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Abstract A bench-scale hydrothermal liquefaction

(HTL) process was utilized to convert several readily

available biomass feedstocks into bio-oils that could

potentially be converted to renewable liquid fuels. Bio-oils

produced from dairy manure, poultry litter, pine sawdust,

tallow seeds, switchgrass, peanuts, and vegetable oil were

compared based on heating values and product yields.

Catalysts tested in the HTL process were sodium carbonate

(Na2CO3), potassium carbonate (K2CO3), and sodium

hydroxide (NaOH). Operating parameters included 350 �C

processing temperature with a corresponding pressure of

*20.5 MPa. Carbon monoxide was used as the process gas

with an initial pressure of 2.1 MPa for all trials. Quantifi-

cation of oils was achieved by using an acetone and ethyl

ether extraction. Bio-oils from acetone soluble fractions

(ASF) showed the highest heating values ranging from 31.1

to 35.4 MJ kg-1. The effect of the catalysts on ASF was

not clearly evident from these studies, although sodium

carbonate catalyst appeared to improve conversion effi-

ciency, measured by overall energy value, at 1–2 g catalyst

quantities. The feedstock study indicated that the highest

energy recovery of 70.8 % was possible from dairy man-

ure. GC–MS results indicated that oily feedstocks produced

fewer compounds, while feedstocks that have high lingo-

cellulosic contents produced significantly higher number of

compounds at relatively lower concentrations. Results

indicated that high oil content was not necessary for

effective energy conversion in the HTL process; therefore,

from an economic perspective, feedstocks with high lipid

concentrations do not offer major advantages over low-

value (economic) cellulosic or waste feedstocks.

Keywords Thermochemical conversion � Liquefaction �
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Introduction

Biomass is the most abundant renewable energy resource

available and the fourth largest energy source worldwide,

following coal, oil, and natural gas (excluding nuclear

energy). Currently, biomass meets 10–14 % of the world’s

energy needs primarily through direct burning. However,

direct burning is extremely inefficient due to high moisture

contents and naturally low heating value [1]. Theoretically,

biomass has the capacity to provide all of the world’s energy

requirements; however, current production approaches

and use of biomass for energy are not sustainable [2].

Additionally, many biomass sources are treated as waste

products and cause increased pollution locally. The effective

use of biomass feedstocks for alternative energy production

would generate additional revenue for certain agricultural

sectors, while alleviating waste disposal problems, espe-

cially for animal production facilities.

Biomass conversion technologies are steadily improving

and biomass energy production is increasing throughout the

US and world. Thermochemical conversion technologies

(TCC) are currently being studied to utilize biomass as a

source of energy. TCC technologies include, but are not

limited to, gasification, liquefaction, pyrolysis, direct

combustion, and supercritical fluid extraction. Hydrother-

mal liquefaction (HTL), also known as direct liquefaction,

is a high pressure/high temperature TCC process with no
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added oxygen in which biomass is converted into (a) a

liquid phase consisting of a bio-crude fraction and a water

fraction with some polar organic compounds, (b) a gaseous

phase consisting primarily of steam and light gases such as

CO/CO2/CH4, and (c) a solid residue [3]. In HTL, a process

gas (reducing or non-reducing) and catalyst (alkali and/or

metal) are often used to increase the yield of desired

products and the reaction rate. A major problem with

commercializing HTL processes for biomass conversion is

that it remains uneconomical when compared to the costs

of diesel or gasoline. More specifically, the high costs

associated with transportation of bulky, low-density bio-

mass, and poor conversion efficiencies, coupled with a lack

of understanding of complex reaction mechanisms has

prevented widespread acceptance of the HTL process

commercially. In the late 70s and early 80s the Lawrence

Berkeley Laboratory conducted research on biomass

liquefaction, confirming the process’ ability to convert

various biomass sources to oil products [4]. However, the

low cost of fossil fuels in the 1980s limited major tech-

nological and commercial advances in this area. More

recently, HTL has received greater attention as conven-

tional liquid fuel sources have become more expensive [5, 6].

Due to sporadic HTL research, several fundamental

questions still remain un-answered. For example, extensive

studies were conducted by researchers at the University of

Illinois at Champaign [7–11], who focused on oil produc-

tion from swine waste. Results showed a minimum tem-

perature of 285 �C and a 15–30 min retention time were

required for oil production. Temperatures beyond 335 �C

lead to higher solid char formation. Their initial research

assumed the need for reducing gases (CO and H2). How-

ever, their later research indicated that reducing process

gases are not crucial for oil production. He and co-workers

indicated that both reducing gases and inert gases (CO2,

N2, and compressed air) can be used as a process gas [10].

As of now, the exact role and reaction mechanisms of a

process gas still remain to be clarified.

Another area that is not clearly understood is the role and

exact mechanism of a catalyst in the HTL process. Demirbas

and co-workers concluded that the use of sodium hydroxide

increases quantities of oils produced by 33 % for Picea ori-

entalis (oriental spruce tree) at 377 �C [6]. Heating values of

33 MJ kg-1 were obtained by Yokoyama and colleagues

when using sodium carbonate as a catalyst with sewage sludge

[12]. The most recent wave of catalyst assisted HTL research

was initiated at various parts of the world, ranging from the US

to Japan and from Canada to China [13–17]. In general, it can

be concluded that the catalyst use increases the quantity and

quality of oil produced. Except for a few exceptions, there has

been little description about the roles that a catalyst plays in

the liquefaction process [18]. The mechanisms that were

originally proposed by Appell and coworkers in the 1960s [19]

are still being cited [18]. These mechanisms are based on

sodium carbonate-catalyzed liquefaction in presence of car-

bon monoxide. However, the proposed reactions do not

explain oil production from other catalysts and other process

gases, especially inert and non-reducing gases.

The focus of this study was to evaluate the effectiveness

of three catalysts on improving bio-oil production from a

sample biomass feedstock (dairy manure) and assess the

conversion efficiencies from several readily available bio-

mass and bio-waste feedstocks.

Materials and Methods

HTL Processor

A bench-top 300 mL stainless steel reaction pressure vessel

from Autoclave Engineers was used to conduct the HTL

experiments. All experiments were carried out as batch

tests. DASYLab 9.0 software was used to log temperature

and pressure during operation through the use of a K-type

thermocouple and a pressure transducer, connected to a

USB-based hardware system (Measurement Computing

Corp). The vessel was equipped with a Proportional-Inte-

gral–Differential (PID) control and safety functions to

prevent overheating and to control heating rates. Temper-

atures were maintained within 5 �C of set conditions.

A rupture disc was used to prevent damage to the vessel if

operation exceeded the maximum rated conditions.

A stainless steel liner provided by Autoclave Engineers�

was used to facilitate easy transfer of pre and post-pro-

cessed slurries since the vessel was not equipped with a

drain port. Additional system setup details can be found in

earlier work by Midgett and Theegala [20]. To facilitate

easy understanding of the processor and the experiments, a

schematic of the HTL processor is illustrated in Fig. 1.

Preparation of Feedstocks

Feedstock sources were compared for resulting heating

values of oils extracted from the HTL process. The feed-

stocks used in this study were dairy manure, poultry litter,

pine sawdust, tallow seeds (both ground and whole),

switchgrass, peanuts, and vegetable oil. All but two of the

solid feedstocks (vegetable oil and tallow whole) were

ground to a fine powder and homogenized using a blender

prior to HTL processing (Table 1). All feedstocks except

for raw vegetable oil were then dried in an oven at 105 �C

for 24 h prior HTL processing. The total solids and volatile

solids of the feedstocks were measured according to APHA

[21]. Carbon, hydrogen, and nitrogen (CHN) analysis was

conducted on all pre-processed feedstocks so that higher

heating values (HHV) could be calculated and compared to
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those of the post-processed oils obtained in the HTL pro-

cess. The LSU AgCenter’s Callegari Environmental Center

conducted all CHN analyses using procedures developed

by Elementar under guidelines from APHA [21]. A mod-

ified Dulong’s formula (eq.1) [22] was used to calculate

HHV based on the percent of carbon (C), hydrogen (H),

and nitrogen determined by CHN analysis and assuming

the remainder percent to be oxygen (O). The composition

of nitrogen is not used as a factor in the modified Dulong’s

formula; it is only used to determine oxygen content

(which is computed by difference).

Higher heating value ðMJkg�1Þ

¼ 33:5 � wt%C

100
þ 142:3 � wt%H

100
þ 15:4 � wt%O

100
ð1Þ

All solid feedstocks except switchgrass and pine sawdust

were combined with deionized water to yield a 20 % total

solid solution (by weight) to be used as the pre-processed

slurry. Switchgrass and pine sawdust were difficult to agitate

in the HTL processor using the same solution concentration

as the other feedstocks; therefore, 10 g of solids to 80 mL of

de-ionized water were used to yield an 11.1 % solid slurry.

The energy values for switchgrass and sawdust were later

doubled for comparison with the other feedstocks. The raw

vegetable oil was processed as-received with 20 mL oil to

80 mL de-ionized water. Table 2 shows the samples masses,

volatile solids (VS), and HHV values (computed using the

modified Dulong’s formula) for all feedstocks used in this

study.

Experimental Setup and Process Parameters

The 100 mL feedstock and water slurry, along with the

catalyst, were first added to the stainless steel liner and

mixed thoroughly. This liner was placed inside the HTL

processor. Agitation speed of the propeller was maintained

at a constant rate (200 RPM) throughout all experiments.

Carbon monoxide (CO) was used as the process gas with

initial pressure of 2.1 MPa for all experiments. CO was

selected because of its successful application in earlier

studies [7–11]. Additionally, out of all the process gasses,

only a mechanism for carbonate-catalyzed liquefaction in

the presence of CO has been proposed [19].

To ensure use of a procedure that has been shown to

produce desirable products, most processing parameters

Fig. 1 Shown in this diagram is

the 300 mL vessel used for HTL

experimentation with controller,

propeller, cooling loop,

thermocouples, pressure

transducer and valves [20]

Table 1 Acquisition and preparation details of feedstocks used for

the HTL study

Feedstock Acquired location Preparation

Dairy

manure

LSU dairy center Screened and solar

dried to 3 %

moisture content

Poultry

litter

LSU poultry farm Dried and ground

Pine

sawdust

LSU biological engineering

woodshop

Dried

Tallow

seeds

Chinese tallow tree on LSU

campus during spring after

first bloom

Left whole for tallow-

whole

Ground up for tallow-

ground

Switchgrass LSU Ag center’s hill farm

experiment station

Stalks and leaves

were ground

Peanuts Raw, uncooked, grocery store Peanuts were peeled

from shell and

ground

Vegetable

oil

Grocery store No modifications
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chosen were the same as those used in an extensive study

conducted by researchers at the University of Illinois at

Champaign dealing with oil production from swine waste

[9–11]. In short their tested parameters and ranges were:

(1) swine manure tested at 275–350 �C using 1.8 L pres-

sure vessel, operated under a batch mode, (2) process gases

tested were CO, H2, CO2, N2, and compressed air, (3)

feedstock pH ranged from 4 to 10, (4) operating pressures

ranged from 5.5 to 18 MPa, (5) retention time was varied

from 5 to 180 min, (6) heating rate was set at 5–10 �C/min,

(7) total solids was between 10 and 25 %. The operating

temperature of the present HTL process for all feedstocks

was set at 350 �C, which elevated the vessel pressure to

*20.5 MPa. The retention time for all experiments was

15 min. Although the heating rate was set at 10 �C/min, the

vessel took significantly longer time to heat to 350 �C

(approximately 1 h 45 min.). This was primarily due to

heat losses and variable heating rates as dictated by the PID

controller. Once the vessel was heated, it was maintained at

350 �C for 15 min., after which the heater was turned off

and the cooling water loop was initiated to cool the vessel

back to pre-run conditions. Once the cooling loop was

initiated, the vessel temperature dropped down to approx-

imately 250 �C within the first 5 min. The next drop to

150 �C took approximately 20 min. The final drop from

150 to 50 �C took even longer, approximately 65 min.

A 1341 Parr oxygen bomb calorimeter assembly was

used to conduct a calorimetric study on the ASF fraction

for comparison to the theoretical values obtained by CHN

analysis and the modified Dulong’s formula. The calo-

rimeter was operated according to parr manuals No. 204

and 205 [23], which include procedures for proper

calibration.

Catalysts Comparisons

Catalyst types and quantities were studied for their effects

on oil quality and quantity from the HTL process using

only the dairy manure feedstock. Base catalysts have been

indicated to increase water soluble hydrocarbons and

decrease solid residue [24]. Three catalysts were tested:

anhydrous sodium carbonate (Na2CO3), anhydrous sodium

hydroxide (NaOH), and anhydrous potassium carbonate

(K2CO3). Catalyst concentrations were varied at 1, 2, 3 and

4 g for each of the 3 catalysts tested.

Post-processing and Product Analysis

The liner containing the post-processed slurry (solids and

liquid) was removed from the vessel. The post–processed

slurry consisted of char, organic solids, water, and water

soluble hydrocarbons. The protocol used for collecting and

quantifying the various oils was discussed in an earlier

paper [20]. However, to assist the reader in understanding

the various terms, it is depicted in Fig. 2.

A 0.7-micron glass fiber filter (Fisher Scientific, Pitts-

burgh, PA) was used to separate any solids from the post-

processed water. The filtered water was combined with

ACS grade ethyl ether anhydrous ((CH3CH2)2O) in a 1:1

ratio and thoroughly shaken for 2 min. in a gravimetric

funnel to extract light oils. The bottom layer contained

water, which was drained and labeled PPW (post-processed

water). The remaining top layer, containing light oils and

ether, was drained and labeled WSF (water soluble frac-

tion). Moisture was evaporated from the PPW at 105 �C

and ether from the WSF at 35 �C (slightly above boiling

point of ether). The remaining solids on the filter paper,

liner, and cooling loop coils were washed with 250 mL of

ACS grade acetone (C2H6O) to extract oil-like compounds.

The acetone mixture was again filtered and labeled ASF

(acetone soluble fraction). The remaining solids from the

filter paper were named AINF (acetone insoluble fraction).

The ASF and AINF fractions were dried at 60 and 105 �C,

respectively, to evaporate any moisture or acetone

remaining. All fractions were allowed to dry for 24 h and

then any remaining solids or oils were quantified. The

AINF fraction was further tested for volatile solids by

igniting at 550 �C.

Table 2 Raw feedstock sample sizes and feedstock characteristics

Dairy Poultry Sawdust Tallow-whole Tallow-ground Switch grass Peanuts Vegetable oil

Sample size (g or mL) 20 g 20 g 10 g 20 g 20 g 10 g 20 g 20 mL

VS (g) 16.6 16.7 10 19.5 19.5 9.5 19.4 19.9

VS (%) 83.2 83.3 99.9 97.5 97.5 95.3 97 99.3

Elemental analysis

C% 38.8 36.5 45.1 59.1 59.1 45.1 53.9 77.8

H% 5.1 5.5 5.9 8.3 8.3 6.1 7.9 11.1

N% 1.3 4.4 0.07 2.3 2.3 0.8 4.6 0.05

O% 54.7 53.7 48.9 30.4 30.4 48.0 33.6 11.1

HHV (MJ g-1) 11.9 11.7 16.0 26.9 26.9 16.4 24.1 40.1
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CHN analysis was performed primarily on the ASF

since this was the fraction having both the highest energy

content (heating value) and the largest proportion of the

overall product. The WSF fraction has the next highest

heating value. Gases produced during the process, which

contributed to the pressure increase during the temperature

ramping-up stage, were quantified (volumetrically) but not

analyzed since the primary target end product for the HTL

process is bio-oil and the heating content of gases is known

to be insignificant [20, 25]. A GC–MS (Agilent 7890A GC/

Agilent 5975C Inert XL MSD) with an Agilent 7683B

Injector and Restek column (Rxi-5 ms, 30 m 9 0.25 mm 9

0.25 micron film) were used for ASF oil characterization.

National Institute of Standards and Technology (NIST)

database was used to identify the individual compounds in

the ASF samples.

Results and Discussion

Catalyst Comparisons

The ASF and WSF were anticipated to contain the bulk of

the energy from the biomass. Results indicated that the

ASF fraction remained the most important fraction since

the WSF continued to yield very low quantities (\0.5 g or

\2.5 % of raw biomass weight). It has to be kept in mind

that even if the ASF masses are significantly lower than the

raw feedstock mass, the energy density is significantly

higher. Shown in Fig. 3 is the comparison of ASF product

quantities obtained from the HTL process while using the

three different catalysts studied in quantities of 1, 2, 3, and

4 g of each catalyst. Dairy manure was the feedstock used

for the comparison.

Based on the results, it was difficult to determine the

single best catalyst. The highest ASF fraction (4.87 g) was

obtained using 2 g of sodium hydroxide (NaOH), but 1 g

of sodium carbonate (Na2CO3) was not significantly less

(4.76 g of ASF). No difference was detected in product

quantity between these two catalysts using t testing with an

alpha level of 0.05. T testing between the control and each

of the 1–4 g trials only indicated that (K2CO3) was sig-

nificantly worse than no catalyst at all and provided no

benefit. Potassium carbonate did not yield a higher ASF

fraction when used as a catalyst at any concentration.

Using more than 2 g of any catalyst is not recommended as

ASF fractions obtained from processing did not improve in

most instances. The excess catalyst ended up in the PPW,

which was evidenced by increasing PPW amounts with

increasing catalysts amounts [20].

The HHVs in the ASF using various catalyst concen-

trations are provided in Fig. 4. There was no statistically

significant difference (P [ 0.05) in HHVs among the three

catalysts. The highest HHV (34.7 MJ kg-1) for the ASF

fractions was obtained using 2 g sodium carbonate

(Na2CO3), which consistently yielded the highest ASF

energy density value except when using 4 g of catalyst.

NaOH yielded the highest heating value with

34.6 MJ kg-1 at 4 g concentration. All heating values

obtained were similar to the heating value of 33 MJ kg-1

obtained by Yokoyama and colleagues when using sodium

carbonate as a catalyst with sewage sludge [12]. From a

HHV point-of-view, none of the catalysts, however,

Fig. 2 Procedure for the separation of oil products. The final

products include: AINF (acetone insoluble fraction or char dried at

105 �C), ASF (acetone soluble fraction dried at 60 �C), PPW (post-

processed water dried at 105), and WSF (water soluble fraction dried

at 35 �C [20]
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Fig. 3 Product quantities (g) of acetone soluble fractions (ASF)

obtained from dairy manure subjected to the HTL process while using

the three different catalysts studied in quantities of 1, 2, 3, and 4 g of

each catalyst. The result for a trial using no catalyst (0 g) is reported

for comparison

Waste Biomass Valor (2012) 3:259–268 263

123



indicated any significant advantage in energy density

(P [ 0.05) when compared no catalyst.

The ASF masses obtained in Fig. 3 were multiplied with

the ASF heating values obtained in Fig. 4 to produce the

total energy values seen in Fig. 5. Potassium carbonate

produced no energy gain compared to no catalyst. At 1 and

2 g catalyst quantities, sodium carbonate appeared to pro-

duce slightly higher energy values, while sodium hydrox-

ide had no significant effect (P [ 0.05).

This research, although demonstrated the advantages of

using 1–2 g of sodium hydroxide catalyst, failed to cast

light on the underlying mechanisms. As this research was

not aimed as a fundamental research, justifying the results

was not attempted as it would be unsubstantiated and

speculative.

The uniqueness of the 3 g catalyst quantity and the exact

reasoning behind its corresponding low energy value

(Fig. 5) is not clearly evident from this research. Pin-

pointing the exact reason is very difficult due to the mul-

titude of complex and intertwined processes. Alkali

catalysts, such as sodium or potassium carbonate, can act

as catalysts for hydrolysis of cellulose and hemi-cellulose

macromolecules into smaller fragments [26]. These frag-

ments are further degraded to smaller compounds by

dehydration, dehydrogenation, deoxygenation, and decar-

boxylation. Once produced, these compounds rearrange

through condensation, cyclization, and polymerization,

leading to new compounds [26]. Apart from the complex

and intertwined processes, the various catalyst quantities

may also have led to the variations in end product con-

sistencies. From the numerous experiments, it was

observed that different catalyst amounts and process con-

ditions produced end products with varied consistencies

(such as moisture content and texture; data observed and

not shown). The catalyst may have interfered with the

propeller and mixing patterns within the liner holding the

wet biomass. The catalyst may also have interacted with

the raw mineral content in the feedstock. All these unan-

swered questions clearly points to a need to clarify the role

and mechanism of the catalyst.

Alkali or basic catalysts have been reported to limit char

formation when used in HTL processes. This is beneficial

because the available energy of the fuel is reduced pro-

portionately to the magnitude of the ash content. The

sample pH before the HTL run may also have an influence

on the dehydration or other mechanisms. For example, the

pH for dairy manure feedstock slurry with Na2CO3 catalyst

increases from 5.95 (no catalyst) to: 8.34 at 1 g catalyst,

9.0 at 2 g, 9.25 at 3 g, and 10.45 at 4 g. However, the exact

effect of pH on oil production is not assessed for the

present study. Compared to no-catalyst runs, it can be

generalized that all catalysts, with the exception of 4 g

quantities, have a positive impact by reducing the acetone

insoluble fractions (i.e., char) (Fig. 6). In the 2 g trials,

potassium carbonate and sodium hydroxide reduced char

formation (AINF) by 75 and 85 % respectively. However,

increasing the catalyst concentrations to 3 and 4 g did not

reduce the char formation further. The char yield for

sodium carbonate was essentially constant at all catalyst

quantities, averaging an AINF mass of 5.05 g, corre-

sponding to significant (P \ 0.05) reductions in AINF

when compared to using no catalyst.

Although, there was significant variation in the ASF

fraction produced with different catalysts and catalyst

amounts, the overall results indicated that there was no

significant difference (P [ 0.05) in the percent recoverable

energy from the ASF. Xu and Lad found that regardless of

the presence of a catalyst or type of catalyst, the formation

of total liquid organic products were temperature specific

for various trials [15]. Additional trials under various

temperatures would benefit the catalyst study. It was also

determined that major variability was introduced into the
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results reported by various researchers due to factors such

as the internal reactor surface, slurry mixing patterns, and

sample volume.

Feedstock Results and Comparisons

The results for all feedstocks are summarized in Table 3,

which compares the raw energy content of each feedstock

and the total energy content (KJ) of the combined ASF and

WSF fractions obtained during processing. These values

were used to determine the conversion efficiency of the

feedstocks.

Using the HTL process, 70.8 % of the energy in the

dairy manure was recovered as liquid energy. This was

unexpected considering that dairy manure had the lowest

organic content (VS%), comparable to poultry litter

(Table 2). Yin and coworkers indicated that the maximum

bio-oil yield under similar conditions was only 48.8 %

[16], essentially equal to the yield for poultry litter

(Table 3). With their lower organic contents, it was

understandable that poultry litter would produce less bio-

oil. Ash content of poultry litter at a particular location or

farm varies widely due to soil contamination when the litter

is removed from the dirt floor of broiler houses [27]. In

comparison with the other feedstocks, the dairy manure and

poultry litter produced the least amount oils (ASF ? WSF)

with 5.1 and 3.5 g respectively, while also producing some

of the highest quantities of char (4.7 and 4.2 g of AINF,

respectively). For each of the waste feedstocks tested here,

the HTL process effectively converted the waste product

with minimal raw energy into bio-oils with nearly three

times the amount of energy.

The five remaining feedstocks all had energy recoveries

between 57.8 and 65.5 %, falling in the range between

those of dairy manure and poultry litter. The largest

amount of bio-oils (ASF ? WSF) came from vegetable oil

(14.7 g), tallow seeds (9.1 g), and peanuts (7.6 g). These

three products have relatively high initial oil content, as

they are oils or oily seeds. The high oil contents in these

feedstocks were also reflected in the high raw heating

values (40.1, 24.1, 26.9 MJ/kg respectively), and were

expected to produce the highest quantities of bio-oils.

While these three feedstocks did produce marginally higher

ASF heating values, the increases were not proportional to

their raw HHVs. Looking at the percent energy recovery

data, the advantages of using an oily feedstock is not

clearly evident. This suggests that the HTL process is more

cost-effective for producing bio-oils from low-value
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Table 3 Feedstock study results are shown. All trials were conducted at 350 �C, with 15 min retention time and CO as process gas

Feedstock ? parameter Dairy manure Poultry litter Saw dusta Tallow seeds Switchgrassa Peanuts Veg. oil

Sample size (g or mL) 20 20 10 9 2 20 10 9 2 20 20

Raw HHV (MJ/kg) 11.9 11.7 16 26.9 16.4 24.1 40.1

ASF (g) 4.8 3.3 6.2 8.9 5.2 7.4 6.5

WSF (g) 0.3 0.2 0.4 0.2 0.6 0.2 8.2

AINF (g) 4.7 4.2 4.4 3.2 1.4 0.8 0.3

PPW (g) 2.2 3.6 1 2.3 7 4.4 0.3

ASF HHV (MJ/kg) 33.5 32.5 31.1 34.4 33.6 35.4 33.6

WSF HHV (MJ/kg) 25.3 23.8 25.8 24.6 31 28.7 37.4

Raw (kJ) 238 234 320 538 328 482 802

ASF ? WSF (kJ) 168.4 112.0 203.1 311.1 193.3 267.7 525.1

% Energy recoveryb 70.8 47.9 63.5 57.8 58.9 55.5 65.5

The agitation rate was set at 200-RPM and 1 g sodium carbonate was used as a catalyst
a Sawdust and Switch Grass values for (ASF, ESF, AINF, and PPW) were doubled in order to compare to other feedstocks
b Energy recovery was based on (ASF ? WSF) KJ/Raw KJ, expressed as percent
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(economic) biomass or pulp/residues (after oil extraction)

rather than triglyceride-based oils or oil seeds.

Sawdust and switchgrass feedstocks had raw HHVs of

16 and 16.4 MJ/kg, respectively. The total oils produced by

these feedstocks were 6.6 and 5.8 g with heating values of

31.1 and 33.6 MJ/kg for the ASF. In these cases the energy

value of the bio-oil has doubled over the raw product.

However, switchgrass appears to have one benefit over

sawdust with lower AINF (1.4 compared to 4.4 g).

GC MS Analysis of ASF from Various Feedstocks

To better understand the reaction mechanisms and suit-

ability as an alternative fuel, the ASF portions of all

feedstocks were analyzed on a GC/MS. The analysis

showed an expected wide range of oxygenates, with trace

levels of nitrogen-containing compounds. Examination of

the 20 most abundant compounds (as measured by peak

areas) showed that the strongly polycyclic nature of many

of these compounds would require significant catalytic

hydrogenation to (a) remove oxygen (and nitrogen) and

(b) to form new C–H bonds so that the resulting product

more closely approaches the C/H ratio found in fuels (*1/

2). In addition, conditions (and catalysts) required to pro-

mote hydrocracking (and hydrogenation) will be needed to

reduce the chain length of the resulting hydrocarbons to the

C5-C10 range (gasoline) or C10-C20 range (diesel). It is

unlikely that any specific compound(s), regardless of their

value as a pure product, could be separated from this

complex mixture and purified in a cost effective process,

meaning that liquid fuel is the most likely end use of this

bio-oil.

There were also compositional differences in the bio-oil

produced from the various feedstocks. Within the non-oily

feedstocks, the pine and dairy oils were relatively phenolic

(with phenols comprising roughly an area of 23 and 25 %,

respectively, of the analytes for these two products).

Switchgrass and poultry, on the other hand, produced oils

with no dominant class of compounds, while tallow oils

(whole or ground) and peanut oils were relatively rich in

carboxylic acids (62, 18, and 29 %, respectively). The high

percent of hexadecanoic acid (or palmitic acid) content in

the ASF from oily seeds is justifiable as it is the most

common fatty acids found in plant-based oils. There were

very few hydrocarbons in any of the oils, reflecting the

expected reactivity of oxygen in this thermal process. To

assist the reader, a sample of the top 20 compounds iden-

tified by the GC/MS in one non-oily and one oily feedstock

are shown in Figs. 7 and 8.

Note that the somewhat arbitrary limitation of the GC/

MS speciation analysis to the 20 most abundant compounds

(by area) accounts for a quite different proportion of the

total area for these different biomass feeds. In general, it

can be concluded that oily feedstocks produced ASFs with

fewer compounds and non-oily biomass feedstocks (with

high cellulosic contents, such as pine and dairy manure)

produced significantly more number of compounds. This is

evident from the percentage of peak areas contributed the

20 most abundant compounds (Table 4). For tallow (whole

or ground), these 20 compounds account for virtually all of

the compounds produced, while for the other lingo-cellu-

losic feedstocks, between 47 and 81 % of the area is

accounted for in this way.

Given the significant difference in the composition of

the bio oils produced from various feedstocks, it is sur-

prising that the HHV density values (MJ/kg) based on

the ASF portion of all oils is quite similar (Table 3).

This may reflect the selective extraction of similar

compounds from the raw bio oil, independent of the

source of the oil.

Fig. 7 The top 20 most

abundant compounds in the

ASF produced from tallow

ground accounted for 100 % of

the area of the feedstock. The

top 20 selection was based on

the largest peak areas in the

GC–MS chromatogram. All

values are reported as weight

percent
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Conclusions

Compared to an energy value of 124.4 kJ produced from

no-catalyst runs, sodium carbonate catalyst produced

higher energy values (159 and 152.7 kJ) at 1 and 2 g cat-

alyst quantity. However, from a statistical perspective,

potassium carbonate and sodium hydroxide catalysts did

not produce significantly greater (P [ 0.05) bio-oil yields

in batch hydrothermal liquefaction of dairy manure than

tests without a catalyst. The energy content (MJ/kg bio-oil)

for these bio-oils was also statistically equal to that produce

in the absence of a catalyst. However, the char yield was

significantly reduced for NaOH and K2CO3 catalysts.

Although the exact effect of pH elevation is not evident

from this research, based on the results, it appears that the

type and quantity of the alkali catalyst (and not high pH

alone) had an effect on the bio-oil production. Except for

catalyst types and quantities, no other process parameters

were intentionally altered for the catalyst research. How-

ever, variations may have been introduced due to

differences in the internal mixing patterns, which can have

a major bearing on the gas–liquid mixing and end product

quantities and properties.

All the feedstocks tested were converted to an oil

product with a heating value of 31.1 MJ kg-1 or higher.

This was approximately a 2–3 fold improvement for all

feedstocks except vegetable oil, which lost energy through

the HTL process. High oil content was not necessary for

effective energy conversion in the HTL process; therefore,

from an economic perspective, feedstocks with high lipid

concentrations do not offer major advantages over low-

value (economic) cellulosic or waste feedstocks. Dairy

manure and poultry litter were effectively converted from

low energy waste products to high energy bio-oils, but the

high inorganic content in these feedstocks lead to high

AINFs. Oil production from sawdust and switchgrass is

particular promising from a bio-energy point-of-view as

these feedstocks can be grown in a sustainable manner (as

dedicated energy crops). Both were converted into bio-oil

with twice the raw energy of the starting feedstock.

Switchgrass produced less tars in the form of AINF than

sawdust, making it the more appealing feedstock. The GC–

MS analysis revealed that oily feedstocks produced ASFs

with fewer compounds and non-oily biomass feedstocks

(with high cellulosic contents, such as pine and dairy

manure) produced significantly more number of com-

pounds. Despite significant difference in the composition

of the bio oils produced from various feedstocks, the HHV

density (MJ/kg) based on the ASF portion of all oils is

quite similar.

Further studies are needed to confirm these results by

performing more replicates with the use of a larger con-

version vessel capable of handling larger sample sizes.

Larger sample sizes would limit the variability seen in

small volumes of feedstock and minimize the effects of oil

Fig. 8 The top 20 most

abundant compounds in the

ASF produced from pine

accounted for 57 % of the area

of the feedstock. The top 20

selection was based on the

largest peak areas in the GC–

MS chromatogram. All values

are reported as weigh percent

Table 4 Based on the GC–MS chromatogram, the oily feedstocks

produced fewer compounds, which were reflected by the high per-

centage of areas accounted by the top 20 most abundant compounds

Feedstock Oily feedstock Area of most abundant

20 compounds (%)

Dairy manure No 61.53

Poultry litter No 60.01

Saw dust No 56.92

Tallow ground Yes 100

Tallow whole Yes 99.98

Switchgrass No 47.1

Peanuts Yes 81.66

The cellulosic feedstocks produced as many as 79 compounds
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masses lost to the vessel. Additionally, further studies

should involve testing at varying temperatures (specifically

higher ones) to potentially determine optimum tempera-

tures for the conversion process of particular catalysts and

feedstocks.
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