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Preparation and Characterisation of Optimised
Hydrochar from Hydrothermal Carbonisation of
Macadamia Shells

Fangyu Fan,2>* Zhifeng Zheng,® Yun Liu,®° Yuanbo Huang,® and Zhengjun Shi ¢*

The yield of macadamia shells (MSs) is huge. The preparation of
hydrochar of MSs for the purpose of energy has broad prospects. This
study investigated the possible optimum conditions for the most
appropriate yield and higher heating value (HHV) of hydrochar through
hydrothermal carbonisation (HTC) of MSs. The yield and HHV via HTC
were systematically analysed by response surface methodology (RSM)
using a synthetic weighted scoring method. The operating parameters
included reaction temperature, reaction time, and water-to-biomass ratio.
According to the mathematical model of RSM, the maximum response
value was obtained under the following optimum conditions: reaction
temperature, 220 °C; reaction time, 60 min; and water-to-biomass ratio,
11. The results showed that the reaction temperature exerted more
remarkable influence than time and water-to-biomass ratio. Under the
optimal conditions, the hydrochar yield and HHV were 57.58% and 22.69
MJ/kg, respectively. The results of elemental, proximate, Brunauer—
Emmett-Teller, scanning electron microscopy, and Fourier transform
infrared spectroscopy analyses showed that the hydrochar fuel properties
improved compared with those of raw MSs. Furthermore, the surface
structure and functional groups changed.
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INTRODUCTION

Sustainable energy sources, such as biomass, have attracted attention worldwide
with the increasing demand for fossil fuels and growing concerns about environmental
pollution from fossil fuels (Yang et al. 2015). To date, the sustainable management of
waste from the agricultural and forestry processing sectors has been a global challenge
(Nizamuddin et al. 2015). Hence, generating energy from agricultural and forestry wastes
is of great significance. In China, various kinds of agricultural and forestry wastes are
produced annually, and the output is large (Zhao et al. 2016). Macadamia shells (MSs) are
an example of agricultural and forestry wastes with large output (Fan et al. 2017a; Kumar
et al. 2017). China has initiated the development of the macadamia industry and the
production of large amount of MSs. The yield of MSs is approximately 70% of the
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harvested mass. Therefore, the utilisation of MSs is a problem that should be solved.

In rural areas of China, MSs are commonly burned as fuel or abandoned as rubbish,
which results in severe environmental pollution. The comprehensive utilisation of MSs
becomes an important issue. MSs contain considerable amounts of hemicelluloses,
cellulose, and lignin (Wechsler et al. 2013), and they can be converted to biochar or bio-
oil as fuels by thermochemical processes (Abdulrazzag et al. 2014; Fan et al. 2017b). Many
studies pertaining to carbon-material-derived MSs via different methods have been
reported. Wongcharee et al. (2017) prepared a magnetite nanosorbent from magnetite
nanoparticles and biochar of MSs using CO activation at 900 °C. The magnetite
nanosorbent showed excellent adsorption capacities. Zheng et al. (2017) prepared a high-
performance sodium battery using MSs, with an ICE of 91.4% and real specific capacity
of 314 mAh/g. Rajarao and Sahajwalla (2016) synthesised silicon carbide and silicon
nitride nanopowders using MSs as the source of carbon. Nevertheless, biochar preparation
using MSs is rarely reported due to its low output. Fan et al. (2017a) investigated the
combustion kinetics of biochar prepared by pyrolysis of MSs, showing that biochar can be
prepared as a fuel from MSs.

Hydrothermal carbonisation (HTC) is a biomass thermochemical conversion
process that has several advantages. HTC is performed in the temperature range of 180 °C
to 260 °C and the time range of 5 to 240 min, during which the biomass is submerged in
water (Kambo and Dutta 2015; Nizamuddin et al. 2016a; Fan et al. 2017b). Along with the
wide availability of raw materials, HTC exhibits remarkable benefits, such as simplicity,
relatively mild reaction conditions, and less greenhouse gas emissions compared with
pyrolysis (Xing et al. 2016). Recent studies on HTC have used a wide range of biomass
feedstock, such as Miscanthus (Kambo and Dutta 2015), corn straw (Xing et al. 2016), oil
palm shell (Nizamuddin et al. 2016a), and Camellia oleifera shells (Fan et al. 2017b). The
HTC mechanism is associated with a series of hydrolysis, condensation, decarboxylation,
and dehydration reactions (Nizamuddin et al. 2017). The calorific value of hydrochar can
be compared to highly ranked coals (Thangalazhy-Gopakumar et al. 2015). The HTC
process is dependent on reaction temperature, reaction time, water-to-biomass ratio value
(ratio value of mass), and feedstock (Nizamuddin et al. 2017). The effects of these
conditions on the hydrothermal carbonization of MSs are analyzed in this paper.

Most studies have focused on the analysis of the characteristics of hydrochar;
however, research on the process of HTC is lacking. The aim of this preliminary work was
to optimise the parameters of hydrochar production using HTC from MSs. In addition,
hydrochar and MSs were analysed using higher heating value (HHV), elemental analysis,
proximate analysis, Brunauer-Emmett-Teller (BET), scanning electron microscopy
(SEM), and Fourier transform infrared spectroscopy (FTIR). Preparation of hydrochar
from MSs, which provides a new idea for the comprehensive utilization of MSs.

EXPERIMENTAL

Materials

MSs were collected from Yunnan province, China. MSs were washed with tap
water and then distilled water to remove impurities. The washed MSs were oven-dried at
105 °C for 24 h. Dried MSs were ground into pieces of less than 0.6 mm.
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Hydrochar Preparation

HTC hydrochar was prepared in a laboratory scale semibatch 500 mL Parr
autoclave reactor. The parameters ranged within a temperature of 180 °C to 260 °C,
reaction time of 30 to 180 min, and water-to-biomass ratio of 6 to 14. The selection of
parameters for HTC was based on previous studies (Kambo and Dutta 2015; Nizamuddin
et al. 2016a; Xing et al. 2016; Nizamuddin et al. 2017). The HHV of the hydrochar under
the studied conditions is close to or better than that of lignite (Liu et al. 2016).

Approximately 50 g of the powder MSs was combined with deionised water in the
batch reactor. The reactor was flooded with nitrogen under high pressure to remove
oxygen. This process was repeated five times. Subsequently, the reactor was heated to the
desired temperature and maintained for various periods of time. To terminate the reaction,
the reactor was immersed in water to cool it to room temperature. Finally, the reaction
mixture was filtered through a G-4 glass filter to obtain the solid product (hydrochar). The
hydrochar was dried at 105 °C for 24 h and preserved hermetically (Xing et al. 2016).

Experimental Design Using Response Surface Methodology (RSM)

To optimise the HTC conditions for MSs, a 3 factorial Box—Behnken design
(BBD) was applied. The BBD is an efficient method to estimate quadratic polynomials and
combine values for optimisation of the response within a 3D observation space (Ferdosian
et al. 2014; Jung et al. 2016). The reaction temperature, time, and water-to-biomass ratio
were used as the independent variables of the BBD to study the effects of reaction
conditions on HTC from MSs (Table 1). Seventeen experiments were suggested for the
experimental design for the production of hydrochar from MSs. The response of each run
was further studied by using the Design-Expert software 8.0 (STAT-EASE., Minneapolis,
MN, USA) to optimise the reaction conditions.

Table 1. Levels for the Box—Behnken Design

Factor Temperature (A) Time (B) Water-to-Biomass Ratio (C)
Unit °C min
High 260 180 12
Low 180 60 8
High coded 1 1 1
Low coded -1 -1 -1

Given that the yield and HHV of the hydrochar showed an inverse relation, a
synthetic weighted scoring method was used as the response value for reasonable
hydrochar produced. The maximum yield or HHV was 100, and the minimum was 0 for
the 17 experiments. The yield or HHV was used as abscissa, and the score was the vertical
coordinate. The highest and lowest scores were also included, and the linear equation of
yield or HHV was obtained. The yield or HHV of the response surface test was taken into
account, and the corresponding comprehensive evaluation of the score was determined.
Yield and HHV are equally important to evaluate the quality of hydrochar, and their
weighted coefficient is 0.5. The synthetic score was obtained using Eq. 1.

Synthetic score = yield score x0.5+ HHV x 0.5 1)

Mass Yield of Hydrochar
The mass yield of the hydrochar was calculated using Eq. 2 as follows,
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Hydrochar yield % = (W, 4ocna / Wiss ) X100 2)

where Whydrochar is the mass of dry hydrochar, and Wiss is the mass of dry MSs.

Research Methodology

The elemental analysis (C, H, N, and S) was performed using a Vario EL Il
elemental analyser (Elementar, Langenselbold, Germany). The oxygen content was
calculated using the difference. Proximate analysis was performed using a 5SE-MAG6600
automatic proximate analyser (Instruments Co., Ltd., Changsha, China). The HHV was
tested using a bomb calorimeter (IKA C2000 basic, Staufen, Germany). BET
characteristics of the samples were analysed using a BET analyser (Micrometrics ASAP
2020, Norcross, GA, USA). For SEM measurements, the samples were sputter coated with
Pt and examined with a JSM-6490LV scanning electron microscope (JEOL, Tokyo, Japan).
The functional groups were determined by FTIR spectra analysis (Magna-IR 560 ESP
Thermo Nicolet, Waltham, MA, USA). The sample discs were prepared by mixing the
dried samples with KBr powder at room temperature at a sample/KBr ratio of 1:200.

RESULTS AND DISCUSSION

Effect of Process Parameters on Hydrochar Production

The treatment conditions of the hydrochar were investigated to maximize its yield
and HHV. Figure 1(a) shows the effect of the temperature during HTC at 120 min and
water-to-biomass ratio of 10. With increasing temperature, the yield decreased, and the
HHYV increased, demonstrating that temperature plays an important role. VVolatile matter is
released at high temperatures, which intensifies the elimination and dehydration, resulting
in reduced hydrochar mass (Kim et al. 2016; Mau et al. 2016). The carbon content
increased, and the oxygen content decreased, which increased the HHV. Similar
phenomena were observed in previous studies (Liu et al. 2012; Lei et al. 2015).

HTC is a slow reaction process occuring over minutes to days (Nizamuddin et al.
2016b; Nizamuddin et al. 2017). In terms of the reaction mechanism, hydrolysis of the
extractives, hemicellulose, and cellulose occurs first. Dehydration, decarboxylation,
condensation, polymerisation, and aromatisation subsequently occur sequentially in the
liquid phase (Reza et al. 2015). Hence, the reaction time affects the properties of the HTC
products. According to previous reports, the selected test range of reaction time was 30 to
180 min (Nizamuddin et al. 2016b; Peng et al. 2016). The effect of reaction time on the
yield and HHV is shown in Fig. 1(b) at a temperature of 220 °C and water-to-biomass ratio
of 10. A higher hydrochar yield was produced at a lower reaction time during HTC. The
change in HHV was reversed. This observation is explained by the fact that light
components and permanent gases were formed; consequently, the hydrochar showed
decreased yield and porous structure (Jain et al. 2015, 2016).

The water-to-biomass ratio exerted little influence on the yield and HHV, as shown
in Fig. 1(c) at 220 °C and 120 min. A high hydrochar yield was obtained at a low water-
to-biomass ratio. In addition, the yield slightly decreased with increasing water-to-biomass
ratio. The particle size and biomass concentrations affect the hydrochar yield and HHV
(Kambo and Dutta 2014; Alvarez-Murillo et al. 2015). The present research ignored the
effect of particles during HTC and examined only the effects of concentration.
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Fig. 1. Effect of (a) reaction temperature, (b) reaction time, and (c) water-to-biomass ratio on the yield and HHV of hydrochar
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Statistical Analysis of Hydrochar Production

The reaction temperature, time, and water-to-biomass ratio as operation variables
were used in the design analysis to determine optimum conditions. The design matrix for
the experiments and the response values are shown in Table 2.

Table 2. Experimental Design Matrix and the Corresponding Hydrochar Yield,
HHV, and Response Value

Std. |[Run| A | B | C Hydrochar Yield HHV (MJ/kg) Response Value
(%) (score)
1 1 |-1|-1| 0 70.12 20.65 54.17
2 5 | 1]-1]0 48.83 24.22 56.33
3 100 |-111 |0 63.21 21.98 56.59
4 9 |1 |1]0 42.02 24.41 47.50
5 12 |-110 | -1 72.29 19.89 50.0
6 110]|-1 58.9 22.4 54.0
7 -110 66.15 21.45 55.92
8 110 40.56 24.89 50.00
9 0 |-1|-1 57.45 22.65 53.77
10 14 10 |1 |-1 58.81 22.54 55.26
11 8 |0 |-1]|1 54.86 23.39 57.53
12 16 | 0|1 |1 49.96 23.85 54.41
132 3 |]0|0]|O 56.81 22.99 57.01
142 | 156 | 0 | 0 | O 56.11 23.21 56.70
152 | 13 |0 | 0 | O 56.32 23.11 58.03
162 7 10|00 56.64 23.04 56.84
172 | 17 | 0 | 0 | O 56.81 22.99 56.60

Note: The centre point was replicated five times.

The actual values of the independent factors and response were used to create a
model equation. Experimental results were fitted to a linear model and a second-order
mathematical model for the synthetic score of hydrochar from MSs. The resulting
equation is as follows,

Score =+57.04—1.11A-1.00B +0.60C — 2.81AB — 2.48 AC —1.15BC —3.08A’
—0.31B* -1.48C*

where A is the reaction temperature (°C), B is the reaction time (min), and C is the water-
to-biomass ratio; AB, AC, and BC represent the interaction terms of the factors; and A2, B,
and C? represent the quadratic terms of the factors.

The theoretical values of the score obtained by calculating the mathematical model
are close to the experimental values (Fig. 2). The coefficient of determination (R?) is
0.9477, which indicates that the developed model shows a good effect in linking the
correlation for the variables of HTC with the synthetic score. The statistical significance of
the response surface quadratic model of the synthetic score from the hydrochar of MSs was
estimated using ANOVA (Table 3). The model F value compares the model variance with

3)
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error variance; the P-value is the probability of seeing the observed F-value if the null
hypothesis is true (Jung et al. 2016). The model produced an F-value of 14.09 and a P value
of 0.0011, which indicates that the obtained mathematical model was significant. The P
values of A, B, AB, AC, A2, and C? were 0.0190, 0.0283, 0.0010, 0.0019, 0.0005, and
0.0215, respectively. These values suggest that the terms of A, B, AB, AC, A?, and C2 were
significant (P << 0.05). According to the F-value, the linear term of reaction temperature
(A) showed a more significant influence than those of reaction time and water-to-biomass
ratio. Thus, the reaction temperature is a priority factor to consider when hydrothermal

carbonation is performed.
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Fig. 2. Actual and predicted values of the synthetic score
Table 3. ANOVA for the Comprehensive Evaluation Score
Source Sum of Squares | DF | Mean Square | F Value | P Value Status

Model 134.91 9 14.99 14.09 0.0011 Significant
A 9.79 1 9.79 9.20 0.0190
B 8.08 1 8.08 7.60 0.0283
C 2.92 1 2.92 2.74 0.1418
AB 31.64 1 31.64 29.74 0.0010

AC 24.60 1 24.60 23.13 0.0019
BC 5.31 1 5.31 4.99 0.0605
A2 39.83 1 39.83 37.44 0.0005
B2 0.41 1 0.41 0.39 0.5532
C? 9.23 1 9.23 8.68 0.0215

Residual 7.45 7 1.06
Lack of fit 6.12 3 2.04 6.13 0.0561 Not significant

Pure 1.33 4 0.33

error

Total 142.36 16
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The effect and relationship of parameters on the synthetic score can be expressed
as 3D surfaces (Fig. 3). The 3D surface plot shows a classification of the surface shape for
the various parameters. The synthetic score increased with increasing temperature and time
(Fig. 3a). Nonetheless, when the temperature was above 220 °C, the synthetic score
decreased after 120 min due to the remarkable effect of temperature during HTC.

Score

Score

Score

12.00
180.00

C: Water-to-biomass ratio 200 . .
800" 60.00 B: Time (min)

Fig. 3. Response surface on the synthetic score. Effect of (a) temperature and time, (b)
temperature and water-to-biomass ratio, and (c) time and water-to-biomass ratio
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The relationship between synthetic score and temperature and water-to-biomass
ratio (Fig. 3b) showed a maximum on the response surface shape at a temperature of 220
°C and water-to-biomass ratio of 11. The relationship between synthetic score and time
and water-to-biomass ratio (Fig. 3c) indicates that the interaction between time and water-
to-biomass ratio is not evident.

Table 2 shows the highest hydrochar yield (run 5) and highest HHV (run 8) in the
HTC of MSs. However, yield and HHV have an inverse relationship. Applying the
synthetic weighted scoring method is necessary to solve the contradiction between the yield
and HHV. The obtained mathematical model indicated that the optimal conditions for
optimal response surface results are a temperature of 222.3 °C, time of 60 min, and water-
to-biomass ratio of 11.1. The response score value is 58.3 at these conditions. The
following conditions were defined to simplify the experimental conditions: temperature,
220 °C; time, 60 min; and water-to-biomass ratio of 11. The response score value is 58.1.
Under these conditions, the hydrochar yield was 57.6%, and the HHV was 22.7 MJ/kg.

Chemical Properties and BET Analysis

The HHV, elemental, proximate, and BET analyses of the MSs and their hydrochar
(hydrochar of optimum conditions) are listed in Table 4. The HHV values of the MSs and
hydrochar were 18.78 and 25.9 MJ/Kg, respectively. The HHV of hydrochar increased by
40% compared with MSs. This increase exceeds the HHV of lignite, and it is comparable
with that of commercial coal (Liu et al. 2016; Wei et al. 2016). Compared with the
hydrochar of Camellia oleifera shells (Fan et al. 2017b), HHV is lower, but the yield is
higher.

Table 4. HHV, Elemental, Proximate, and Brunauer—Emmett—Teller (BET)
Analyses of Raw Macadamia Shells (MSs) and Hydrochar at Optimum
Conditions

Properties MSs Hydrochar at Optimum Condition
HHV(MJ/kg) 18.78 22.69
Elemental analysis
Carbon (%) 52.60 56.41
Oxygen (%)?2 40.53 37.49
Hydrogen (%) 6.02 5.32
Nitrogen (%) 0.74 0.68
Sulphur (%) 0.11 0.10
Proximate analysis
Fixed carbon (%) 19.21 46.33
Volatile matter (%) 74.66 48.20
Moisture (%) 3.62 2.98
Ash (%) 2.51 2.49
BET analysis
BET surface area (cm4/g) 0.442 3.671
Total pore volume (cm?/g) 0.001 0.018
Av. Pore diameter (nm) 0.957 2.476

a0xygen content was obtained by using the difference.

Elemental analysis determines the composition and quantity of the gas removed
during combustion and the amount of oxygen necessary to burn the biomass and fuels
(Nizamuddin et al. 2016b). As illustrated in Table 4, the carbon content of the hydrochar
increased by 7.24%, and the oxygen content decreased by 7.50% compared with raw MSs.
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These results are mainly due to the decarboxylation and dehydration reactions during HTC;
these reactions produce gases, mainly carbon dioxide, carbon monoxide, and hydrogen
(Reza et al. 2015; Benavente et al. 2015).

This preliminary work aimed to optimise the parameters of HTC for suitable yield
and HHV of hydrochar. Therefore, information from the proximate analysis of the MSs
and hydrochar were compared. The proximate analysis results indicated that the volatile
matter decreased from 74.7 % (MSs) to 48.2% (hydrochar). The fixed carbon content
increased from 17.2% (MSs) to 46.3% (hydrochar). Results showed that the fuel
characteristics of the hydrochar are dependent on the treatment conditions, and are
improved as compared with those of raw MSs (He et al. 2013).

The surface area, total pore volume, and average pore diameter of the hydrochar
increased compared with those of the raw MSs. This increase is attributed to the fibrous
structure being destroyed during HTC, producing gas and liquid and leaving some
microporous structures (Jain et al. 2015; Laginhas et al. 2016). Nevertheless, the
microporous structure is very small compared with that of biochar from pyrolysis (Fan et
al. 2017Db).

SEM and FTIR Analyses

The physical structures of the hydrochar and the raw MSs are shown in Fig. 4. The
MS structure was changed after HTC. Loose structures appeared on the surface of the
hydrochar compared with the compact structure of MSs (Fig. 1b). Moreover, a few pores
are present on the surface of the hydrochar. This effect was confirmed by the BET analysis
results presented in Table 4, and it is explained by the degradation and polymerisation of
cellulose and hemicelluloses (Fan et al. 2017b). However, microspheres were not observed
on the hydrochar surface, which is mainly due to low reaction temperature and less reaction
time, for which condensation, polymerisation, and aromatisation reactions do not occur.

Fig. 4. Scanning electron microscopy images of raw MSs (a) and their hydrochar (b) at optimum
conditions

The surface functional groups of the hydrochar and MSs were analysed by FTIR
spectra at wave numbers ranging from 4000 cm™ to 400 cm™, as shown in Fig. 5. The
FTIR spectra of the hydrochar and MSs exhibited an evident change. The O-H (3450 %)
stretching vibration of the hydrochar was weaker than that of MSs because of the degree
of deoxygenation and dehydration (Fan et al. 2017b). The bands of the hydrochar and MSs
at 28951 (—CH2 and—CHs) showed no obvious difference. The results indicated that
demethoxylation and demethylation of lignin occur infrequently at the optimum
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conditions. The band at 1750 cm™* is due to a stretching vibration of C=0 in the FTIR
spectra of MSs; this band disappeared after HTC, which suggests that the decarboxylation
of hemicelluloses and cellulose is severe (Reza et al. 2014). The spectrum ranging from
1525 cm*to 500 cm™* was mainly due to the stretching vibration of C=C, C-H, C-O-C,
and C=0, which showed no significant difference.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5. Fourier transform infrared spectra of MSs and their hydrochar at optimum conditions

CONCLUSIONS

1.

MSs can be used to produce hydrochar as fuel via HTC. The yield and HHV are
influenced by reaction temperature, reaction time, and water-to-biomass ratio. The
synthetic weighted scoring method was used as the response value because of
opposition between the yield and HHV of hydrochar. An RSM analysis showed that
reaction temperature is the most significant variable. According to the RSM model, the
predicted maximum response value of 58.1 was obtained under optimum conditions
(temperature, 220 °C; time, 60 min; and water-to-biomass ratio, 11).

Under optimal conditions, the hydrochar yield and HHV were 57.6% and 22.7 MJ/Kg,
respectively. The elemental and proximate analyses showed that the fuel properties of
hydrochar from MSs were improved compared with raw MSs. BET, SEM, and FTIR
analyses showed that the surface structure and functional groups of hydrochar also
changed.
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