extracted BC, 80 °C stage 2b 4.56 76.00 10.11

a PNNL BC aer heating to 105 °C for 18 hours. b BC extracted from
emulsion. 0.5 solvent/BC ratio. Toluene/Heptane solvent 80/20 (by
mass).

This journal is © The Royal Society of Chemistry 2024
(76.33%). Hydrogen contents are also quite similar, although
slightly higher, in the BCs isolated from solvent processing.
These compositional analyses suggest that the solvent extrac-
tion process should result in HTL BCs that are of a similar
quality to BCs collected in the current PNNL extraction process.

BCs processed at lower temperatures tended to have a higher
carbon content than those processed at higher temperatures.
For example, BC processed at 80 °C with a 0.5 solvent-to-HTL
product ratio had slightly lower carbon content than BC that
was not solvent processed, while BC processed at 40 °C con-
tained higher carbon content (Fig. 5).

The processing temperature and solvent: the HTL product
mass ratio also had measurable effects on the ash content in
solvent-processed BCs. BC recovered aer processing with lower
solvent-to-HTL emulsion mass ratios tended to have higher ash
content than BCs collected by the current PNNL process (PNNL
HTL BC). This was true for all temperatures and stages of pro-
cessing (Fig. 5, S16†). We also found that BCs processed at
higher temperatures tend to have higher quantities of ash
(Fig. 5). This was only studied in the case of toluene as the
solvent but is expected to be true in the case of toluene/heptane
mixtures. In most cases, ash in the solvent-processed/extracted
BCs was higher than that in the BC that was not solvent
processed.
Sustainable Energy Fuels, 2024, 8, 3279–3289 | 3285
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Table 5 Carbon content of solvent processed HTL hydro-char

Sample
Extraction
temperature °C

Carbon
mass%

Solids Aa 80 14.65
Solids Aa 40 15.37
Solids Ba 80 13.22
Solids Ba 40 17.72
PNNL process hydro-
char

NA 24.55

a From the 2 stage solvent process, 90 minutes per stage. 0.5 solvent-to-
emulsion ratio.

Fig. 6 Infrared spectra of dried hydro-char. Solvent processed (blue
and black) and unprocessed (red). C–H stretching bands at 2950,
2920, and 2850 cm−1.
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Hydro-char collected aer solvent processing at higher
temperatures tended to have lower carbon content for a given
solvent-to-HTL product emulsion mass ratio than those pro-
cessed at lower temperatures (Table 5). This was true for both
toluene and toluene/heptane solvent scenarios. This is observed
in the CHNS combustion analysis and is further supported by
infrared spectroscopy (Fig. 6). In the infrared spectra of the
hydro-char, the absorbances of the sp3 C–H stretching region
(2850–3000 cm−1) were diminished in solids that were solvent
processed at 80 °C compared to the solids that were not solvent
processed or even processed at lower temperatures. Additional
data collected using only toluene as solvent also suggest that
carbon content of solids is lower in processing scenarios using
higher solvent-to-HTL product ratios. This is unsurprising given
the solubility of the HTL BC in toluene. In all cases, the carbon
present in the solvent-processed solids was lower than that in
the HTL product solids that were not solvent processed (“PNNL
process dry hydro-char” in Table 5).
Table 6 Mass balance for solvent processed HTL product mixtures

Sample Aqueous phase Solid s

Input mass (g) 240.24 45.02
Mass recovered and/or accounted (g) 249.88 15.31
Accounted/Recovered (%)

a Combined mass of aqueous and solid slurry added. b Total aqueous rec

3286 | Sustainable Energy Fuels, 2024, 8, 3279–3289
In the above experimentation, our determination of BC
recovery was based on concentration of BC in the total organic
samples collected in extraction stages 1 and 2. To better assess
mass balance and distribution, we processed another recon-
stituted HTL product slurry on the 300 g scale and attempted to
collect all fractions and determine recovery and carbon yield for
these products. The organic portion was collected in three parts:
a sample at the end of stage 1 (∼50% of the stage 1 organic
mass), a sample at the end of stage 2 (∼50% of the stage 2
organic mass), and a nal fraction which separated from the 3rd
portion of aqueous collected at the end of the run. Solvent was
removed from organic fractions by rotary evaporation followed
by heating for 18 hours at 105 °C. Aqueous and solids were
collected at the end of the process and separated by vacuum
ltration into three fractions. A sample of the bottom portion of
the aqueous plus solids fraction was collected and ltered in
stage 2 (set 1). The remaining portions of organic, aqueous, and
solid (set 2) were also collected and ltered followed by sepa-
ration of the organic and aqueous portions. A total of three sets
of solids were collected: a large sample from the bottom of the
separatory funnel (set 1), a second set from the remaining
aqueous portion (set 2), and a third set that later precipitated
from the remaining aqueous portion (set 3)(Fig. S22†). Solids
were weighed both wet and aer drying at 105 °C for 24 hours.
The differences in the dry and wet masses were accounted for by
adding the volatilized mass to the aqueous total. All aqueous
phase portions were combined for analysis.

At the conclusion of the processing, nearly 94% of mass
inputs were recovered or otherwise accounted for. Total BC
recovery was 105.2%, which was consistent with values obtained
in previous experiments (Table 6). Total solids and aqueous
portions were somewhat lower at ∼93%. Some of these losses
may be attributed to evaporation or incomplete transfer of
solids in the ltration step.

While ∼94% of total mass was recovered or otherwise
accounted for, ∼92% of carbon from the total HTL product
inputs was accounted for in the processed products. While the
overall carbon balance is <100%, the balance of carbon in the
BC is >100%. Before solvent processing, the HTL BC contained
69.2 wt% carbon, while aer processing it contained ∼76%
carbon (Table 7).

Aer drying the solids at 105 °C for 24 hours, sets 1 and 2
contained approximately 14 and 16% carbon by mass. The third
set of solids which was collected by ltration of the third frac-
tion of the aqueous phase contained nearly 23% carbon. The
solids (hydro-char) in the reconstituted HTL product emulsion
were introduced into the mixture as part of a slurry that
lurry/Solids Solids + aqueous BC Total mass

285.26a 15.23 300.49
265.19b 16.02 281.21
92.96% 105.20% 93.58%

overed + total dried solids recovered.

This journal is © The Royal Society of Chemistry 2024
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Table 7 Carbon balance for solvent processed HTL product mixtures

Sample BC Solids slurry Aqueous Total

Carbon contenta (%) 69.20 8.80b 1.92
Carbon mass input (g) 10.50 3.96 4.60 19.10
Carbon outa (%) 76.89/75.56/45.81c 14.40/15.81/22.61d 1.68
Carbon mass output (g) 10.90 2.48 4.19 17.60
Accounted/recovered (%) 103.20 62.70 91.0 91.90

a Based on CHN combustion analysis. b Added as a solid-aqueous slurry (HTL blow-down slurry). c BC collected from stage 1 and stage 2 and
separated from aqueous set 2. d Carbon content of dried hydro-char ltered from set 1, set 2, and set 3; liquids ltered were added to the
aqueous fraction.

Table 8 Impact of solvent extraction on estimated BC MFSP

Item Impact

Solvent consumption +0.05 $ per GGE BC
Natural gas consumption +0.03 $ per GGE BC
Electricity consumption +0.01 $ per GGE BC
Capital depreciation +0.03 $ per GGE BC
Income tax and return on
investment

+0.08 $ per GGE BC
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contains the HTL aqueous product. This slurry (solids and
aqueous) contains 8.8 wt% carbon as assessed by combustion
analysis. The solids that result upon drying this slurry contain
21% carbon. The rst two sets of solids, which made up most of
the solid mass (85%), had signicantly reduced carbon content
when compared to the solids isolated from the unprocessed
hydro-char slurry mixture. Infrared analysis of the solids shows
a reduced intensity of C–H bands (sp3 C–H stretching region
2850–3000 cm−1) in the solvent-processed solids compared to
dried hydro-char that was not solvent processed (Fig. S24†). The
carbon content of the aqueous component was not signicantly
changed by solvent processing, decreasing from 1.92 wt% to
1.68 wt% aer solvent processing.

For comparison, in separate (independent) toluene extrac-
tions of the solids slurry (hydrochar slurry), we found that ∼8%
of the solids slurry (hydrochar slurry) mass was extracted into
the toluene solvent. The GC-MS analysis of this extract suggests
that numerous compounds containing more than six carbons
are dissolved in toluene, including fatty acids, long chain
amides, long chain oxygenates, and low molecular mass poly-
cyclic molecules (Fig. S25 and S26†). Based on these solvent
extractions of the solids slurry, we believe that a signicant
portion of the excess carbon found in the BC aer solvent
processing was dissolved from the solid slurry mixture and later
isolated as part of the BC. The contribution of toluene
remaining in any fraction of the BC appears to be less than 0.5%
as assessed by GC-MS.

The BCs collected aer solvent processing contained
elevated metals, phosphorus, and sulphur when compared to
the BC processed by current PNNLmethods. The stage 1 metals,
phosphorus, and sulphur contents were considerably higher
than those in the unprocessed BC at 1.7%. The metals, phos-
phorus, and sulphur content in the stage 2 solvent-processed
BC was slightly elevated as assessed by ICP but comparable to
that in the BC collected by the current PNNL process (dried at
105 °C) at 1.3% compared to 1.2% (Table S1†). These increased
metal levels are consistent with the elevated ash observed in
solvent-processed BCs from the related experiments discussed
above. Some caution is due with respect to these comparisons
because some portion of the inorganic content in solvent-
processed BCs may be attributable to the manual method of
collecting the organic solutions in each stage—it is possible that
small amounts of the aqueous or range layer may have been
pulled into the pipette when sampling from the organic layer.
This journal is © The Royal Society of Chemistry 2024
Given the detrimental effects that metals and other main group
elements can have on downstream hydrotreating catalysts,
mitigation steps may be required. Preliminary tests indicate
that low pressure and temperature ltration of the biocrude-
solvent organic phase is effective in reducing the solids and
metal content.

The density of the dried solvent-processed/extracted BCs for
stages 1 and 2 was measured at 40, 60, and 80 °C (refer to the
ESI†). The density of the solvent-processed BCs was slightly
increased from that of the unprocessed BC (0.9985 g cm−3 vs.
0.9838 g cm−3 at 40 °C). This slight increase in density for the
solvent-processed BCs could be a result of the removal of vola-
tile organic compounds from the processed BC at 105 °C.

Impact of solvent extraction on the minimum fuel selling
price. Techno-economic analysis (TEA) has been widely used to
track research progress, compare technology options, and guide
future research directions. A comprehensive TEA of a baseline
wet waste HTL process, as shown in Fig. 1, using gravity sepa-
ration was detailed in the PNNL 2021 state-of-technology (SOT)
report.44 In the 2021 SOT study, a detailed process model was
developed using Aspen Plus to calculate the mass and energy
balance. A discounted cash ow approach was used to calculate
the minimum fuel selling price (MFSP) with a net present value
of zero and an internal rate of return of 10% from capital and
operating cost. The estimated baseline MFSP of BC was $1.66/
GGE (gasoline gallon equivalent) on a 2020 pricing basis for
a 110 dry ton/day HTL plant.44 Built on the 2021 SOT, analysis
was conducted to evaluate the cost impact of implementing
solvent extraction, as shown in Fig. 2, at an HTL plant. A process
model was developed using Aspen Plus to estimate the solvent
make-up rate, utility consumption, equipment size, and capital
cost associated with the solvent extraction unit and conduct
a discounted cash ow analysis. The results are summarized in
Table 8. All economic and pricing assumptions can be found in
Sustainable Energy Fuels, 2024, 8, 3279–3289 | 3287
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the 2021 SOT study, while more details about process design,
modelling and the TEA approach for the solvent extraction unit
will be published in a subsequence manuscript focusing on TEA
and life cycle analysis (LCA). As shown in Table 8, the cost
impact of solvent extraction on the HTL plant is relatively small,
resulting in a $0.2/GGE increase in the estimated BC MFSP
(about 12%) compared with the baseline HTL design using
high-pressure gravity separation. While the projected cost of BC
is slightly higher, the new design based on solvent extraction
will mitigate the equipment wear-and-tear and many of the
safety concerns associated with high-pressure gravity separa-
tion, ultimately reducing scale up and operational risks.

Conclusions

This study found the solvent extraction process for HTL BC
using naphtha-range hydrocarbons to be very similar to what is
observed in the analogous solvent extraction process used in tar
sand bitumen production. Many operational parameters, such
as the solvent-to-emulsion ratio, solvent composition, and
extraction temperature behave similarly to what is documented
in the tar sand process. The solubility of the BC, although
chemically different from that of bitumen, shows the same
qualitative behaviour with respect to the paraffin vs. naphthene
or aromatic composition of the solvent. At elevated tempera-
tures, the BC studied was completely soluble in an 80% toluene/
20% heptane mixture, which was chosen to represent an
unnished naphtha stream (high-severity reformate) that could
be provided by a typical renery for use as a solvent.

Quick settling times with good separation efficiency are
possible using solvent-to-emulsion ratios as low as 0.5 wt/wt.
Extraction temperatures in the range of 40–80 °C result in
good separation efficiency, with the trade-off of faster settling
time, but poorer BC quality (additional water and ash) at higher
temperatures. Solvent extraction appears to yield slightly more
BC than the mechanical ltration technique to separate the
emulsion. Improved BC yields correspond to a reduction in the
measured organic material in the solid and aqueous phases.
Although TEA suggests a modest increase to the MFSP by
implementation of the solvent extraction process, the potential
benets include a safer more reliable process which could lead
to improved prospects for commercialization of HTL for
production of sustainable fuels.
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