
The burning of fossil fuels poses many threats to the 
environment, affecting land, air, and water compo-
nents [1]. As a result, the demand for alternative re-

newable energy, i.e., biomass, has increased significantly 
in past years [2]. The biomass energy can be in the form of 
bioethanol, biodiesel, and bio-oil [1-3].  Bio-oil production 
is pivotal, as this liquid synthetic fuel can be a source of 
valuable chemicals. The most commonly used method for 
extracting bio-oil is pyrolysis [4]. However, its scalability is 
hampered by high energy costs due to elevated tempera-
ture requirements. In addition, it produces lots of by-prod-
ucts, including biochar, gas, and tar. 

To address the shortcomings of pyrolysis, new methods 
are being introduced, one of which is the use of molten 
citric acid [5]. This method does not utilize potent inorgan-
ic compounds and does not require harsh conditions. More-

over, no by-products are formed [6]. Through this system, 
the use of Bronsted acid allows the conversion of cellulos-
ic materials into furan-based compounds. The furan-based 
compounds are useful in industry, specifically for the pro-
duction of biofuels, adsorbents, coatings, bio-pesticides, 
and polymers [4]. Furanic compounds can be manipulated 
or directly used for crucial processes. For instance, the de-
hydration of C6 carbohydrates can form 5-hydroxymethyl-
furfural (HMF) [7]. The HMF is considered a vital biorefin-
ery building block, since this compound is crucial for 
synthesizing several valuable chemical intermediates and 
liquid fuels [5,6]. 

Given these advantages, this new process has gained 
interest in recent years [5]. Previous studies focused on the 
production of furanic bio-oil from timber biomass, grass 
biomass, agricultural residues, and some algae. Specifi-
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ABSTRACT: The burning of fossil fuels poses many threats to the environment. These predicaments have led to 
a continuous search for alternative sources and production of energy, and biomass is considered the most abundant 
renewable energy source. 

In this study, the potential to produce furanic bio-oil from the cellulose of Bambusa vulgaris was explored. The 
proximate chemical analysis of bamboo was determined using TAPPI Standards. Cellulose was isolated through 
dewaxing, delignification, and alkaline treatments. The furanic bio-oil was produced by mixing cellulose and citric 
acid in a solvent-free environment. The effects of the digestion time (120 min, 180 min, and 240 min) on the yield and 
characteristics were determined. The chemical compositions were determined using Fourier transform infrared 
(FTIR) spectroscopy and gas chromatography-mass spectrometry (GCMS). 

B. vulgaris has the following chemical composition: alpha-cellulose (57.42 ± 0.40), holocellulose (78.84 ± 0.52), lig-
nin (28.85 ± 0.17), hot water extractives (3.99 ± 0.08), organic extractives (0.77 ± 0.04), ash (4.67 ± 0.02), and moisture 
(12.98 ± 0.22). The bio-oil yield was affected by the digestion time. The highest yield was obtained at 180 min, fol-
lowed by 120 min, and 240 min with 88.59%, 59.28%, and 49.96%, respectively. The peaks in the FTIR spectra corre-
sponded to the compounds determined by the GCMS analysis. The dominant chemicals were furans (29.19%), 
ketones (26.31%), and carboxylic acids (19.26%). The bio-oil obtained at 180-min digestion time has the following 
properties: sulfur content (0.032 wt%), kinematic viscosity (1.03 mm2/s), specific gravity (0.925), copper corrosion test 
(No. 1a), pH (2.753), and water content (not detected). Overall, the obtained values from the properties and chemical 
characterization can be the basis for investigating its performance for biofuel production and utilization. This study is 
aligned with the Bamboo Industry’s Strategic Science and Technology Plan for the Philippines to develop other val-
ue-added products from bamboo and to achieve Sustainable Development Goal 7 (SDG 7) as determined by the 
United Nations.

	 Application: This study explores the production of furanic bio-oil using a relatively new process. It offers an 
alternative option that uses readily available chemicals and does not require very high energy. This can be replicated 
in the laboratory and scaled-up. Other biomass can be explored. The product can be used as an alternative or as an 
additive to fossil fuels once a complete characterization has been done. 
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cally, sugarcane bagasse, softwood and hardwood species 
(i.e., pine and maple), and rice straw were common feed-
stocks used to produce and characterize furanic bio-oil 
[8,9]. The production of furanic bio-oil from bamboo using 
an open system in a solvent-free environment has yet to be 
studied, and the application of furanic bio-oil from bamboo 
is limited. There are approximately 1400 species of bamboo 
in the world [10]. Bamboos are fast-growing and can be 
harvested after 3–5 years. 

To achieve the full potential of furanic bio-oil, it is im-
portant to ascertain the amount and nature of its chemical 
composition. This will pave the way for the synthesis of 
various valuable chemical intermediates and liquid fuels 
that may benefit the petrochemical industry, the transport 
sector, and other related sectors. The furanic bio-oil extrac-
tion from bamboo biomass is aligned with the Bamboo 
Industry Strategic Science and Technology Plan of the Phil-
ippines and is consistent with Sustainable Development 
Goals (SDGs) of the United Nations.

METHODOLOGY
Figure 1 provides a schematic flow diagram of the meth-
ods. The sample preparation, proximate chemical analysis, 
and production of bio-oil were done at the Department of 
Forest Products and Paper Science, College of Forestry and 
Natural Resources, University of the Philippines Los Baños. 
The characterization of the bio-oil was done in the labora-
tories of the Standards and Testing Division, Industrial Tech-
nology Development Institute (STD, ITDI), Advanced Device 
and Materials Testing Laboratory (ADMATEL) of the Depart-
ment of Science and Technology and (DOST), the Energy 
Research and Laboratory Testing Services of the Department 
of Energy (ERLTS, DOE), and the Central Instrumentation 
Facility of the De La Salle University (CIF, DLSU).

Sample collection and preparation
Healthy mature poles of B. vulgaris were collected from 
the Bambusetum located at the Los Baños Experimental 
Station of the Ecosystem Research and Development Bu-
reau of the Department of Environment and Natural Re-
sources (ERDB-DENR) in the Mt. Makiling Forest Reserve, 
Los Baños, Laguna, Philippines. The skin and nodes of the 
bamboo poles were removed. The poles were reduced to 
chips and were then subjected to hammer milling. The par-
ticle size was reduced to powder using a Wiley mill, fol-
lowed by manual sieving.

Proximate chemical analysis
The amounts of water, ash, cyclohexane-ethanol extractives, 
hot water extractives, alpha-cellulose, and lignin of B. vul-
garis were determined following TAPPI Standard Test Meth-
ods, as shown in Table I. The holocellulose content was 
measured using a modified chlorite method [11]. The proxi-
mate chemical analysis was performed with three replicates.

Production and isolation of cellulose from  
B. vulgaris

Dewaxing of bamboo flour
Two-hundred grams (200 g) of bamboo flour was weighed 
and placed into a macro-soxhlet extractor containing 2800 
mL cyclohexane-ethanol (2:1 v/v) solution. The extraction 
ran for 6 h with a constant temperature of 75°C. The de-
waxed sample was washed with hot distilled water (dH2O) 
several times to remove the organic solvents. It was then 
dried in the oven set at 70°C for 24 h. 

Delignification of bamboo flour
Thirty grams (30 g) of dewaxed bamboo was subjected to 
2 h digestion with solvent containing 82.3 g of 35 wt% hy-

1. Schematic diagram of the production, extraction, and characterization of furanic bio-oil from bamboo (FTIR: Fourier transform 
infrared [spectroscopy]; GCMS: gas chromatography-mass spectrometry).
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drogen peroxide (H2O2) and 106.2 g of 99.8 wt% acetic acid 
(CH3COOH) with 0.5 grams of titanium (IV) oxide (TiO2). 
The temperature was maintained at 130°C. The sample was 
washed with methanol until the filtrate became colorless. It 
was then dried in an oven set at 70°C for 24 h.

Alkaline treatment of bamboo flour
The sample was then digested with 300 mL of 6 wt%  
sodium hydroxide (NaOH). The mixture was heated at 80°C 
for 2 h with constant stirring. The digestion continued for 
another 6 h without heat. The sample was filtered and washed 
with dH2O via suction filtration and was air-dried for 36 h.

Production of furanic bio-oil
Equivalent amounts (5 g) of alkali-treated cellulose and cit-
ric acid were mixed in a large test tube. This was done in 
triplicates. The samples were heated in a hot oil bath set at 
155°C at varying reaction times (120 min, 180 min, and 240 
min). After each cooking time, 60 mL of acetone was added. 
The suspended particles were filtered using a sintered 
glass. An additional 60 mL of acetone was used to wash the 
citrated cellulose. The volume of the collected liquid was 
reduced in a rotary evaporator to collect the furanic bio-oil. 
The furanic bio-oil yield was calculated using the following 
equation:

                                           (1)

where Voloil is the amount of furanic bio-oil (mL); mcellulose 
is the mass of cellulose (g); and mCA is the mass of citric 
acid (g).

Determination of furanic bio-oil properties	
The effects of the digestion time on the properties of fu-
ranic bio-oil were determined. The tests included copper 
corrosion, kinematic viscosity, specific gravity, pH, and 
water content. The values were compared with published 
literature that used pyrolysis.

Copper corrosion test
The produced furanic bio-oil was subjected to this laboratory 
analysis to determine its corrosiveness for 3 h at 40°C. The 
test method followed ASTM D130 “Standard test method for 
corrosiveness to copper from petroleum products by copper 
strip test” by immersing the polished copper strip into a 100 
mL furanic bio-oil and heating it to 50°C for 3 h. The appear-
ance of the color and tarnish of the copper strip was assessed 
based on the copper strip classification for petroleum prod-
ucts, as may be seen in Table II.
 
Kinematic viscosity
The viscosity value of the produced furanic bio-oil was de-
termined following ASTM D445 “Standard test method for 
kinematic viscosity of transparent and opaque liquids (and 
calculation of dynamic viscosity).” The sample (200 mL) was 
flown under gravity through the capillary of a calibrated 
viscometer under a reproducible driving head at 40°C.

Specific gravity
The specific gravity was measured following the ASTM 
D1298 “Standard test method for density, relative density, 
or API gravity of crude petroleum and liquid petroleum 
products by hydrometer method.” A 500 mL sample was 
brought to a specified temperature of 15°C and the test por-
tion was transferred to a hydrometer cylinder with the same 
temperature. The hydrometer and thermometer are low-
ered, and once the equilibrium is reached, the hydrometer 
scale is read, as well as the temperature. 

pH value
The pH value was measured using a pH probe with a dig-
ital meter with a calibrated temperature of 29°C.

Sulfur content
The sulfur content was measured using ASTM D7039 “Stan-
dard test method for sulfur in gasoline, diesel fuel, jet fuel, 
kerosine, biodiesel, biodiesel blends, and gasoline-ethanol 
blends by monochromatic wavelength dispersive X-ray flu-

Parameter
TAPPI Standard  

Test Method
Description

Moisture content T 264 om-07 “Preparation of wood for chemical analysis”

Ash content T 211 om-02 “Ash in wood, pulp, paper and paperboard: combustion at 525°C”

Organic extractives  
(cyclohexane-ethanol solubility)

T 204 om-07 “Solvent extractives of wood and pulp”

Hot water extractives T 207 om-08 “Water solubility of wood and pulp”

Lignin content T 222 om-02 “Acid-insoluble lignin in wood and pulp”

Alpha-cellulose content T 203 om-09 “Alpha-, beta- and gamma-cellulose in pulp”

I. TAPPI Standard Test Methods for proximate chemical analysis of B. vulgaris.
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orescence spectrometry,” wherein a small amount of furanic 
bio-oil was taken. The sample was subjected to monochro-
matic, wavelength-dispersive X-ray fluorescence (MWDXRF) 
spectroscopy to determine the amount of sulfur in parts per 
million (ppm).

Water content
The water content of furanic bio-oil was determined using 
ASTM E203 “Standard test method for water using volumet-
ric Karl Fischer titration.” The sample was subjected to 
volumetric Karl Fischer titration to measure the free water 
and water of hydration in the furanic bio-oil. 

Determination of furanic bio-oil chemical  
composition

The chemical composition of furanic bio-oil was deter-
mined using Fourier transform infrared (FTIR) spectros-
copy and gas chromatography-mass spectrometry (GCMS) 
analysis. For FTIR, all of the samples were subjected to 
testing. The spectra were identified using the PerkinElmer 
Frontier FTIR spectrometer (PerkinElmer; Waltham, MA, 
USA) equipped with attenuated total reflectance (ATR). The 
absorption frequency spectra range from 4000 cm-1 to 600 
cm-1 with 20 scans. The identity of the peaks was deter-
mined using published references. 

Only the treatment that had the highest yield was sub-
jected to GCMS analysis using an Agilent 8890 gas chro-
matograph (GC) system (Agilent Technologies; Santa Clara, 
CA, USA) coupled to an Agilent 5977B mass selective detec-
tor (MSD). The column used was an Agilent HP-5MS col-
umn with a length of 30 m, inner diameter of 0.25 mm, and  
film thickness of 0.25 µm. Helium gas (99.99%) was used 

as the carrier gas at a constant flow rate of 1 mL/min. The 
over-temperature was programmed from 35°C to 300°C at 
a heating rate of 25°C/min from 35°C to 125°C, and 7°C/
min from 125°C to 300°C. The following operational condi-
tions were used: MS ionization mode of 70 eV, acquisition 
mode through scanning, and mass range of 30 amu to 500 
amu. The data processing and identification of peaks were 
done using an Agilent MassHunter Qualitative Analysis 
10.00 and the NIST MS Search v2.3 database (National In-
stitute of Standards and Technology; Gaithersburg, MD, 
USA), respectively. 

RESULTS AND DISCUSSION
Proximate chemical analysis

The proximate chemical composition of B. vulgaris is pre-
sented in Table III.

Moisture content
B. vulgaris has an average moisture content of 12.73%. The 
typical %MC in tropical countries is between 10% and 15% 
[12]. The varying values can be attributed to the hygroscop-
icity of the material. The innate variability between sam-
ples of the same species can be attributed to the growth 
characteristics, weather conditions, and humidity in the 
area as well as the portion where the samples were ob-
tained [13,14]. 

Ash content	
The amount of inorganic components of B. vulgaris was 
4.67%. This is higher than the value reported in [15] at 2.4%. 
In the same report, it was mentioned that B. vulgaris has 
the lowest percentage ash in comparison with other bam-

Classification Designation Description

Freshly 
Polished Strip

 

1
Slight tarnish

a.	  Light orange, almost the same as a freshly polished strip

b.  Dark orange

2

 

 

 

 

Moderate tarnish a. Claret red

… b. Lavender

… c. 	Multicolored with lavender blue or silver, or both, overlaid on claret red

… d. Silvery

… e. Brassy or gold

3

 

Dark tarnish a.	 Magenta overcast on brassy strip

… b.	 Multicolored with red and green showing (peacock), but no gray

4

 

 

Corrosion a.	 Transparent black, dark gray, or brown with peacock green barely showing

… b. Graphite or lusterless black

… c. Glossy or jet black

II. Copper strip classification for petroleum products.
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boo species grown in the Philippines. The ash content may 
vary with the height of the bamboo pole and the season 
when it was collected. The typical minerals contained in 
the ash are calcium, potassium, sodium, magnesium, man-
ganese, and phosphorus.

Extractives content 
The amounts of cyclohexane-ethanol- and water-extractable 
materials were 0.77% and 3.99%, respectively. The values 
obtained were lower compared to those reported in other 
research [16,17]. The low organic extractive content indicates 
that the bamboo culm had fewer organic substances, such 
as phenolics, and flavonoids, while the higher value for 
water-soluble extractives indicates B. vulgaris had more tan-
nins, gums, low molecular weight carbohydrates, dyes, and 
starch [16].  The organic extractives of B. vulgaris range from 
0% to 5%, depending on the conditions of species, age, cli-
mate, and harvesting time [14,16]. The chemical composition 
of cell wall structures influences organic extractives, since 
bamboo fibers are suspended in a soft matrix mostly con-
sisting of lignin and hemicelluloses. 

Lignin content
B. vulgaris contains 28.85% lignin, which is higher com-
pared to other research [15,16]. The variation in lignin con-
tent is attributed to the maturity of the bamboo and the 
portion of the bamboo sample.  At a young age, the amount 
of bamboo decreases from bottom to top, which is reversed 
for mature ones [16,17]. Moreover, the top portion has a 
thicker middle lamella layer where the highest concentra-
tion of lignin can be found [18].

Holocellulose content
The amount of holocellulose in B. vulgaris was 78.84%. As 
with the other chemical components, the amount of holo-
cellulose varies with the age and the portion of the bamboo 
sample. The top portion of young bamboo showed the 
highest percentage of holocellulose while the lowest per-
centage was at the top of mature bamboo [16]. This can be 
attributed to the anatomical structure of the top portion of 
young B. vulgaris that may have thickened the S1 layer 
from the secondary wall and is rich in sugar content on 
vascular bundles compared to the other portion, which is 
believed to have contained lots of holocellulose [16,19].

Alpha-cellulose content
The amount of alpha-cellulose obtained from B. vulgaris 
was 57.42%. This accounts for 78.84% of the total holocel-
lulose content. The amount of alpha-cellulose in mature  
B. vulgaris was reported to be higher than in young ones 
at 58.50% and 52.93%, respectively [16]. In young B. vul-
garis, alpha-cellulose increases with height while the high-
est value is at the middle portion in mature poles. It may 
be due to the anatomical structure, whereby the middle 
portion of mature age from B. vulgaris had a larger fiber 
size and length in the culm of the bamboo species [16,19].

Yield of furanic bio-oil
The amount of furanic bio-oil produced was affected by 

Chemical  
Composition

Average Values,
%

Moisture content 12.98 ± 0.22

Ash content 4.67 ± 0.02

Organic extractives 0.77 ± 0.04

Hot water extractives 3.99 ± 0.08

Lignin content 28.85 ± 0.17

Holocellulose content 78.84 ± 0.52

Alpha-cellulose content 57.42 ± 0.40

III. The proximate chemical composition of B. vulgaris.

2. Average yield of furanic bio-oil with corresponding standard error.
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the length of time the cellulose was digested with citric 
acid, as shown in Fig. 2. The highest amount of furanic 
bio-oil was obtained from cellulose digested for 180 min 
followed by 120 min and 240 min at 88.59%, 59.28%, and 
49.96%, respectively.  The results were similar to the work 
of other researchers [5]. At 180 min, most of the cellulose 
has been depolymerized into glucose units and further de-
hydrated into furans. This was not achieved at 120 min 
since the cooking time was enough to break down the cel-
lulose into glucose units. However, the yield declined after 
180 min due to significant oxidation occurring within the 
furan-based compounds. The prolonged cooking time in-
creased the oxidation and volatility of the furanic com-
pounds, leading to the uncontrolled decomposition of or-
ganic compounds [5,20,21].

Furanic bio-oil is produced following the principles of 
hydrolysis and esterification. Cellulose hydrolysis occurs 
due to citric acid interacting with the glycosidic bonds of 
the cellulose chains and the oxygen in the pyranose rings 
[5]. The isolated cellulose is depolymerized to glucose units 
with the help of traces of water and the acids present in the 
carboxylic groups of citric acid. Furthermore, the traces of 
water present in the reaction are due to the open system 
conditions of the setup [5]. Once the glucose is formed, it 
reduces quickly due to the open system condition mecha-
nism by losing three molecules of water, producing furan-
rich bio-oil. 

Once the furan-rich compound is produced, this can 
initiate a sequence of oxidation reactions that produce 
other furan compounds. The formation of moieties in car-
boxylic acids during the oxidation to furan compounds is 
confirmed by measuring the pH value of the compounds.

Properties of furanic bio-oil	
The properties of furanic bio-oil are presented in  
Table IV. The furanic bio-oil obtained at 180-min diges-
tion time had the highest kinematic viscosity at 1.03 mm2/s. 
This was significantly higher than those produced at 120 
min and 240 min at 0.367 mm2/s and 0.368 mm2/s, respec-

tively. Compared with other species, the obtained values 
were lower. The kinematic viscosity of oil produced from 
thorny bamboo and long-branch bamboo via pyrolysis 
were 8.72 mm2/s and 7.52 mm2/s, respectively. The values 
for bamboo, however, were lower than that of rice husk at 
13.2 mm2/s [22]. Kinematic viscosity is the ability of the 
liquid to resist when flowing. Lower kinematic viscosity 
values could improve fuel economy, since it would reduce 
greenhouse gas emissions [23]. Therefore, using furan-
based bio-oil from bamboo would be more efficient and 
environmentally friendly. 

The bio-oil produced after 180 min had a specific grav-
ity of 0.925. This is higher compared to the ones produced 
at 120 min and 240 min at identical values of 0.794. In com-
parison, pyrolyzed bio-oil from thorny bamboo and long-
branch bamboo were higher at 1.14 and 1.13, respectively. 
The specific gravity of bio-oil from rice husk is 1.14 [22]. 

In contrast to the commercially available diesel pro-
duced in the market, the achieved value for the 180-min 
furanic bio-oil is comparatively higher. Reported specific 
gravity values of the commercial automotive No. 2 diesel 
range from 0.820 to 0.860 [24]. The specific gravity indicates 
the energy value of the oil. Based on the values obtained, 
furan-based bio-oil has higher energy capacity compared 
to conventional fuels [25]. 

The sulfur concentration of furanic bio-oil ranged from 
0.032% to 0.033%, which is similar to the findings obtained 
from the rice husks at 0.03% [22]. A lower concentration of 
sulfur imposes a positive trait since the sulfur content in-
dicates the approximate amount of hazardous sulfur diox-
ide during the combustion process [22,25,26].

No water was detected in the produced bio-oil, regard-
less of the digestion time. In comparison, the water content 
of bio-oil obtained from pyrolysis of thorny bamboo, long-
branch bamboo, and rice husk were 40.4%, 37.0%, and 
28.0%, respectively [22]. The furanic bio-oil produced does 
not contain any moisture due to the nature of the process 
employed. Note that the process involved a solvent-free 
condition. Water content in furanic bio-oil can be attributed 

Parameters, 
unit

Furanic Bio-oil

120 min 180 min 240 min

S, wt% 0.033 0.032 0.032

Kinematic viscosity at 40°C, mm2/s 0.367 1.03 0.368

Specific gravity at 15°C 0.794 0.925 0.794

Copper corrosion test at 50°C for 3 h No. 1a* No. 1a* No. 1a*

pH value 2.75 2.753 2.76

Water content Not detected Not detected Not detected

*Light orange (see Table II, No. 1a); almost the same as freshly polished strip.

IV. Properties of furanic bio-oil.
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to the moisture of the biomass used and the method ap-
plied during the process of extraction [25]. 

The presence of water in bio-oil can form a separate 
layer of the aqueous phase and organic phase, which 
causes problems for its application in industry [27]. More-
over, higher moisture content in biofuel or biodiesel can 
impose severe problems in its application, such as the ac-
cumulation and growth of microorganisms in fuel tanks 
and transportation equipment [25,27,28]. 

All the bio-oil produced at different digestion times re-
ceived a remark of No. 1a based on the copper corrosion 
test. This means that it can cause a slight tarnish to metal. 
In terms of the color appearance, a light orange was spec-
ified, which correlates to a freshly polished copper strip. 
The extracted furanic bio-oil is classified as non-corrosive 
as compared to other biodiesel or biofuel produced in the 
market. Biofuels can have drawbacks, as these products 
can cause metallic corrosion in some parts of the engine, 
such as fuel pumps, filter lines, and injectors [29]. The cor-
rosion of metal can be due to sulfur content, amount of 
water, and degree of acidity [30,31]. 

No significant differences were observed in the pH of 
the furanic bio-oils at ~2.75. The pH value of the furan-
based bio-oil can be influenced by various factors, such as 
the type of biomass used and the type of solvent used to 
extract the bio-oil [25]. The acidity of bio-oil can be reduced 
through the conversion of acids into esters through the 
process of esterification [31].

Chemical composition of furanic bio-oil
The chemical characterization of bio-oil is essential for the 
identification of important chemicals that can be the basis 
for further studies of furanic bio-oil.

Fourier transform infrared spectroscopy analysis
The IR spectra of furan-based bio-oil are summarized in 
Fig. 3. The peak assignments for the infrared spectra are 
summarized in Table V. The FTIR analysis is an analytical 
technique used in the characterization of functional groups 
in the bio-oil. The broad band of furan-based bio-oil be-
tween 3550 cm-1 and 3000 cm-1 denotes the presence of 
carboxylic acid due to the presence of COO-H stretching. 
On the other hand, the frequency range at 3000 cm-1 and 
2840 cm-1 specifies the possibility of having carboxylic acid 
and alkane compounds with COO-H stretch and C-H 
stretch, respectively. 

Frequency ranges from 2840 cm-1 and 2500 cm-1, 1800 
cm-1 and 1650 cm-1, 1440 cm-1 and 1210 cm-1, and 906 cm-1 

and 880 cm-1 show the possible presence of carboxylic 
acid, aldehydes, and ketones, with the identified bonds of 
COO-H stretch, C=O stretch, and OC-OH stretch/C-OH 
stretch. Intense peaks were observed at 1700 cm-1 and 1760 
cm-1 [5,32].

The peaks at 1220 cm-1 and 960 cm--1 and the range of 
770 cm-1 and 720 cm-1 indicate the presence of alkanes with 
C-H skeletal vibrations. Furans may be present, as indi-
cated by the peak at 960 cm-1 and 730 cm-1 and the peak 
at 1220 cm-1 and 1025 cm-1, which correspond to C-H bend-
ing vibrations and =C-O-C= stretching vibrations in the 
furan ring, respectively [5,32].

As the reaction time increases, the IR spectra of bio-oil 
show interesting changes. Peaks at 1220 cm-1 at 180-min 
and 240-min are sharper and more intense peaks com-
pared to the 120-min reaction time. The same can be ob-
served at 1720 cm-1. The relative increase could indicate 
stronger carboxylation, esterification, and oxidation, simi-
lar to the findings of other researchers [5,21].

3. The FTIR spectra of furanic bio-oil at different reaction times.
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Gas chromatography-mass spectrometry analysis
The GCMS was used to determine the relative composition 
of organic compounds in the bio-oil produced at 180 min. 
Over 70 compounds were detected in the mass spectrom-
etry (Table VI). The major compounds are furans, ketones, 
and carboxylic acids at 28.19%, 26.31%, and 19.26%, respec-
tively (Fig. 4). 

The high concentration of furan compounds can be at-
tributed to the polymerization brought about by citric acid 
acting as a Bronsted catalyst coupled with prolonged reac-
tion time [32]. During the digestion process, cellulose was 
depolymerized to glucose units by traces of water and acid-
ic carboxylic groups. This was followed by dehydration. 
The loss of three molecules of water gives rise to the for-
mation of different furan compounds [5]. The innate struc-
ture of furfural causes a high probability of its polymeriza-
tion. Some of the furanic derivative compounds identified 
in the furanic bio-oil are 3-methyl-2,5-furandione, dihydro-
3-methylene-2,5-furandione, 3-methyl-4-propyl-2,5-furan-
dione, and trans-2-(2-pentyl)furan.

Ketonic compounds, on the other hand, were formed 
due to the presence of acetone used in the extraction of the 
furanic bio-oil. Derivatives of ketone, i.e., methyl ethyl ke-

Frequencies,
cm-1

Structure/Compound 
Type

Bonds

Standard Group 
Frequencies

Furanic Bio-oil

120 min 180 min 240 min

3350–3000 3444.03 3425.00 3448.80 Carboxylic acid COO-H stretch

3000–2840 2928.57 2928.57 2929.75

Carboxylic acid COO-H stretch

Alkane C-H stretch

2840–2500 2603.57 2603.57 2603.57

Carboxylic acid, 
Ketones, Furans

COO-H stretch

1800–1650
1764.31 1763.14 1764.58

C=O stretch
1699.22 1705.61 1703.55

1440–1210

1417.19 1416.80 1418.86

OC-OH stretch/C-OH 
bend

1363.99 1361.68 1361.74

1274.14 1272.35 1274.14

1227.77 1221.07 1223.57

1210–960

1188.53 1177.83 1177.83

Furans, Alkane
C-H skeletal vibration

1092.70 1094.01 1092.48

1028.02 1024.45 1026.24

960–880 910.65 908.10 910.73
Carboxylic acid, 

Furans
OC-OH bend

770–720 734.20 733.27 733.96 Alkane, Furans C-H skeletal vibration

V. Peak assignments in the infrared spectra of furanic bio-oil.

VI. The proportions of individual-compound functional groups of 
the 180-min produced furanic bio-oil.

No. Functional Group/
Organic Compound

Relative 
Composition,  

%

1 Furans 28.19

2 Ketone 26.31

3 Carboxylic acid 19.26

4 Fatty acids 7.50

5 Ester 6.44

6 Amine 3.87

7 Carbohydrates 2.22

8 Sulfhydryl 1.72

9 Alcohol 1.54

10 Aldehyde 0.95

11 Sesquiterpenoids 0.59

12 Alkyl halides 0.55

13 Acid anhydride 0.32

14 Diazo 0.31

15 Alkane 0.21
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tones (MEKs), are the main ingredients in fuel production 
[33]. Some of the ketonic compounds identified in the mass 
spectrometry are 2-methylidenecyclohexan-1-one, 3-meth-
yl-4-penten-2-one, 4-penten-2-one, 6-methoxy chroma-
none, and 3-methylene-1-oxaspiro(3.5)nonan-2-one. Car-
boxylic acid and its derivatives were formed as a result of 
prolonged reaction time. Once the furan compounds are 
formed, several of them commence a sequence of consecu-
tive oxidation reactions, leading to the formation of carbox-
ylic moieties [5].

Other organic compounds present in the furanic bio-oil 
are fatty acids (7.50%), esters (6.44%), amines (3.87%), carbo-
hydrates (2.22%), sulfhydryl (1.72%), alcohol (1.54%), aldehyde 
(0.95%), sesquiterpenoids (0.59%), alkyl halides (0.55%), acid 
anhydride (0.32%), diazo (0.31%), and alkane (0.21%).

Differences in the chemical composition of feedstocks 
and process conditions will result in variations in the rela-
tive amounts of compounds formed during digestion. Car-
boxylic acid, furans, and ketones were identified in various 
pyrolyzed feedstocks, with average values of 20%, 17%, and 
15%, respectively [34]. The relative amounts of ketones, car-
boxylic acids, and furans in thorny bamboo were 29.51%, 
22.59%, and 10.08%, respectively [35].  The same group re-
ported that the proportions of the same compounds in 
long-branch bamboo were 19.83%, 11.72%, and 8.94%.

CONCLUSION
Bambusa vulgaris contains a relatively high amount of 
cellulose at 57.82%. The cellulose was digested with citric 
acid in a solvent-free environment to form bio-oil after 
washing with acetone. The effects of varying digestion 
time on the yield and properties of the bio-oil were deter-

mined. The highest yield was obtained at 180 min, fol-
lowed by 120 min and then 240 min at 88.58%, 59.27%, 
and 49.96%, respectively. 

The bio-oil has the following characteristics: sulfur con-
tent (0.032% to 0.033%); kinematic viscosity (0.367 mm2/s to 
1.03 mm2/s); specific gravity (0.794 to 0.925); pH (2.75 to 
2.76); water content (0%); and copper corrosion test rating 
(No. 1a). The FTIR analysis suggested the presence of car-
boxylic acids, furans, and ketones, along with aldehydes  
and alkanes. The GCMS analysis revealed that the dominant 
compounds in the bio-oil digested at 180 min were furans 
(29.19%), ketones (26.31%), and carboxylic acids (19.26%).  

Due to the presence of these compounds and owing to 
its properties, furanic bio-oil from B. vulgaris produced via 
citric acid digestion in an open system can be a potential 
replacement for conventional fuels or as additives in the 
refining process of petroleum products. TJ
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4. Total ion chromatogram for the 180-min produced furanic bio-oil (B. vulgaris) at 300°C.
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