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Abstract
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knowledge of the subject but has not read the paper. Thus, the abstract should be intelligible and complete in it-self (no numerical refer-
ences); it should not cite figures, tables, or sections of the paper. The abstract should be written using third person instead of first perso
The fast microwave assisted pyrolysis (FMWAP) of water hyacinth (WH) for biochar production is investigated. Taguchi’s method was
used to optimize FMWAP parameters. The effects of microwave power, temperature, microwave absorber (activated carbon) ratio, and
biomass particle size on biochar yield as the response for the process, were studied. The maximum yield was achieved using the opti-
mized conditions of microwave power-994 W; temperature-300°C; microwave absorber ratio-0.25; and biomass particle size-0.0315 mm.
The reaction time was kept constant at 2 min. The analysis of Signal to Noise ratio (S/N) and variance (ANOVA) were used to identify
the effect and the significance of the process parameters on biochar yield. The final results show the significance of all process parame-
ters on biochar yield. The order of significance of these parameters are: microwave power > temperature > microwave absorber > bio-
mass particle size. The produced biochar was analyzed by scanning electron microscopy (SEM) and Energy Dispersive X-Ray Analyzer
(EDX). The WH biochar has macroporous and microporous structure and amorphous in nature with some mineral oxides attached to the

surface.
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1. Introduction

Eichhornia crassipes or WH is one of the most common herba-
ceous aquatic weeds grows in a variety of freshwater habitats:
from temporary shallow lagoons, swamps and rivers, to large
lakes and reservoirs. The original habitat of this plant is the Ama-
zon River Basin in the South American continent, and it has
spread to other many countries in the world especially in the trop-
ics and sub-tropical regions (Li, et al., 2006). It is one of the most
common weeds in the Nile River (Egypt, Kenya, Uganda, Tanza-
nia, and Sudan) and also in the United States of America. It is
distributed from the 38° North Latitude to the 38° South Latitude,
which represents a high temperature range including waters. How-
ever, in neutral media it occurs more numerous. Eichhornia cras-
sipes has invaded some lakes located in the urban radius of the
city of Concepcion due to the sustained nutrient enrichment of
these lakes, product of the emptying of a waste of the population
located in the environment of these lagoons (Feng, et al., 2017).
The first appearance of E. Crassipes in Iraq was in the mid-1980s
as a decorative plant imported by the owners of some plantations
located to the east of Baghdad. This weed found an environment
suitable for spreading across the Tigris River especially in the
bays and carrots to the central and southern governorates of Iraq
(about 600 km) (Mohammed K. 2013)

The existence of this highly invasive species in these areas cause
many important risks and environmental problems for the inhabit-
ants of those areas: it affects the quality of water and reduces oxy-
gen content, as a result water becomes invalid environmentally for

other native aquatic organisms and promotes the growth of other
harmful organisms. This plant consumes large amounts of water,
nearly 10 liters of water per day. Impedes navigation through the
formation of dense mats of plants interlocking and compact. It
prevents the access of sunlight to other organisms in the water,
especially phytoplankton, which is the basis of the basic ecosys-
tem and food for animal and fish, causing an imbalance in the
delicate food network. Obstruct irrigation operations by closing
and preventing the flow of irrigation water in the narrow channels
as well as, closing irrigation and drainage pumps. Obstruct irriga-
tion operations by closing and preventing the flow of irrigation
water in narrow channels, as well as closing irrigation and drain-
age pumps. Displacement of local endemic aquatic plants through
competition and overcoming them. A significant increase in the
amounts of soluble substances resulting from the dead parts of the
plant and its fall to the water bottom, which change and disruption
of the ecosystem. The presence of this weed has posed a threat to
the health of people in these areas, and become a safe haven and
shelter for the multiplication of species of flies, mosquitoes, and
snails, which carry schistosomiasis, an environment suitable for
harboring snakes (Mohammed K. 2013).

As mentioned earlier, there is an urgent need to overcome these
problems in order to maintain the ecosystem in these areas on the
one hand and take advantage of WH harvest as an interesting bio-
mass with economic benefits on the other hand. So, reuse ap-
proach is a feasible way to produce materials that have economic
value (Syarif, And Pardede, 2014).

Biomass, like any other renewable energy source, has limitations
on its use and applicability and must compete not only with fossil
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fuels but also with other renewable sources such as wind, solar
power or tides. Biomass can be converted into useful forms of
energy through the use of different technologies. The factors that
influence the type of conversion process which will be used are:
the type and quantity of raw material, the energy required for the
transformation and the legal and economic requirements (Feng, et
al., 2017).

Nowadays Todays, biomass pyrolysis has received considerable
attention in order to investigate an efficient utilization for bio-
products also it is relatively simple and flexible (Mosa et al.,
2018).

Pyrolysis is an efficient bio-change strategy that transom WH into
biochar, condensable gases (bio-oil) and non-condensable gases
(biogas or pyrolysis gas (Hu et al., 2015), (Rasul et al., 2012).
Pyrolysis is the process of thermal decomposition of organic com-
ponents found in biomass in the absence of oxygen (Li et al.,
2016).

Biochar is an interesting product that has many potentially attrac-
tive applications economically and environmentally (Rasul et al.,
2012). The physical and chemical properties of biochar obtained
by thermal treatment depend highly on the biomass used and the
parameters of the pyrolysis process (Kan et al., 2016). It contains
many nutrients that plants need, making it eligible as a soil im-
prover. It contains several nutrients that plants need, making it
eligible as soil improver. At the same time, it can act as a carbon
capture medium to reduce carbon dioxide emissions in the atmos-
phere. The concentration of nutrients in biochar varies depending
on the biomass used and the pyrolysis parameters (Shalini et al.,
2017). The transformation of WH to biochar by pyrolysis can be
achieved by two ways: the conventional pyrolysis and the fast
microwave assists pyrolysis. The fast microwave assisted pyroly-
sis (FMWAP) is an attractive versatile induced pyrolysis process,
where conditions can be adjusted to produce the most suitable
product. Additionally, the energy consumption is 1.5 times more
efficient than the corresponding conventional process (Budarin et
al., 2011) It is controllable energy and cost efficient, therefore it
has wide applications in the pilot scale and the industrial scale
(Magek et al., 2013).

Literature review: Few studies have been published on the con-
version of WH to coal using FMWAP or conventional pyrolysis.
Mosa et al., 2018, evaluate the efficacy of biochar produced by
conventional slow pyrolysis process (at 450°C) from water hya-
cinth plants grown in synthetic contaminated water. They study
the isothermal and kinetics modeling of phosphate sorption data.
The functionalized biochars (i.e. rich heavy metal content) was
found unfunctionalized forms.

Li et al., 2016, investigate the removal of cadmium from aqueous
solutions using biochars derived from water hyacinth were col-
lected from a stream in Nansha District, Guangzhou, China. These
biochars were prepared by the slow pyrolysis method for 2hrs and
at 300°C, 500°C and 700°C. They found that E. crassipes biochars
exhibit good removal adsorbent for wastewater treatment. The
maximum adsorption for cadmium by precipitation or co-
precipitation were 49.837, 36.899, and 25.826 mgg .

High improvement to the soil biological activity was found by
Masto et al., 2013, using biochar derived from pyrolyzed WH by
conventional heating method. The optimum condition for biochar
was 300-350°C temperature with 30—40 min residence time. They
found that the microbial activity increased 3 times and the soil
respiration 1.9 times. The efficiency and mechanism of adsorption
on phosphate from aqueous solutions using magnetic Fe oxide-
biochar nanocomposite derived from water hyacinth were investi-
gated by Cai et al., 2017. They used conventional heating method
to prepare the Fe oxide-biochar. They found that Fe oxide-biochar
pyrolyzed at 450°C exhibited a promising alternative for phos-
phate removal from most eutrophic waters with sorption capacity
was estimated to be 5.07 mgg.

The main objective of this study is to produce biochar from WH
using FMWAP. To achieve this goal, (1) the operating conditions
of FMWAP are optimized to maximize the yield of biochar, (2)

using an appropriate design for the experiments, and (3) character-
ize various the physiochemical properties of biochar. The effects
of microwave power, temperature, microwave absorber ratio (ac-
tivated carbon), and biomass particle size on biochar as a response,
were studied. FMWAP process parameters optimization was per-
formed using Taguchi method. The analysis of signal to noise
ratio (S/N) was used to predict the optimum condition and the
identify effects of process parameters. The degree of significance
of the process parameters on biochar yield was performed using
the Analysis of Variance (ANOVA), respectively.

2. Materials and Methods

Raw material: Eichhornia Crassipes or WH was used as a raw
material for microwave pyrolysis process. The samples of this
plant were collected from the banks of Tigris River in the Abu
Nuwas District, Baghdad, Iraq. The samples were first washed
with tab water and then with distilled water to remove any sus-
pended particles. WH samples were dried at 105°C for 24h,
crushed by disk mill, sieved into the following fractions of particle
sizes (1-2mm), (355um-1mm), (63-355um), and <63um, and
stored in a desiccator until use. The average size for each range
was adopted in this study.

Microwave absorber: Activated Carbon (AC) was used as a mi-
crowave absorber. The properties of AC are shown in Table 1.

Table 1: The properties of activated carbon as a microwave absorber.

Parameter Value

Appearance A fine black powder
solubility Insoluble in water
pH 6-75

Methylene blue adsorption (0.15%solution) 18 ml/0.1g

Loss on drying (at 105C for two hours) 5%

Ash 2.5%

Acid soluble 2.5%

Water soluble 1.5%

Particle size passing through 300 mesh Min. 60%

CDH, India

Pyrolysis reactor: The pyrolysis reactor is a quartz tube of 140
ml volume. Two streams are connected to the reactor, one for
introducing N2 gas and the other one for withdrawing the gaseous
product. The N2 (99.999 vol.%) gas was introduced to the reactor
to the lower point of the reactor in order to ensure good heat dis-
tribution. A thermocouple type K was used to read the temperature
inside the reactor. This sensor was mounted in an appropriate way
to read the temperature at the center of the biomass bed.

The FMWAP pyrolysis experiments were performed in a laborato-
ry unit developed in University of Baghdad (Fig. 1). It consists of
the following main parts; N2 gas cylinder, N2 gas pressure regula-
tor, microwave oven, pyrolysis reactor, trap for tar collection,
vapour condenser, liquid collector, cooling device and data acqui-
sition device for temperature readings. This device is connected to
a laptop. 50 vol. % ethanol-water liquid was used as a cooling
medium in the cooling device and circulated in the vapour con-
denser and liquid collector.

The microwave source was a modified household microwave oven
(10 liter volume and type LG, Chaina, MH943SAR). As a micro-
wave generator, a magnetron with a working frequency of 2.45
GHz and with a maximum power of 1250W was used. The output
power of the electromagnetic waves is adjusted by varying the
power voltage of the magnetron. Only quartz tube of the pyrolysis
reactor was introduced to the microwave chamber through a hole
at the top of the chamber, while the remaining parts are placed
outside the chamber.
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Fig.1: The process flow diagram of a laboratory microwave pyrolysis unit.

Physical properties of WH: WH biomass moisture content was
determined by a standard oven drying method (Cai et al., 2017).
The ash content was estimated according to NREL/TP-510-42622
method.

Chemical properties of WH: The chemical properties of WH
biomass are lignin, cellulose and hemicellulose content. Lignin
content was determined according to modified methods of Goe-
ring and Van Soest (1971) (Sluiter et al.,2016). Cellulose content
was determined by ADF method. Hemicellulose content was
estimated according to method of Goering and Van Soest (1970),
and Van Soest, Robertson and Lewis (1991) (Shoyakubov, and
Aitmetova, 1999).

Characterization of WH biochar: The analysis of surface mor-
phology of biochars Isamples were performed by using Scanning
Electron Microscopy (SEM) (FEI Company, Inspect S50, Nether-
lands). This device is equipped with Energy Dissipative X-ray

spectroscopy (EDX) (Brucker Company- X flash 6L10, Germany).

The chromatographic peaks are identified and analyzed by means
of the standard spectral data library.

Experimental design using Taguchi method: The design of
WH pyrolysis experimental conditions using FMWAP was per-
formed using Taguchi method. The effect of microwave power
(percent of microwave power from the actual value 1250W), tem-
perature, microwave absorber ratio (microwave absorber to bio-
mass weight ratio) and biomass particle size were studied. The
reaction time was kept constant at 2 min. Taguchi Lis array was
used as the orthogonal array for the experimental design. The
control factors (i.e. process parameters) and their levels are listed
(Table 2). The experimental flow diagram of Taguchi approach
was described (Fig. 2). First, the microwave pyrolysis unit was
constructed and experiments were set up. Problem formulation by
selecting the objective function, factors and levels, then utilizing
Taguchi method for estimating the appropriate orthogonal array
and designing the pyrolysis experiments. The signal-to-noise ratio
is one of the significant contributions of the Taguchi method for
the experimental design. The effects of the factors/levels on yield
were estimated using S/N ratio and the final response table was
constructed. Optimization of WH microwave pyrolysis conditions
was also performed. The experimental results were also analyzed
with the analysis of variance (ANOVA) to find the significance of
the process factors. A confidence level of 95% was used to evalu-
ate the significance of the operating factors on the biochar yield.
MINITAB 17 (Mintab Inc., PA, USA) software was used to gen-
erate the experimental design for the robust design technique of
Taguchi and perform the analysis of S/N ratio and ANOVA analy-
sis.

Table 2: Control factors and their levels.

ODE with * Orthogonal

* Arrav

Analysis == | * %@g
VA

Fig. 2: Flow diagram of Taguchi approach.

3. Results and Discussions

The physicochemical properties of WH: The chemical composi-
tion was calculated based on 5% dry weight (Table 3). It can be
observed that the lignocellulosic composition of the biomass ar-
ranged in the following order Cellulose> Lignin> Hemicelluloses.
These results are consistent with other studies (Feng et al., 2017),
(Zaklouta et al., 2011), (Istirokhatun et al., 2015) and (Arjenaki et
al., 2012). Some small variations may be noticed between the
present the published results in the literature, which in turn indi-
cate the difference in the environment in which WH grows.

Table 3: The physicochemical properties of WH.

component (wt.%)
Ash content 1.000
Lignin content 23.45
Cellulose content 30.60
Hemicelluloses content 15.10
Moisture content 95

Effects of microwave pyrolysis operating conditions on
synthetic gas yield: The Taguchi design of experiments for
microwave pyrolysis of WH with the experimental yield of
biochar as the response of the process was listed (Table 4).

Table 4: Experimental Taguchi orthogonal array and response of WH
microwave pyrolysis experiments.

Operating factors Le\iels > 3 7
Microwave power (MW), (W) 0.8 0.86 0.9 0.95
Temperature (Temp.), (°C) 300 480 580 680

Operating parameters Response
Run | MW power (%) | Temp. | MWA ratio Pa Synthetic gas
No. (°C) ) (mm) | yield (wt.%)
1 0.80 300 0.25 1.500 0.04909
2 0.80 480 0.50 0.678 0.09796
3 0.80 580 0.75 0.209 0.09995
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4 0.80 680 1.00 0.032 0.17441
B 0.86 300 0.50 0.209 0.09838
6 0.86 480 0.25 0.032 0.26609
7 0.86 580 1.00 1.500 0.04919
8 0.86 680 0.75 0.678 0.28261
9 0.90 300 0.75 0.032 0.07947
10 0.90 480 1.00 0.209 0.26603
11 0.90 580 0.25 0.678 0.30504
12 0.90 680 0.50 1.500 0.17411
13 0.95 300 1.00 0.678 0.26496
14 0.95 480 0.75 1.500 0.21819
15 0.95 580 0.50 0.032 0.44215
16 0.95 680 0.25 0.209 0.57579

Analysis of signal to noise ratio: Table 5 shows the values of
S/N ratio for the experimental array (Table 4). The Larger is Bet-
ter for S/N values was used to optimize the operating conditions
also to identify the effect of each factor on the pyrolysis process
response. The highest value of S/N ratio identify the control fac-
tor that minimize the effect of the noise factors and maximize the
value of response. The value of S/N was calculated using the fol-
lowing equations (Zirehpour et al., 2014):

S/N = —10log,, (—) (€]

MSD
MSD = (T, ¥7) @

Where, Yi is the response for the experiment, and n is the number
of runs.

The effect of each control factor and their levels on the synthetic
gas yield is explained in Table 6. This table contians the values of
S/N ratio for each level of each factor. Also, this table includes
ranks based on delta statistics. This property compares the relative
magnitude of effects, which can be estimated as the highest aver-
age for each factor minus the lowest average for the same. Rank 1
assigned for the highest delta value while rank 5 assined for the
lowest delta value, and so on for the remaining values. It can be
observed that the effect of factors is arranged in the following
rank: microwave power (rank 1)> Temperature> microwave ab-
sorber ratio> biomass particle size (rank 4).

The main effect plot is used to determine the maximum value of
the response. The highest value of S/N ratio for biochar yield re-
fers to the maximum value for a given factor (Fig. 3). It can be
observed that with increasing the power of microwave energy,
more energy absorbs by the biomass which in turn degraded into
more volatile and light products. Table 2 shows that the chemical
composition of the WH biomass. It can be noticed the high content
of cellulose and the low content of lignin. At high microwave
energy cellulose compounds tend to pyrolyzed more to light and
volatile products. So that, a high yield is obtained at lower micro-
wave power. These findings agree well with the results reported in
the literature (Januri et al., 2017), (Zhang et al., 2017), and
(Demirbas, 2004). The effect of temperature has the same effect of
microwave power. The same explanation can be adopted for the
effect of temperature on biochar yield.

The addition of microwave absorbent to the biomass greatly in-
crease the dielectric properties of the biomass, in turn, enhance the
pyrolysis rate and effect the pyrolysis reactions. This phenomenon
can be shown in Fig. 5. The biochar yield increase with the in-
crease in activated carbon to biomass ratio and reached its maxi-
mum value at 0.75 ratio. The microwave absorber speeds up the
heating rate of biomass particles. Further increase in absorber ratio
leads to a decrease of biochar yield due to the formation of more
light products. The same observations were found by many re-

searchers (Shen, 2009), (Januri et al., 2017), and (Zhang et al.,
2017). Also, Huang et al., 2016, and Shen, 2009 found that the
type and quantity of metallic oxides in biochar supported metallic
catalysts greatly affect the yields of biochar, biogas, and biooil.
Biomass particle size is another important parameter in FMWAP
process. WH biochar yield increased with the increase in WH
biomass particle size and as indicated by the values of S/N ratio
(Fig. 3). This result is consistent with other results reported by
(Shen, 2009), (Demirbas, 2004), and (Crombie et al., 2013) who
found that biochar yield increased with the increased the biomass
particle size. They concluded that with smaller particle size the
heating rate will be rapidly and instantly. As a result, the biomass
degrades faster to light products and verse versa.

Data Means

MW ratio Temp."C MWA ratio Pa (mm)

Mean of SN ratios

@*’Q’@@Qﬁ A R

& @ & &
& F g Ca

o

Signal-to-noise: Larger is better

Fig. 3: Main effects plot of operating parameters on S/N ratio of synthetic
gas yield.

Table 5: S/N for the observed values of products.

Synthetic gas

Run No. Variance(-) SIN ratio (-)
1 -26.18
2 -20.18
3 -20
4 -15.17
5 -20.46
6 -115
7 -26.16
8 -10.98
9 -22
10 -115
11 -10.31
12 -15.18
13 -11.54
14 -13.22
15 -7.089
16 -4.795

Table 6: Response table for S/N of synthetic gas yield.
Level MW ratio T.°C MWA ratio Pa (mm)
1 -20.383 -20.043 -13.197 -13.938
2 -17.275 -14.101 -15.728 -14.19
3 -14.748 -15.892 -16.55 -13.251
4 -9.161 -11.531 -16.092 -20.187
Delta 11.222 8.513 3.353 6.936
Rank 1 2 4 3

WH microwave pyrolysis process

optimization: The highest
values (i.e. the optimum values) of microwave power- 79.5%,
temperature- 300°C, microwave absorber ratio- 25%, and particle
size — 0.0135mm (Fig.4).
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Fig. 4: The optimum operating conditions of microwave pyrolysis of WH
biomass to produce synthetic gas.

Analysis of Variance (ANOVA): An analysis of the variance
allows to determine if different treatments show significant differ-
ences or not. The importance of analysis of variance is diagnosed
the significance of design factors on the responses of the process.
ANOVA table involves the F-statistic value (F) with its p-value,
which identify the significance of process factors on the products.
P-value is the probability of obtain F value that is must be as ex-
treme as the experimental value. P-value used to test the hypothe-
sis and to know when to reject or refuse to reject the null hypothe-
sis. If the p-value < 0.05 (with confidence level 95%) the null
hypothesis reject is refused and on the other hand the design vari-
ables are significant (Wang, 2012). Analysis of Variance (ANO-
VA) of biochar yield is tabulated in Table 7. In this table, it can be
observed that the values of P for all the factors are less than 0.05,
and F-values are larger than 4. This means that all the factors have
significance effect on the WH microwave pyrolysis. The percent-
age contribution for each parameter defined as the portion of total
observed variance in the experiment for each significant parame-
ter. When the value of this percentage contribution is greater, then
factor contribution to the final results more than other factors
(Zirehpour et al., 2014). It can be observed that the order of con-
tribution is arranged in the following order: Microwave power>
Temperature> microwave absorber ratio> biomass particle size.

Table 7: ANOVA for biochar yield of WH microwave pyrolysis process.
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Fig. 6: EDX spectra of WH biochar.

4. Conclusions:

Biochar was produced from WH. The effect of FMWAP process
factors/levels on biochar yield was studied. The pyrolysis experi-
ments were conducted using Taguchi experimental design (L16
orthogonal array). The analysis of S/N ratio show that order of
effects of process parameters are arrange in the following rank:
microwave power (rank 1)> Temperature> microwave absorber
ratio> biomass particle size (rank 4). The analysis of ANOVA for
biochar yield show that all the process factors have significance
effect on the WH microwave pyrolysis. Also, the percentage con-
tribution for each factor to the final results is arranged in the fol-
lowing order: Microwave power> Temperature> microwave ab-
sorber ratio> biomass particle size. The optimum conditions for
the maximum biochar yield were: microwave power ratio-, tem-
perature-300°C, microwave absorbed ratio-0.75 and biomass par-
ticle size-0.15mm. The maximum WH biochar yield at the opti-
mum conditions was 95%. The analysis of SEM/ EDX shows that
the WH biochar is macroporous structure, amorphous in nature
with some local mineral oxides. The result of the present study
show that WH is a good precursor for biochar production.
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