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A B S T R A C T

Fast microwave-assisted co-pyrolysis of pretreated bamboo sawdust and soapstock was conducted. The pre-
treatment process was carried out under microwave irradiation. The effects of microwave irradiation tem-
perature, irradiation time, and concentration of hydrochloric acid on product distribution from co-pyrolysis and
the relative contents of the major components in bio-oil were investigated. A maximum bio-oil yield of 40.00 wt.
% was obtained at 200 °C for 60min with 0.5M hydrochloric acid. As pretreatment temperature, reaction time
and acid concentration increased, respectively, the relative contents of phenols, diesel fraction
(C12+ aliphatics), and other oxygenates decreased. The gasoline fraction (including C5–C12 aliphatics and
aromatics) ranged from 55.77% to 73.30% under various pretreatment conditions. Therefore, excessive reaction
time and concentration of acid are not beneficial to upgrading bio-oil.

1. Introduction

Lignocellulosic biomass is a clean, abundant, and renewable energy
source (Oyedun et al., 2013). Due to its low cost and availability, lig-
nocellulosic biomass is often used as a renewable material for liquid
fuels and chemical production (Cheng & Huber, 2012). In recent years,
pyrolysis has become an important approach to obtain bio-oil from
lignocellulosic biomass; however, the application of the resulting bio-
oil is limited due to its undesirable properties, such as chemical in-
stability, corrosiveness, and high water and oxygenate contents
(Bridgwater, 2012; Dickerson & Soria, 2013). However, this bio-oil can
be upgraded by pretreatment. Many pretreatment methods have been
investigated for the pyrolysis of lignocellulosic biomass (Agbor et al.,
2011). Among them, acid-assisted pretreatment has been the most ef-
fective in improving bio-oil quality and yield because it gives changes
in the biomass constitution and structure (Liu et al., 2011; Wang et al.,
2011). Common acids have been used in pretreatment processes include
hydrochloric acid, sulfuric acid, nitric acid, and phosphoric acid (Agbor
et al., 2011; Asadieraghi & Daud, 2014). Moreover, until now, most
acid pretreatment methods for lignocellulosic biomass are performed
under traditional heating (El-barbary et al., 2009; Messina et al., 2017).

Recently, microwave-assisted acid pretreatment has been verified as an
effective method for upgrading bio-oils (Chen et al., 2012; Li et al.,
2009). Compared with traditional heating, microwave irradiation is a
relative new technology. It has many advantages, including energy ef-
ficiency, ease of operation and maintenance, and internal heating, and
it can produce reactions that do not happen under traditional heating
ways (Liu et al., 2016). Li et al. (2009) reported that microwave-as-
sisted sulfuric acid pretreatment of swine manure could result in in-
creased content of reducing sugar and only needs a short reaction time
and low energy consumption. Pang et al. (2012) reported that under
corn stove pretreatment and microwave power of 540W and in 5min, a
maximum sugar yield of 72.1 g per 100 g glucose and xylose was
achieved (Pang et al., 2012). Furthermore, our research group found
that microwave-assisted and acid-pretreated bamboo has high thermal
stability and can promote the formation of glucopyranose and total
phenols (Wang et al., 2018).

Because biomass is a hydrogen-deficient resource, the ratio of hy-
drogen to carbon (H/Ceff) for biomass is always< 1 (Xie et al., 2015).
Therefore, besides pretreatment, co-pyrolysis of biomass and high-hy-
drogen materials are other effective ways to convert biomass into high-
quality bio-oil. As a byproduct of oil refining plants, soapstock is used to
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produce fertilizer, soap, and acidic oil, which cause severe environment
pollution and resource waste (Dai et al., 2017a). Nowadays, soapstock
is available as a raw material for the biodiesel industry (Tang et al.,
2012). Soapstock has high H/Ceff and is therefore a good hydrogen
supplier and has been successfully utilized for co-pyrolysis (Dai et al.,
2017b; Zhou et al., 2017). However, studies about upgrading bio-oil by
using the combination of acid pretreatment and co-pyrolysis are few.
Previously, we studied the improvement of bio-oil via co-feeding pre-
treated lignin and soapstock during fast pyrolysis process, and found
that short-time microwave irradiation and low concentration of hy-
drochloric acid are beneficial to improve the bio-oil quality by co-
pyrolysis (Duan et al., 2018a). However, lignin is only one of the three
major components of biomass, and the effect of microwave-assisted acid
pretreatment combined with co-pyrolysis on biomass conversion has
not been elucidated.

Moso bamboo grows in about 3million hectares in China and is used
as a biomass material; moreover, it has attracted significant attention
worldwide due to its many advantages, such as fast growth and high
strength (Jiang et al., 2012). However, its utilization has not been fully
explored, and studying the pyrolysis of moso bamboo would help im-
prove its conversion into bio-energy (Kantarelis et al., 2010; Yan et al.,
2017). Therefore, based on our previous research, the conversion of
moso bamboo by using microwave-assisted hydrochloric acid pre-
treatment combined with co-pyrolysis was carried out in this study. The
effects of microwave-assisted pretreatment parameters, including mi-
crowave irradiation temperature, irradiation time, and hydrochloric
acid concentration were investigated. The goal is to verify whether co-
pyrolysis combined with pretreatment is appropriate to improve the
bio-oil from bamboo. During the experiment, pretreatment and co-
pyrolysis were conducted under microwave heating. The resulting bio-
oil was analyzed based on its components and yield.

2. Materials and methods

2.1. Materials and chemicals

Moso bamboo sawdust (BS, Phyllostachys heterocycla var. pubescens)
was obtained from a bamboo processing mill in Jiangxi, China.
Hydrochloric acid (analytical grade) was obtained from Xilong Reagent
Company, Guangdong, China. Corn oil soapstock (SK) was obtained
from Yihai Kerry Oils and Foodstuffs Co. Ltd. (Jiangxi, China). SK was
pretreated with NaOH and the saponified SK was dried for 24 h at
105 °C under vacuum prior to the experiments. After desiccation, SK
was crumbled and filtrated through a mesh size of 80. The proximate
and ultimate analysis of BS have been reported in our previous paper
(Wang et al., 2018). The SK powder contains 62.75 wt.% C, 10.05 wt.%
H, 10.38 wt.% O, 16.82 wt.% ash.

2.2. Preparation of pretreated bamboo sawdust

The preparation of pretreated bamboo sawdust was carried out in a
microwave digestion device (MDS-6G, SINEO Microwave Chemistry
Technology Co., Ltd.). The pretreatment parameter mainly contained
microwave temperature (100–200 °C), time (30–90min), acid hydro-
chloric concentration (0.5–1.5M). Details of pretreatment steps were
described in our previous study (Wang et al., 2018).

2.3. Reaction system

Fast pyrolysis was conducted in a MAX-II microwave oven (CEM,
Corporation), the power and frequency were 1000W and 2450MHz,
respectively. The reaction system is explained in a previous study (Duan
et al., 2018b). Before the experiment, approximately 800 g SiC particles
(30-grit) were loaded at the bottom of a quartz beaker to provide a
microwave-absorbent bed to keep the temperature high at a rate of
40 °C to 50 °C/min. Before pyrolysis, air was purged from the system by

vacuuming at 100mmHg for 15min to keep an inert atmosphere.
Pyrolysis temperature was set to 500 °C and then the microwave oven
was turned on. The K-type thermocouple was used to measure the
temperature of SiC bed. When the microwave-absorbent bed reached
the set temperature, a 10 g mixture of pretreated bamboo and soapstock
(bamboo/soapstock ratio was 1:2, w/w) was added into the reactor
through the feeder. Pyrolysis vapor was sent to the condenser and was
converted into liquid as bio-oil fraction, which was then weighed di-
rectly. The solid product was collected as char fraction, which was
calculated as the weight difference of the reactor with and without the
char. Moreover, the gas was calculated by the mass balance. The un-
treated bamboo or soapstock was used as controls.

2.4. Components of bio-oil analysis

After filtering through a 0.22-μm organic syringe membrane, the
major components of the bio-oil were analyzed by GC/MS (7890B-
7000D, Agilent Corporation) equipped with a HP-PONA column
(50m×200 μm×0.5 μm). The column temperature was maintained
at 45 °C for 5min and then raised to 240 °C at a rate of 5 °C/min, which
was maintained for 8min. The injector temperature was 280 °C. The
sample size was 1 μL, the split ratio was 50:1. Helium was selected as
the carrier gas and was introduced at a rate of 1mL/min. The chemical
components were recognized by comparing their spectrograms with
those from the NIST data library. The relative content of every com-
ponent in the bio-oil by calculating the chromatographic area percen-
tage.

3. Results and discussion

3.1. Effect of pretreatment temperatures on product yields and components
in bio-oil

Fig. 1 shows the yields of products and major components of bio-oil
obtained at various pretreatment temperatures (0 °C, 100 °C, 150 °C,
and 200 °C). The constant irradiation time was 60min and the con-
centration of hydrochloric acid was 0.5M. The mixture of untreated BS
and SK sample was labeled BK; and the feedstocks of SK and micro-
wave-pretreated BS at 100 °C, 150 °C, and 200 °C were labeled BK100,
BK150, and BK200, respectively. As shown in Fig. 1 (a), pretreatment
temperature greatly influenced product yields from co-pyrolysis of
pretreated BS and SK. The bio-oil yield from co-pyrolysis BK was
33.89 wt.% and was higher than that from pyrolysis BS (30.95 wt.%). In
the meantime, the char yield for BK (21.88 wt.%) was lower than that
from BS (23.29 wt.%). This may be due to the addition of SK during
pyrolysis BK process. It reported that some oxygenates during pyrolysis
easily broke SK and resulted in the increase in bio-oil and decrease in
char yield (Zhang et al., 2013). The bio-oil yield from co-pyrolysis of
pretreated BS and SK increased significantly with increasing pretreat-
ment temperature. The char yield showed an opposite trend and
achieved a minimum value of 13.80 wt.% at a pretreatment tempera-
ture of 200 °C. This can be linked to the microwave-assisted acid pre-
treatment being conducive to reducing the ash and inorganics in the
biomass. The reduction of ash and inorganics are beneficial for in-
creasing the bio-oil yield and suppressing the char yield (Asadieraghi &
Daud, 2014; Cuvilas & Yang, 2012; Mosier et al., 2005). However, al-
most no increase was seen in bio-oil yield between BK150 and BK200,
and this may be due to the excessive ash removal secondary to the
elevated pretreatment temperature, which was not conducive to in-
creasing the bio-oil yield (Das et al., 2004). This agreed with our pre-
vious study, in which the ash content was only 0.16 wt.% at a pre-
treatment temperature of 200 °C (Wang et al., 2018).

The major components of bio-oil were classified into five groups,
namely, aliphatics, aromatics, phenols, and others. Among of them, C5-
C12 aliphatics and aromatics can be regarded as the gasoline fraction
and C12+ aliphatics can be regarded as the materials of diesel fraction
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