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Abstract
Waste lignocellulosic biomass obtained from the dry plant matter is the most abundantly available resource for the production
of biofuels, and biochar. The invasive weed tree of Prosopis juliflora was employed as feedstock for the extraction process,
which converts biomass into biogas, bio-oil, and biochar in the presence of subcritical water at high temperatures (250 °C to 374 °C)
and pressures (4-22 MPa). The extraction process was performed inside a 50 ml stainless steel hydrothermal reactor with 3.5 g of
feedstock and varying process parameters such as temperatures (250–325 °C) and reaction time (30–120 min) and biomass to water
loading (10–30 % w/v). The response surface methodology was employed to optimize the parameters for maximizing the bio-oil yield
under subcritical condition using Design Expert 8.0.7.1 software. The % yield of bio-oil and biochar during this process were taken
as responses. The biomass and bio-oil were characterized using proximate and ultimate elemental analysis, thermogravimetric
analysis, and gas-chromatography mass spectroscopy. The results showed that the maximal yield of bio-oil 3.65 % was obtained at
a temperature of 277.62 °C, reaction time 59.98 min and biomass to water loading 20.13 % w/v. The resulted bio-oil was found to
contain long-chain alkanes, ketones, carboxylic acids, amines, and phenols.
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1 Introduction
Prosopis juliflora is a shrub or small tree in the family Fabaceae. It is native to Mexico, South America and
the Caribbean [1]. It grows to a height of up to 12 m;
trunk diameter of up to 1.2 m and deciduous, bi-pinnate, light green, compounded leaves with 12 to 20
leaflets shown in Fig. 1 (a). The flowers are in 5–10 cm
long clusters of green-yellow cylindrical spikes at the
ends of branches. Pods are 20 to 30 cm long and contain
between 10–30 seeds per pod as shown in Fig. 1 (b) [2].
Prosopis juliflora wood contains 66.20 % holocellulose
(47.50 % α-cellulose and 18.70 % pentosans), 29.10 %
Klason lignin, and 2.02 % ash [3]. Prosopis juliflora has
a hard exterior shown in Fig. 2 (a) that can adapt to any
drought conditions and has proven to be one of the best
firewood with very low moisture content of 7.3 % providing 4.952 kcal energy for cooking in most households

in Kenya, where over 80 % of the rural and urban population use firewood for cooking and heating [4]. The ultrastructure of Prosopis juliflora collected in Petrolina, State
of Pernambuco, Brazil (Figs. 2. (b)–(d)) shows that 18 %
of the total volume is occupied by vessels present in few
radial multiples of 3-4 and in clusters, with scant diffuse
apotracheal parenchyma cells upto 16 %, homogeneous
rays 18 %, and the rest is constituted by libriform, non-separate, often gelatinous fibrous tissue that extremely short
to short (620–1009–1228 μm); narrow, 10–13–18 μm in
diameter; walls very thick (1.5–2.5–4.5 μm) make it a
best-evolved species for arid conditions [5].
Prosopis juliflora once touted as a savior for firewood
of the drought-prone areas in the southern districts of
Tamil Nadu has now become a threat to the environmental system [6]. It is considered a noxious invader in several
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Fig. 1 Prosopis juliflora a) Tree b) Branch with seed pods

Fig. 2 Prosopis juliflora a) Bark b) Cross section at 50X
c) Radial sections at 50X d) Tangential section at 50X [5]

countries like Ethiopia, Hawaii, Sri Lanka, Jamaica,
Kenya, the Middle East, India, Nigeria, Sudan, Somalia,
Senegal and Southern Africa [7]. A mature plant produces
between one lakh to ten lakhs of seeds that remain viable
for up to 10 years. These seeds are spread by cattle and
other animals that consume the seed pods and spread the
seeds in their droppings [8]. It is very hard and expensive
to remove vast spreading plant as it can regenerate from the
roots. In Australia, Prosopis juliflora (mesquite) has colonized over 800,000 hectares of arable land, had severe economic and environmental impacts [9]. It also takes over
pastoral grasslands and uses scarce water. It was recorded
in 1960 that live roots and fibrous tissues of Prosopis juliflora were discovered at a depth of 53 meters (175 feet) at
an open-pit mine near Tucson, Arizona [10]. Livestock on
the consumption of excessive amounts of seed pods are
reported to be poisoned due to alkaloids causing neural
damage and degeneration of nerves of the mandibular and
trigeminal tissues [11]. It causes land erosion due to the
loss of the grasslands that are habitats for native plants and
animals. With its thorns and many low branches it forms
impenetrable thickets that prevent cattle from accessing
watering holes, etc. and also provides shelter for feral animals such as pigs and cats [12]. After clearing this invasive
species from the arid regions of Northern Cape Province
of South Africa, it is documented that 70 m3/ha of groundwater can be prevented from loss in a month [13]. This led
to the idea to use invasive Prosopis juliflora plant biomass
to meet the energy demand.

The rapid industrialization and day-by-day growth of
energy demand resulting in depletion of non-renewable fossil fuels, and an increase in environmental pollution led to the
search for alternate renewable, sustainable sources, and new
technologies [14]. Biomass-derived fuels have proved to be
the promising path with various routes available for its processing such as pyrolysis, trans-esterification, steam reforming, hydrothermal conversion, etc. [15–17]. Hydrothermal
processing is divided into three separate processes, namely:
hydrothermal carbonization (HTC), hydrothermal liquefaction (HTL) and hydrothermal gasification (HTG) depending
upon the severity of their operating conditions.
Hydrothermal liquefaction otherwise called Subcritical
Water Extraction (SCWE) of biomass is the thermochemical conversion of biomass into hydrocarbon fuel
like products by processing it in a hot, pressurized water
environment for sufficient time to break down the solid
bio-polymeric structure to mainly liquid components [18].
Typical extraction conditions are 250–374 °C of temperature and operating pressures from 4 to 22 MPa of pressure [19]. The process is meant to provide a means for
treating wet materials without drying and to access ionic
reaction conditions by maintaining a liquid water processing medium. SCWE has many favorable advantages
that other processes lack, where it results in high yield of
various chemicals like acids, alcohols, alkanes, alkenes,
aldehydes, ketones, esters, ethers, phenols, and other aromatic compounds with some amount of polymeric impurities [20]. There are few studies on the conversion of the
woody Prosopis juliflora biomass into bio-oil as separate
and in combination with hydrocarbon wastes namely:
combustion, gasification, torrefaction, microwave pyrolysis, co-thermal liquefaction, etc [21–26]. Here is an
attempt made to utilize finely powdered Prosopis juliflora waste biomass as feedstock and convert it effectively and profitably into fuels and fine chemicals through
subcritical water extraction. The response surface methodology is utilized to maximize the bio-oil yield during
subcritical water extraction.
2 Materials and methods
2.1 Materials
Prosopis juliflora woodcutting of diameter 3.5 cm
and length 30 cm was obtained from Thoppupalayam,
Perundurai, Tamil Nadu, India; it was compared and
identified by Dr. N. Anjanadevi, Department of Botany,
Vellalar College for Women, Erode, Tamil Nadu, India.
The branches and the spikes were removed from the exterior of the cutting using a blade. The size reduction of the
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wood cutting was performed using wood chipper for a size
of 5.08 cm × 5.08 cm with 2.54 cm thickness and dried in a
tray drier at 80 °C for 6 h using air velocity of 0.5 m/s [27].
The dried wood chips were grounded in pulverizer for getting a homogeneous particle size (0.5 mm to 1 mm) that
pass through ASTM standard # Mesh 18 and retained in
# Mesh 35 and stored in an airtight container.
2.2 Experimental procedure
2.2.1 Thermo-gravimetric analysis of feedstock
Thermogravimetric Analysis (TGA) of the dried powdered
feedstock was carried out in a Universal V4.5A Thermal
Analyzer Instrument coupled to a ThermoStar Balzers
quadrupole mass spectrometer. A small sample of 10 mg
was used to prevent heat and mass transfer limitations.
The ion source was operated at 70 eV. The analysis was performed under the inert gas atmosphere i.e argon with a flow
rate of 2 L h-1 at the heating rate 5 °C min-1 up to 800 °C for
30 min. The weight of the sample and the derivative weight
loss were continuously recorded along the experiment.
2.2.2 Proximate and Ultimate analysis
The proximate analysis (ash, volatile matter, moisture,
and fixed carbon) of feedstock and biochar samples were
carried out according to the TAPPI and ASTM standards. The dried sample taken in crucible without lid was
ignited at 525 ± 25 °C for 30–60 min in a muffle furnace
to determine percentage ash (TAPPI-T211om-02) [28].
The volatile matter of samples was measured using
ASTM-E872 by heating the dried sample to 950 ± 20 °C
for 7 min in the muffle furnace inside a covered crucible
and cooled in a desiccator. The percentage of moisture
was determined using TAPPI-T550om-08 by placing the
measured amount of sample in the hot air oven operated at
105 ± 2 °C for 1 h with free access of air [29]. Fixed Carbon
Content (FCC) was estimated using Eq. (1):
FCC ( % ) = 100 − ( %ash + %volatile + %moisture ) .

(1)

The elemental composition of the solid samples (C, H, and
N; O content by difference) were determined using CHN
Elemental analyzer (Elementar Vario EL III). The theoretical Higher Heating Value (HHV) in MJkg-1 was calculated using an empirical correlation developed by
Sheng and Azevedo [30]:
HHV = −1.3675 + 0.3137C + 0.7009H + 0.0318O.

(2)

Equation (2) is used to predict the HHV, where C, H, and
O, represent the weight percentages of carbon, hydrogen,
and oxygen in the sample, respectively [30].

2.2.3 Subcritical water extraction and Box-Behnken
design optimization
The dry powdered biomass of 3.5 g mixed with an appropriate amount of distilled water (10–30 %w/v) was loaded
into a 50 ml stainless steel hydrothermal reactor and was
sealed. The reactor was placed in a muffle furnace and
heated for a predetermined time under autogenous pressure for liquefaction temperatures 250 to 325 °C with
water as an auto-catalyst. After heating the reactor was
removed from the furnace and quenched rapidly in a cold
water bath to condense the bio-oil vapors. 30 mL of hexane
was added to the reaction product and mixed thoroughly
using a handheld electric blender. The resulting mixture
was filtered using a Wattman filter paper under vacuum;
both the filtrate that contains the leached out bio-oil and
the residual biochar were dried in an air oven at 103 ± 5 °C
to evaporate the excess solvent. The obtained bio-oil
and biochar were weighed separately and stored under
refrigeration under –2 °C for further testing. The biogas
and the incondensable products from the reactor are not
considered in the study. Bio-oil yield and biochar yield are
calculated as given in Eq. (3):
Yp =

mp
m0 − mw − mash

,

(3)

where Yp is the yield of product either bio-oil or biochar,
mp is the mass of bio-oil or biochar, m0 is the initial mass
of raw biomass taken, mw and mash are the mass of moisture
and ash in raw biomass respectively.
Response Surface Methodology (RSM) is a powerful tool that has been widely and successfully applied for
evaluating the effect of process variables and the optimization of various bioprocesses [31]. In this study, it was
used to optimize the effect of independent variables such
as temperature, reaction time and biomass to water loading on bio-oil and biochar yield using subcritical water
extraction. The experiments were based on 23 factorial
Box-Behnken Design (BBD) with three factors at three
levels and each independent variable was coded at levels
between -1, 0 and +1 corresponding to the lowest, middle
and highest level [32]. The RSM based optimization was
carried out using Design Expert 8.0.7.1 software (Stat Ease
Inc., Minneapolis, USA) and the BBD design for optimization of subcritical water extraction with the variables and
their respective coded levels are given in Table 1. The coding of the variables was done using the Eq. (4):
xi =

Xi − Xm
,
∆X i

(4)
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Table 1 BBD design for optimization of subcritical water extraction
Factors

Variables, unit

Levels

X

-1

0

+1

A

Temperature (°C)

X1

250

287.5

325

B

Reaction Time (min)

X2

15

67.5

120

C

Biomass to Water
Loading (%w/v)

X3

10

20

30

where xi is the dimensionless value of the independent
variable, Xi is the real value of the independent variable,
Xm is the real value of the independent variable at the midpoint and ∆Xi is the step change of the real value corresponding to a variation of a unit for the dimensional value
of the variable i = 1, 2, 3,…k [33].
The total number of experimental runs (N) for BBD
was calculated using the following Eq. (5):
(5)

N = K 2 + K + Cp ,

where K is number of factors and Cp is the number of central points. For normal three levels factorial design the
number of runs will be 33 i.e. 27. BBD eliminates the complex intermediate point responses and finally results with
17 runs with 5 central points [34].
The response surface of the bio-oil and biochar yield
considering all linear, square and interaction terms using
the second order polynomial equation is given by Eq. (6):
q

q

k =1

k =1

Y = β 0 + ∑β k xki + ∑β kk xki2
q −1

q

+ ∑ ∑ β kl xki xli + ε i ,

(6)

k =1 l = k +1

where Y is the response for bio-oil yield (YO) and biochar
yield (YC); β 0 is the intercept coefficient; βk , βkk and βkl are
interaction coefficients of linear, quadratic and second
order terms of model respectively; xki and xli are process
variables (k and l range from 1 to q); q is the number of
independent parameters and εi is the error [35]. The final
equation for three independent parameters (q) with the
error term is given by Eq. (7):
Y = β 0 + β1 x1 + β 2 x2 + β 3 x3 + β11 x12
+ β 22 x22 + β 33 x32 + β12 x1 x2 + β13 x1 x3 + β 23 x2 x3 + ε i .

through the injector with helium as carrier gas. The MS
was taken at 70 eV of ionization energy. The carrier gas
column flow and purge flow were fixed to 1 mL min-1 and
5 mL min-1 respectively with 50 °C as the initial temperature of the oven and a ramp of 22 min to 280 °C and held
for 35 min. The mass range was fixed from 45 to 300 amu,
scan interval of 0.50 s, 260 °C with a split ratio of 10:0.
The total running time of GC-MS was 65 min. The relative % amount of each component was expressed as a percentage with peak area normalization.
3 Results and discussion
3.1 Thermogravimetric analysis
The thermogravimetric analysis results of feedstock
under the inert gas atmosphere shows clearly that the
maximum weight reduction of the biomass was between
the temperatures 225 to 350 °C and thus intermediate
temperatures 250–325 °C was taken for the subcritical
extraction study. The TGA result of Prosopis juliflora is
given in Fig. 3. The TGA analysis also revealed two proximate analysis parameters: moisture content 7.10 % and
volatile matter 79.59 %.
3.2 Proximate and ultimate analysis
The proximate analysis result for the feedstock is given
in Table 2. This result was in accordance with the thermogravimetric analysis and the results from Oduor and Githiomi [4].
The ultimate analysis was performed on feedstock and
its elemental composition under dry basis with calculated
HHV value is given in Table 3.
3.3 Box-Behnken analysis on bio-oil and biochar yield
by subcritical water extraction
The RSM optimization of bio-oil and biochar yield obtained
by subcritical water extraction was done under BBD design
with three process parameters (temperature, reaction time
and biomass to water loading) at three levels (-1, 0, +1).

(7)

2.2.4 Characterization of subcritical bio-oil extract
The bio-oil obtained during the subcritical water extraction
at the optimum experimental condition was analyzed by
Gas Chromatography-Mass Spectrometer (GC-MS) analysis using Agilent 7890 with an FID detector for GC
and Jeol AccuTOF GCV for MS to find the constituents
from C4 to C20. GC-MS was equipped with a glass column of 0.53 mm internal diameter, 105 m length, and 0.25
μm film thickness. The sample size of 2 μL was injected

Fig. 3 Thermogravimetric analysis of raw feed- Prosopis juliflora
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Table 2 Proximate Analysis of Prosopis juliflora

Prosopis juliflora

Volatile
Matter

Ash

Moisture

Fixed
Carbon

77.38

1.35

7.92

13.35

Table 3 Ultimate analysis of Prosopis juliflora

Prosopis juliflora

C

H

N

O

HHV
MJ kg-1K-1

48.2

6.57

0.31

44.92

19.78

The experiments were performed for the 12 runs and 5 central points of the BBD, a totally of 17 runs rather than 27
runs in case of full factorial and results were fed to obtain
a mathematical model. The predicted values were obtained
by a model fitting technique using Design Expert 8.0.7.1
software and the values were shown in Table 4.
The adequacy of the model was checked by fitting the
experimental data with four high degree polynomial models
viz., linear, interactive (2FI), quadratic and cubic models
over which sequential model sum of squares and model
summary statistics tests were carried out. Model summary
given in Table 5 indicated that the quadratic model was
highly sufficient and suggested for the subcritical water
extraction study with the p-value less than 0.05, maximum
F-value of 464.55 for bio-oil and higher sequential model
sum of squares, while the cubic model was said to be

aliased. While in case of biochar the maximum F-value
is 487.67 for linear model but both the p-value for linear
and quadratic are < 0.05. Hence quadratic model is also
suggested for model fitting.
3.4 Fitting of second order polynomial equation and
statistical analysis
The empirical correlation between the experimental
results of subcritical water extraction of bio-oil and biochar from Prosopis juliflora biomass obtained on the basis
of BBD model derived from Eq. (7) and the input variables
(Temperature-X1, Reaction Time-X 2, Biomass to Water
loading-X3) were expressed in terms of a second-order
polynomial equation in terms of the coded factors given
as Eqs. (8) and (9):
YO = 3.59 − 0.39 X 1 − 0.2 X 2
−0.059 X 3 + 0.012 X 1 X 2 − 0.24 X 1 X 3

(8)

−0.087 X 2 X 3 − 0.74 X − 0.72 X − 0.65 X ,
2
1

2
2

2
3

YC = 32.88 − 8.08 X 1 − 3.70 X 2
−0.25 X 3 + 0.63 X 1 X 2 − 0.13 X 1 X 3

(9)

−0.025 X 2 X 3 + 0.57 X − 0.028 X − 0.57 X .
2
1

2
2

2
3

The ANOVA results from Table 6 indicated that the
model equations involving the relationship between the

Table 4 Box-Behnken experimental design matrix and its response
Temperature (°C)

Reaction Time (min)

Biomass to Water
Loading (%w/v)

1

250

67.5

10

2

287.5

120

10

3

287.5

67.5

20

4

325

120

20

1.6

Run

a

a

Bio-oil Yield (%)

Biochar Yield (%)

YOexp

YOpre

YCexp

YCpre

2.39

2.4

42.5

42.23

2.18

2.17

30.1

30

3.53

3.59

33.1

32.88

1.56

22.4

22.28

5

250

120

20

2.3

2.3

36.8

37.18

6a

287.5

67.5

20

3.58

3.59

32.9

32.88

7

287.5

120

30

1.82

1.87

29.6

29.45

8a

287.5

67.5

20

3.69

3.59

33.3

32.88

9

325

67.5

30

1.52

1.51

25.3

25.58

10

287.5

15

30

2.44

2.45

36.8

36.9

11

287.5

15

10

2.45

2.4

37.2

37.35

12

250

15

20

2.69

2.73

45.7

45.82

13

250

67.5

30

2.82

2.76

42.2

41.98

14a

287.5

67.5

20

3.63

3.59

32.5

32.88

15a

287.5

67.5

20

3.54

3.59

32.6

32.88

16

325

15

20

1.94

1.94

28.8

28.42

17

325

67.5

10

2.05

2.11

26.1

26.33

Central points
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Table 5 Sequential model summary for subcritical water
extraction Bio-oil
Sum of
squares

Mean
square

df

Mean vs total

114.76

1

114.76

Linear vs mean

1.5492

3

2FI vs linear

0.2617

Quadratic vs 2FI

F-value

p-value
Prob > F

0.5164

0.9150

0.4607

3

0.0872

0.1233

0.9442

7.0405

3

2.3468

464.55

< 0.0001

Cubic vs
quadratic

0.0168

3

0.0056

1.2660

0.3986

Residual

0.0177

4

0.0044

Total

123.65

17

7.2735

Source

Biochar
Source
Mean vs total

Table 6 ANOVA and F-test for Response Surface Quadratic Model
Bio-oil
Source

Sum of
squares

df

Mean
square

F- value

p-value
Prob > F

Model

8.85

9

0.98

199.29

< 0.0001

X1

1.19

1

1.19

241.85

< 0.0001

X2

0.33

1

0.33

66.47

< 0.0001

X3

0.028

1

0.028

5.60

0.0499

X1 X2

0.0006

1

0.0006

0.13

0.7324

X1 X3

0.23

1

0.23

46.69

0.0002

X 2 X3

0.031

1

0.031

6.21

0.0415

X12

2.33

1

2.33

472.91

< 0.0001

X2

2

2.16

1

2.16

438.62

< 0.0001

X32

1.80

1

1.80

365.48

< 0.0001

1.266

0.3986

Sum of
squares

df

Mean
square

18971

1

18971

Residual

0.035

7

0.0049

0.017

3

0.0056
0.0044

F-value

p-value
Prob > F

Linear vs mean

631.67

3

210.56

486.67

<0.0001

Lack of fit

2FI vs linear

1.6275

3

0.5425

1.357

0.3111

Pure error

0.018

4

Quadratic vs 2FI

2.9189

3

0.9730

6.318

0.0211

Cor total

8.89

16

Source

Sum of
squares

df

Mean
square

F-value

p-value
Prob > F

Model

636.21

9

70.69

459.03

< 0.0001

X1

521.65

1

521.65

3387.3

< 0.0001

X2

109.52

1

109.52

711.17

< 0.0001

X3

0.50

1

0.50

3.25

0.1146

X1 X2

1.56

1

1.56

10.15

0.0154

X1 X3

0.063

1

0.063

0.41

0.5444

X 2 X3

0.0025

1

0.0025

0.016

0.9022

X12

1.38

1

1.38

8.96

0.0201

X2

Biochar

Cubic vs
quadratic

0.63

3

0.21

Residual

0.448

4

0.112

19608.5

17

Total

1.875

0.2747

process parameters (X1, X2, and X3) and the response Y was
found adequate. The significance of each parameter was
evaluated using analysis of variance (ANOVA) followed
by Fisher's statistical test (F-test) and F-value for all linear, square and interactive variables in both the second-order polynomial equations were determined. The F-value
indicated the influence of each controlled factor on the
tested model [36]. The ANOVA results for subcritical
extraction process showed larger Fisher F-values of 199.29,
which implied that the model was significant and there
was less variation in the response. The associated p-values
was less than 0.05 indicating the models were statistically
significant and greater than 0.1 indicated the model terms
were not significant [37]. The ANOVA results depicted
that the model terms X1, X2, X3, X1 X3, X2 X3, X12, X22 and X32
had p-values less than 0.05 and were significant.
The quadratic models for both bio-oil and biochar
were found to have high values of "Adjusted R-Squared"
(99.11, 99.61) % and "Predicted R-Squared" (96.65, 98.31) %
showing that there was a deviation less than 5 %. The lack
of fit test indicated that the quadratic models were found to
have the minimum F value and p-value thus having insignificant lack of fit. For the models YO and YC the "Lack of
Fit F-value" of 1.266 and 1.87; denoted the Lack of Fit was
not significant relative to the pure error and the p-value
from this test suggests that there was 39.86 and 27.47 %

0.0032

1

0.0032

0.021

0.8897

X32

1.38

1

1.38

8.96

0.0201

Residual

1.08

7

0.15

Lack of fit

0.63

3

0.21

1.87

0.2747

Pure error

0.45

4

0.11

Cor total

637.29

16

2

chance of insignificance, which is a large value might be
due to noise. The non-significant lack of fit was good and
the models were found to be fit [38]. A high coefficient
of determination (R2) 99.61 and 99.83 % ensured a satisfactory adjustment of the quadratic models to the experimental data and justifies a high correlation between the
observed (Yexp) and the predicted values (Ypre).
3.5 Effect of process parameters on subcritical water
extraction of bio-oil from Prosopis juliflora biomass
The Subcritical water extraction of bio-oil and biochar production from Prosopis juliflora biomass was performed
for different temperatures, reaction time and biomass to
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water loading to determine the optimum conditions. RSM
and Contour plots were used to represent the effect of process parameters on this thermochemical conversion Fig. 4
and Fig. 5 exhibit the influence of temperature (X1), reaction time (X2) and biomass to water loading (X3) on bio-oil
yield and biochar yield, where the significance of interactive variables was given in terms of response surface plots.

Fig. 4 a); b); c) 3D Response surface plots d); e); f) Contour plots
showing the effects of variables on bio-oil yield

Fig. 5 a); b); c) 3D response surface plots d); e); f) Contour plots
showing the effects of variables on biochar yield

The variables such as temperature, reaction time and biomass to water loading were found to significantly affect the
bio-oil yield (YO) with p < 0.05 individually. The interactive
effect of two interactive variables X1 X3 and X2 X3 showed a
positive effect, while X1 X2 showed a negative effect on YO
with the significance of p < 0.05. In case of biochar yield
(YC) interactive effect was observed between temperature
and reaction time i.e X1 X2 with the significance of p < 0.05.
It was observed from Figs. 4 (a) and (d) that the maximum bio-oil yields were between the temperature (approximately 260-300 °C) and reaction time (30-93.75 min),
both the variables exhibiting quadratic effect. But beyond
300 to 325 °C, the bio-oil yield progressively decreases to
a minimum of 1.52 % because of bio-oil vaporization at
these temperature ranges. Thus it is clear that high temperatures favor the radical formation that occurs generally
in sub-critical water while the lower temperature induces
the ionic reactions [39]. ANOVA results, Figs. 4 (b) and (e)
show that the process parameters temperature and biomass
to water loading were highly correlated and had a quadratic
effect with a p-value < 0.05. The plots in Figs. 4 (c) and (f)
demonstrates a higher yield of bio-oil between the reaction time 30 and 93.75 min. This is because the subcritical
water extraction process needs sufficient time at the least
about 15 to 20 min for the reaction initiation and propagation till the biomass is entirely converted to its products.
Beyond 93.75 min there was a decrease in bio-oil yield, due
to the further conversion of bio-oil to gaseous compounds.
When biomass to water loading was increased beyond
20 %w/v there was a decrease in the overall yield of bio-oil.
Similar results were reported by Tungal and Shende [40] on
hydrothermal liquefaction of pine sawdust, where the biooil yield increased with an increase in biomass to solvent
ratio at 250 °C with a catalyst loading of 5 wt% Ni(NO3)2,
and 120 min reaction time; while no significant increase in
the bio-oil yield was observed when the biomass to solvent
ratio was increased further from 1:30 to 1:75 [40].
It is observed from Fig. 5 (a) and (d) that there is a progressive decrease in the biochar yield as the temperature and
reaction time increases. Similar to the results obtained from
the Table 6; Figs. 5 (b), (e) and (c), (f) confirms there is no
interactive effect between temperature and biomass to water
loading or reaction time and biomass to water loading.
3.6 Selection of optimum conditions
RSM optimization study for the subcritical water
extraction of bio-oil from Prosopis juliflora biomass was
performed to obtain maximum bio-oil yield. The process
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optimization of parameters: temperature (X1), reaction time
(X2) and biomass to water loading (X3) were done by solving the response Eq. (8). The criteria between 0 (completely
undesirable response) and 1 (fully desirable response) was
fixed to maximize the bio-oil yield along the boundaries of
BBD design. The lower limit in the response was 1.52 and
the upper limit was 3.69, where numerical optimization
was performed giving importance of "+++" to obtain 30
number of optimization cycles. The optimization resulted
in 98.4 % desirability at temperature 277.62 °C, reaction
time 59.98 min and biomass to water loading 20.13 %w/v
with a maximum bio-oil yield of 3.66 % (33.19 mg/g of
Prosopis juliflora biomass). The combined effect of the
parameters on maximization of bio-oil yield and minimization of biochar yield was performed using numerical optimization and resulted with desirability of 75.9 % at temperature 300.14 °C, reaction time 75.12 min and biomass to
water loading 19.19 %w/v with a maximum bio-oil yield of
3.34 % and minimum biochar yield of 29.74 %.
3.7 GC-MS analysis of optimized subcritical bio-oil
extract
The experiment was repeated thrice for the optimized process parameters and the resulted bio-oil obtained through
subcritical water extraction was characterized using a
GC-MS analyzer. Fig. 6 shows the GC-MS Spectrum results
for bio-oil at optimum condition and the constituents present in the bio-oil sample were as given in Table 7. The mean
standard deviation of bio-oil yield for the three runs during
optimized condition was found to be 3.65 ± 0.048 % which is
in accordance with the predicted value. Thus the subcritical
water extraction resulted in a mixture of long chain alkanes,
ketones, carboxylic acids, amines and various phenolic fine
chemicals like Guaiacol and Syringol.
4 Conclusions
The subcritical water extraction of bio-oil from Prosopis
juliflora lignocellulosic biomass was performed

Table 7 GC-MS optimized bio-oil sample
Rt Time

Area %

Mol.
Formula

Mol. Wt.
(g/mol)

4.469

2.7

C4H8O3

104.10

Butanoic acid,
4-hydroxy-

5.434

16.54

C6H5NH 2

93.13

Aniline

6.741

30.63

C9H 20O3

176.25

Propane,
1,1,3-triethoxy-

7.064

6.1

C7H8O2

124.14

Phenol, 2-methoxy-

7.302

5.43

C14H30

198.39

Tetradecane

9.436

3.34

C14H30

198.39

2,3-Dimethyldodecane

9.599

2.64

C21H44

296.60

Eicosane, 10-methyl-

9.758

1.77

C20H42

282.50

Hexadecane,
2,6,10,14-tetramethyl-

10.399

5.29

C14H30

198.39

Tetradecane

10.503

7.49

C14H30

198.39

Tetradecane

10.841

5.67

C8H10O3

154.16

Phenol, 2,6-dimethoxy-

11.249

2.34

C15H32

212.42

Pentadecane

11.408

7.51

C14H30

198.39

Tetradecane

210.35

Propan-2-one,
1-(4-isopropoxy-3methoxyphenyl)-

13.19

2.55

C14H 26O

IUPAC Name

successfully by varying the process parameters such as
temperature, reaction time and biomass to water loading. In this study, Box-Behnken Design of the statistical
approach was applied effectively in finding the optimal
process parameters for subcritical water extraction and
the results indicated that the process conditions had a significant effect on the bio-oil yield. The 3D response surface plots and contour plots were employed to estimate the
influence and interactive effects of process parameters on
the response. The second-order polynomial models YO and
YC were derived for predicting the bio-oil and biochar yield
for the subcritical water extraction process. The ANOVA
results indicated a high coefficient of determination (R2) of
0.9961 and 0.9983 ensuring a satisfactory fit of the predicted
model with the experimental data. The process conditions
for subcritical water extraction were found to be optimum
at temperature 277.62 °C, reaction time 59.98 min and

Fig. 6 – GC-MS Spectrum for bio-oil at optimum condition
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biomass to water loading 20.13 %w/v that resulted in the
maximum bio-oil yield of 3.65 % (33.19 mg/g of biomass).
These predicted process conditions agreed closely with the
experimental values of bio-oil yield % agreed closely and
the models generated were found to be adequate.
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