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An investigation of the evaporation behavior of bioliquid in the pores
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h i g h l i g h t s

� Evaporation temperature variation was investigated in silica and activated carbon pores.
� Evaporation temperature of hydrophilic bioliquid increased in silica pore.
� Most pores of the coal originated from ash, such as silica.
� Only evaporation temperature of hydrophilic bioliquid increased in the coal pores.
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a b s t r a c t

In this study, the evaporation temperature behaviors of various liquids in silica and activated carbon
pores were investigated, and applicability of bioliquid in coal pores was reported. In countries around the
world, to reduce the potential carbon dioxide, solid phase biomasses, such as wood chips and pellets,
have been mixed with coal to make fuel for coal-fired power plants. However, the liquid phase biomass
(bioliquid) has a phase different from coal in atmospheric conditions and evaporates at a relatively low
temperature. As a result, it has been difficult to use biomass in the existing coal-fired power plants due to
a number of problems, such as fuel injection, the reduction of combustion efficiency in coal, spontaneous
combustion, and the risk of explosion during drying. To address these challenges, evaporation behaviors
of bioliquids were evaluated using silica and activated carbon that have various pores and surface
characteristics. The impregnation of bioliquids was accelerated on a support that had the same hydro-
philic or hydrophobic characteristics, and the evaporation temperature increased at the hydrophilic
surfaces or in small pores. In addition, evaporation behaviors were assessed by filling bioliquids into coal
pores that originated from ash and fixed carbon. These results increase understanding of coal pore
characteristics and will enable better choices of bioliquids that can be used together with coal in the
existing coal-fired power plants.

© 2015 Published by Elsevier Ltd.

1. Introduction

As oil price hikes and instability of nuclear power plants have
persisted recently, the volume of coal in use has been on a constant
rise due to a relatively smooth supply and fewer problems arising
from its use [1,2]. However, the continued use of coal in coal-fired

power plants for energy generation will constantly increase the
emissions of carbon dioxide and other pollutants and ultimately
accelerate global warming [3,4]. To solve these problems, many
countries around the world are recommending blending biomass
and coal for co-combustion by means of regulations such as a
Renewable Portfolio Standard (RPS) and the emission trading
scheme (ETS) [5,6]. Consequently, woody biomass in the solid
phase, such as wood chips and pellets, are most used as a fuel for
co-combustion [7,8]. However, co-combustion from woody
biomass and coal gives rise to two serious problems. First, due to* Corresponding author.
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the low density of woody biomass, the heating value per unit vol-
ume of blending fuel falls to a significantly low level [9]. Second,
coal and woody biomass become ignited in different temperature
zones, and the high combustion efficiency of wood might hinder
the combustion of coal when a certain level of heat is applied [10].
Therefore, it is necessary to find measures to prevent such prob-
lemswhen thesematerials are used in the existing coal-fired power
plants, and to develop technologies to apply not to only solid-phase
biomass but also to only liquid-phase biomass for the diversifica-
tion of biomass.

In a previous study, glycerol-impregnated hybrid coal was
developed by impregnating glycerol into coal pores and thereby
reconstructing glycerol to have the characteristics of the artificial
volatile matter of coal [11]. That study suggested a method of
shifting evaporation temperature of glycerol, which usually evap-
orates at a temperature below 200 �C, to the combustion zone of
coal, thereby allowing for co-combustion of glycerol and coal in the
existing coal-fired power plants. In this context, researchs on fac-
tors behind the alteration of glycerol must be conducted. Based on
the revealed mechanism, it is vital to investigate evaporation var-
iations of glycerol and many other bioliquids, and then assess the
applicability of its use with coal. However, to the best of our
knowledge, no study has been conducted on the impregnation ef-
ficiency of liquid materials in pores and their evaporation temper-
ature variations.

Simply blending coal with bioliquids such as glycerol and palm
oil residue for co-combustion causes problems in injecting fuel
because bioliquids coat the coal surface and coal particles form an
aggregation in pulverized-coal power plants. Furthermore, most
bioliquids evaporate at a temperature lower than the coal com-
bustion zone, which impedes the combustion of coal. Therefore, in
this study, evaporation temperature variations were investigated
by introducing a variety of hydrophilic and hydrophobic bioliquids
into supports such as silica and activated carbon that have different
pore properties and surface characteristics. Since most bioliquids
evaporate at a temperature below 200 �C, it has been difficult to co-
combust with coal. However, investigating the mechanism of var-
iations in evaporation temperature of bioliquids, as conducted in

this study, will make it possible to blend bioliquids and coal with
different phases and use them in the existing coal-fired power
plants.

2. Experimental

2.1. Preparation of porous silica and activated carbon

To evaluate the evaporation temperature of various liquids in
the pores, porous silica was synthesized as in reported previous
studies [12]. To prepare the silica sol, a precursor (tetraethyl
orthosilicate, TEOS) was added to the ethanol as a co-solvent, and
then the mixture was stirred vigorously for 10 min. Subsequently,
ammonia was dissolved in distilled water, and that mixture was
dropped into the mixture of TEOS and ethanol, which was then
stirred at 450 rpm and 50 �C for 3 h. From the silica sol, the pore
properties of the silica could be controlled by changing the ratio of
sucrose as a pore-forming agent. Different weight of sucrose tem-
plate were added and mixed in each solution, and then the silica-
sucrose solution was aged at 100 �C for 3 h to remove the solvent
and obtain the precipitate. Finally, porous silica was synthesized
after the silica-sucrose composite was calcined at 550 �C for 2 h. To
evaluate the evaporation temperature in pores with various pore
size distributions, this study obtained not only synthesized silica,
but also commercial silica. In addition, activated carbon was also
used as a support to compare the characteristics in hydrophilic and
hydrophobic pores.

2.2. Preparation of porous materials impregnated with bioliquid

To evaluate the evaporation characteristics of the bioliquid in
the pores, various bioliquids were employed: soy bean oil, rapeseed
oil, palm oil and palm oil residue, glycerol and molasses. For the
various porous materials impregnated with bioliquid, a 10 wt%
bioliquid dissolved solution was prepared by determining the wa-
ter volume permeating through the silica and activated carbon, and
various porous materials were impregnated with the bioliquid so-
lution. Finally, the porous materials impregnated with bioliquid
were dried at 105 �C to remove the water and improve the diffusion
of the bioliquid in the pores. To apply and confirm the evaporation
characteristics of the bioliquid in the coal pores, Indonesian Kideco
coal (KDCC) and Shievee Ovoo coal (SOC) were impregnated with
typical bioliquids, glycerol and palm oil residue. The as-received
lump coals were pulverized with a jaw crusher for coarse crush-
ing and a pinmill type crusher for fine grinding to sort coal particles
smaller than 75 mm. Bioliquid was impregnated in coal pores by the
same method when preparing the silica and activated carbon
impregnated with bioliquid.

2.3. Characterization

To evaluate the evaporation characteristics, this study con-
ducted thermal gravimetric analysis (TGA), nitrogen sorption tests,
Fourier transform infrared spectroscopy (FTIR), proximate analysis,
elemental analysis, calorimetric analysis and ash component
analysis. The evaporation characteristics were determined by TG/
DTG at a heating rate of 10 �C/min and 100ml/min of air with a TGA
Q500. Before the TG/DTG test, all samples were dried at 100 �C for
2 h, and then 10 mg of the sample were sorted. To observe the pore
properties, nitrogen sorption tests were carried out using a
Micromeritics ASAP 2020. Before the nitrogen sorption tests, all the
samples were degassed for 7 h at 100 �C to empty the pores. The
surface area was calculated from the slope and intercept of the BET
equation, and the mesopore surface area was obtained from the
slope of the t-plot. The single point total pore volume was taken

Nomenclature

D average pore diameter, nm
S.A.BET BET surface area, m2/g,
S.A.me mesopore surface area, m2/g
S.A.mi micropore surface area, m2/g
Vtot total pore volume, cm3/g
Vmi micropore volume, cm3/g
xD dried x coal,
x-ash ash from x coal

Abbreviation
A.C. activated carbon
BET BrunauereEmmetteTeller
BJH BarretteJoynereHalenda
ETS emission trading scheme
FTIR Fourier transform infrared spectroscopy
ICP-AES inductively coupled plasmaeatomic emission

spectroscopy
KDCC Kideco coal
RPS renewable portfolio standard
SOC Shievee Ovoo coal
TEOS tetraethyl orthosilicate
TGA thermal gravimetric analysis
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