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Abstract

Flores, R. A. C., F. P. Garcia, E. M. O. Sanchez, A. M. B. Mir6 and O. A. A. Sandoval, 2018. Pyrolysis optimization
of agricultural waste using Taguchi L9 orthogonal array design. Bulg. J. Agric. Sci., 24 (2): 263-273

This research demonstrates the optimization and production of biochar from barley husk (BH), corn cob (CC), and Agave
salmiana leaves (AL) via pyrolysis in a muffle furnace. Taguchi experimental design (L9) was applied to conduct the experi-
ments at different levels by altering four operating parameters. Carbonization temperature (300-500°C), carbonization time
(30-90 min), precursor mass (2-5 g) and N, flow rate (100-200 cc/min) were the variables examined in this study. The effect of
the parameters on the biochar yield was investigated, and the important parameters were identified employing analysis of vari-
ance (ANOVA). The optimum conditions for maximum biochar yield were: carbonization temperature of 400°C, carbonization
time of 30 min, precursor mass of 2 g, and N, flow rate of 150 cc/min. The biochars produced under optimum conditions was
characterized physically and chemically. Biochar yields of 19.75% for corn cob (CCB), 32.88% for barley husk (BHB), and

31.14% for agave leaves (ALB) were obtained.
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Introduction

Lignocellulosic biomass is a complex biological product
and is considered as a promising alternative and a renewable
energy source that can be transformed by thermal processes into
other value-added products such as biochar and bio-oil. (Ste-
fanidis et al., 2014; Tripathi et al., 2016). Significant researchers
have been devoted to the production of carbonaceous materi-
als from agricultural waste (Ioannidou and Zabaniotou, 2007).
Wood, corn straw, olive stones, bagasse, sugar cane bagasse,
almond shells, corn stover, apricot stones, nut shells, corn cob,
rice husk and rice straw are some examples of biomass used
for obtaining biochar (Canales-Flores and Prieto-Garcia, 2016).

Conversion of biomass into biochar can be made mainly
by two methods: pyrolysis and gasification (Ahmad et al.,

*Corresponding author: prietog@uach.edu.mx

2014). Of the two methods mentioned, pyrolysis is the most
used method to produce biochar from the biomass (Canales-
Flores and Prieto-Garcia, 2016; Tripathi et al., 2016). On the
gasification method, the biomass is heated to temperatures
above 700°C to obtain gases rich in carbon monoxide and
hydrogen, under controlled oxygen or vapor conditions (Ah-
mad et al., 2014). In contrast, on the pyrolysis, the lignocel-
lulosic material is thermally degraded at temperatures in the
range of 200-900 °C under an inert atmosphere to produce
biochar, bio-oil, and gas (Ahmad et al., 2014; Tripathi et al.,
2016). Biochar is one of the by-products obtained from the
thermal degradation of lignocellulosic matter (Tripathi et
al., 2016), and it is descriptively defined by Shackley et al.
(2012) as “the porous carbonaceous solid produced by the
thermochemical conversion of organic materials in an oxy-
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gen depleted atmosphere that has physicochemical proper-
ties suitable for safe and long-term storage of carbon in the
environment.”

According to Tripathi et al. (2016), the production of bio-
char from biomass does not only depend upon the technique
employed to produce, but it is also a function of the process
parameters. Research on the pyrolysis has revealed that the
production, yield, and properties of the biochar depend upon
several factors like biomass properties (moisture content and
particle size), reaction conditions (temperature, time, and heat-
ing rate) and another factors (flow rate of carrier gas, catalyst,
and reactor type) (Tripahi et al., 2016). These authors also in-
dicate that it to achieve maximum yield of biochar, the process
parameters of the biomass pyrolysis have to be optimized.

Biochar production from biomass requires consideration
of various factors. The use of statistical designs of experi-
ments has been implemented in several optimization studies
to determine which factors affect the process and to reduce
the number of trials significantly (Loloide et al., 2016; Syed-
Hassan and Md Zaini, 2016). Taguchi methodology is wide-
ly used in the design and optimization of experiments and
uses orthogonal arrays to organize control factors and the
levels at which each factor is evaluated (Syed-Hassan and
Md Zaini, 2016). Taguchi design evaluates pairs of combina-
tions to determine the optimum levels that contribute to opti-
mum response value taking into account the mean value, the
variance and the signal-to-noise (S/N) ratio (Syed-Hassan
and Md Zaini, 2016).

In this study, Taguchi orthogonal array design was im-
plemented as a systematic method to obtain optimum condi-
tions for the preparation of biochar by pyrolysis of barley
husk, corn cob, and agave leaves. This design was employed
with the objective of maximizing the biochar yields. The
effect of the process parameters such as carbonization tem-
perature process time, precursor mass, and N, flow rate, was
examined. Comparisons of biochar’s physical and chemical
characteristics were also made.

Materials and Methods

Preparation of precursors

Barley husk (BH), corn cobs (CC), and Agave salmiana
leaves (AL) were the lignocellulosic residues used a biochar
Table 1
Chemical composition of precursor (%owt.)

precursors in this study. These precursors were obtained from
Almoloya and Apan in the State of Hidalgo, Mexico. The raw
materials were washed five times with distilled water, titrated
in a food processor, dried at 105°C for 72 h in an oven, ground
in a knife mill to obtain 0.3-1.0 mm particle size and finally
sieved through 18 and 45 mesh sieves. The chemical composi-
tion of BH, CC, and AL is summarized in Table 1. Chemical
characterization of the precursors was carried out according to
the method described in ASTM Standard D3172 (1997), total
sugars and fat according to the TAPPI T204 (1997), Klason
lignin according to the TAPPI T222 (1998), holocellulose ac-
cording to the method described by Wise et al. (1946), and -,
- and y- cellulose according to the TAPPI T203 (1999).

Preparation and characterization of biochar

Carbonization of the three precursors was performed in
a muffle furnace with nitrogen gas with a 99.999% purity to
completely purge the air from the reaction environment for
30 minutes, and allow the pyrolysis process to proceed in
the absence of oxygen. The muffle furnace was then turned
on, and the temperature was elevated at a constant heating
rate of 20°C/min until the final carbonization temperature
was reached. The system was maintained at the carboniza-
tion temperature for a particular period called carbonization
time. Finally, the system was cooled to room temperature
under nitrogen flow, and the biochar obtained was removed
from the furnace. The yield of biochar production was cal-
culated as follows:

. W,
Yield (%) = % 100,
Wl
where W is the initial weight of the precursor (g), and W, is
the weight of the obtained biochar (g).

Taguchi experimental design

Experimental design is a powerful approach for the op-
timization of parameters. Taguchi method is one of the most
tried-and-true, fastest techniques for design of experiments
and response optimization. The Taguchi design is based on
testing the sensitivity of a set of response variables to a set of
control parameters by considering experiments in an orthogo-
nal array with an aim to attain the optimum setting of the con-
trol parameters or factors. In this research L9 orthogonal array

Precursor | Lignin | a-cellulose | B-cellulose y-cellulose | Holocellulose Sugars | Fat
BH 26.46 66.69 22.38 10.92 82.07 27.44 2.06
cc 15.24 52.60 44.52 2.89 82.38 19.34 0.82
AL 15.58 79.45 13.18 7.37 83.05 42.29 1.68
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with four operational parameters known as control factors,
namely carbonization temperature (°C), carbonization time
(min), precursor mass (g) and N, flow rate (cc/min), with three
levels for each as shown in Table 2. In the Taguchi method,
there are three main types of S/N ratio, which are smaller the
better, nominal the best, and larger the better. Since the aim
of this study is to obtain the value of response (biochar yield)
as high as possible, the larger the better is used. Noise factor
taken in this study is the raw material. BH is considered as the
noise factor 1, CC is taken as noise factor 2, and AL is consid-
ered as noise factor 3. Table 3 shows the L9 orthogonal array
including the noise factors. The design matrix was provided
by ANTM 2.5, statistical software which incorporates Tagu-
chi’s L9 Orthogonal Array Method. This software was also
used in the computation of the ANOVA.

Characterization of biochar

The optimum biochars were characterized according to
the method described in ASTM Standard D3172 (1997). El-
emental analyses of C, H, and N was carried out by a Perkin
Elmer analyzer model 2400 PECHN-SO using acetanilide
as the reference. The oxygen content was obtained indi-
rectly by difference. The thermal behavior was performed
with a Mettler-Toledo analyzer model TGA/SDTGA-851,
under a nitrogen atmosphere, with a heat ramp of 10°C/

Table 2
Control factors and their levels

Process parameters Level | Level | Level
1 2 3
Factor A: Carbonization temperature (°C) 300 400 500
Factor B: Carbonization time (min) 30 60 90
Factor C: Precursor mass (g) 2 3 5
Factor D: N, flow rate (cc/min) 100 150 200

Table 3

min up to 600°C. Besides, the biochars were analyzed by
Fourier Transform infrared spectrophotometry (FTIR) on
a Perkin Elmer Spectrum one spectrometer. The spectra
were recorded in the region of 4000 to 370 cm’!, resolu-
tion of 4 cm™ and ten scans. The surface morphology of the
precursors was observed by scanning electron microscopy
(SEM) using a JEOL scanning electron microscope model
JSM 6300 operated at 10 kV. For observation, particles of
the precursors were dispersed onto carbon tape and coated
with gold. X-ray powder diffraction (XRD) in a Bruker D2
Phaser 2™ Gen, for values of 2q from 5° to 70° using Cu Ka.
radiation (1.54184 A), and a detector Lynxeye (ID mode).
The pore distribution was determined by mercury porosim-
etry in a porosimeter Model AutoPore IV 9500 with detec-
tion range of 0.003 wm to 360 um, and potential Z on a
Malvern Zetasizer nanoseries.

Results and Discussion

Analysis of variance (ANOVA) of S/N ratio and effects
of the control factors on the biochar preparation

According to Taguchi orthogonal array, twenty-seven
different biochars were prepared. Table 3 shows the yield
results of biochar for each run, and is used to predict the
optimum condition for the process pyrolysis. Yield results
between 16 to 34% for BHB, from 3 to 18% for CCB, and
from 15 to 39% for ALB were obtained. The S/N ratio was
tested by ANOVA to determine the relative significance of
the S/N data obtained for the process parameters. Accord-
ing to Kundu et al. (2014), ANOVA determines the impact
of the independent variableson the dependent variables in
a regression analysis. The ANOVA results for S/N ratio
are given in Table 4. Effects of control factors on the S/N
ratio of the biochar yields can be observed in Figure 1.

Orthogonal array (L.9) of Taguchi experimental design with the noise factors and the measured yield value of biochar

Inner control factor control array Outer noise factor array
Process parameters Yield (%wt.)

Run Factor A Factor B Factor C Factor D

°C) (min) (@) (cc/min) BHB CCB ALC
1 300 30 2 100 34.49 18.36 393
2 400 60 3 200 19.10 5.16 15.43
3 500 90 5 150 16.21 3.20 33.04
4 300 60 3 200 33.87 9.87 34.15
5 400 90 2 150 19.71 3.46 18.73
6 500 30 5 100 26.02 13.7 21.99
7 300 90 5 200 25.61 9.15 26.47
8 400 30 2 150 26.67 4.76 29.48
9 500 60 3 100 17.04 3.94 17.71
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Fig. 1. Effect of the control factors on the S/N ratio of
the biochar yield

Bold values in Table 4 for the level averages are the
maximum average S/N performances of factors in the four
different levels at each factor. F-value indicates the statistical
calculation on the effects of control factor to the response.
The F-value is obtained by comparing the variance associ-
ated with the residual variance. The factor with high F-value
is the most important factor affecting the yield of biochar.
According to Kirby (2006), a F-ratio less than one suggests
insignificant effect, a value near about two suggests moder-
ate effect and if the F-ratio is more than four, the control
factors have a strong and significant effect on the response.
Therefore, Table 4 shows that the carbonization time and the
precursor mass have a significant effect on the preparation
of biochar whereas the N, flow rate and the carbonization
temperature have a moderate effect. The S/N ratio for the
carbonization time increases as the level decreases from 90
min to 30 min, meaning that the biochar yield increases.

However, when the carbonization time was higher than
30 min, the S/N ratio decreased, indicating that the biochar
yield decrease. Prias-Baragan et al. (2011) found that low
temperatures with extended carbonization times are required
to improve activated carbon production. It means that by in-
creasing the carbonization times, it is promoted to the repoly-
merization of the constituents of the biomass by giving them
Table 4
ANOVA S/N ratios for the prepared biochars

sufficient time to react. On the other hand, if the carboniza-
tion times are very short, the repolymerization of the compo-
nents of the biomass will not be completed, and the biochar
yields will be decreased. The S/N ratio indicated that the op-
timum level for the carbonization time is the level 1 which
corresponds to 30 min. No change was observed in the S/N
ratio for the last two levels of carbonization time of 60 min
and 90 min practically. During the experimentation, it was
observed that increasing the carbonization time with high
temperatures resulted in a decrease in biochar yield. Thus,
the shorter carbonization time in combination with moder-
ate temperatures had a very significant effect for obtaining
higher biochar yields. The increase in the biochar yield at the
first level of carbonization time was due to the release of the
volatile components from the precursors is gradual, and the
repolymerization reactions take place (Tripathi et al., 2016).
The literature also mentions that the effect of the carbon-
ization time is directly related to other process parameters
such as the carbonization temperature and the heating rate.
Table 4 shows the S/N ratio for the carbonization tempera-
ture which increases the biochar yield in the level 2 which
corresponds to 400°C. This carbonization temperature was
the best for obtaining the highest carbon yields because high
temperatures promote the thermal cracking of heavy hydro-
carbons present in the precursor increasing the liquid and gas-
eous products, and the decrease of biochar yield (Tripathi et
al., 2016). These findings are consistent with those reported by
Ates et al. (2004) who showed that a temperature increase of
400 to 700°C caused a 17% reduction in the yield of biochar
for sesame stems. Choi et al. (2012) also reported the decrease
of the biochar yield with increasing pyrolysis temperature.
Table 1 show that the three precursors presented high
contents of a-cellulose and low contents of lignin, with val-
ues of 52.60-79.45% and 15.58-26.46%, respectively. The
literature indicates that, during pyrolysis processes, low
temperatures are suitable for cellulose-rich precursors, be-
cause at high temperatures (>800°C) cellulose leads to the
formation of volatile products while at low temperatures

Source DF*® SP % F Sd Pe (%) Level average

Level 1 Level 2 Level 3
Factor A (°C) 2 8.60 4.30 20.41 21.52 19.12
Factor B (min) 2 105.01 52.50 12.21 96.40 50.23 25.10 17.22 18.74
Factor C (g) 2 61.26 30.63 7.12 52.65 27.43 23.88 19.51 17.66
Factor D (cc/min) 2 17.07 8.53 1.98 8.46 4.41 19.94 22.21 18.91
Residual error 2 8.60 4.30 34.40 17.93

2 DF: degree of freedom, * S: standard deviation, ¢ V: variance (S?), ¢ S": standard deviation recalculated by neglecting the smallest variance, ¢ P: contribution

percentage at each factor
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(450-600°C). It is lead to the formation of biochar since the
cellulose is degraded to a hydrocellulose resulting in the high
production of biochar. Therefore, carbonization temperature
of 400°C was adequate to obtain higher biochar yields.

The rate of entrainment gas flow is another important pa-
rameter in the pyrolysis process. The S/N ratio indicated that
150 cc/min is the optimum level for the N, flow rate during
the pyrolysis process. This result is consistent with studies
by Senséz and Angin (2008), who found that biochar yield
decreased with increased the rate of nitrogen flow during the
pyrolysis process of safflower seeds. They concluded that
once the flow of nitrogen exceeds 100 cc/min, the yield of
biochar remain almost constant. Zhang et al. (2009) found
that there is no noticeable change in biochar yield by increas-
ing the nitrogen flow rate above 2.3 L/min. The studies by
Onay et al. (2001) and Piitiin et al. (2002) found that there
is no significant change in biochar yield by increasing the
nitrogen flow rate above 50 cc/min. These findings indicate
that a low nitrogen flow rate is sufficient to take most of the
vapors out of the reaction zone resulting in high biochar
yields. Therefore, a N, flow of 150 cc/min is suitable for the
process since, according to the authors, high flow rates of
nitrogen are not necessary to obtain high biochar yields.

Concerning the effect of the mass of the precursor, it was
found that 2 g is the optimal condition for obtaining the high-
er yield of biochar since with this amount of precursor the
release of the volatile components is optimal in combination
with short carbonization times (30 minutes).

Optimization of the process parameters

In this study, the “larger the better” type of analysis was
selected as the response since the highest biochar yield is
always desirable. The largest S/N ratio corresponds to the
optimum characteristics. Table 4 shows the mean S/N ratio
for each level of the control factors, which was summarized
as S/N response. As can be seen in Figure 1, the optimum
condition is the following: carbonization temperature of
400 °C (level 2), process time of 30 min (level 1), precursor
mass of 2 g (level 1), and N, flow rate of 150 cc/min (level
2). For the additional study, biochar samples were prepared
by confirmatory experiments using these levels for the con-
trol factors. Biochar yields of 19.75% for CCB, 32.88% for
BHB, and 31.14% for ALB were obtained under optimum
conditions. These biochars were characterized physically
and chemically.

Characterization of the biochars obtained under optimum
conditions

According to Nieto-Delgado et al. (2011) to consider a
raw material as a good precursor to produce activated car-

bon must possess certain characteristics such as low cost,
availability, high carbon content, low content of inorganic
compounds, and the existence of a natural porosity. Figure 2
shows the results of proximal analysis of biochars compared
with the precursors. As illustrated, the moisture content of
the precursors was the same, around 7%, and for the bio-
chars was less than 4%. Tripathi et al. (2016) mention that
low moisture is advisable for the activated carbon production
because it not only reduces the heat energy but it also low-
ers the time required for the process. Specifically, lignocel-
lulosic precursors with more than 30% of moisture are not
suitable for the pyrolysis since the greater amount of energy
supplied to the biomass would be used in moisture removal
present in it and rest would be used to increase its tempera-
ture. They also indicate that a significant amount of moisture
(more than 40%) reduces the heating rate resulting in more
time in achieving the process temperature. Demirbas (2004)
and Xiong et al. (2013) observed that increase in moisture
content in pyrolysis of wood and sewage sludge, respective-
ly, decreases the yield of biochar. Therefore, the moisture
content of the three precursors of this study was suitable for
the biochar production under optimum conditions.

B %Moisture B %Fixed Carbon H %Volatile %Ash

254
7.91
1454 9.92

2479

4563
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336
84.46 793
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609 10.65
2 6.91 352 6.5 2.89

ccB AL ALB

Fig. 2. Proximal analysis of biochars obtained under
optimum conditions and precursors

Ash content is another important parameter in the acti-
vated carbon production since it defines the quality of pre-
cursor in the combustion determining the content of incom-
bustible matter and it is related to the dissolution of salts
generating problems of pollutants in aqueous media when
the activated carbon is used. (Nieto-Delgado et al., 2011).
Thus, low ash content is desired because it could negatively
affect the yields to partially eliminate the formation of char
(Pereira et al., 2014).In this research, the ash contents of pre-
cursors are less than 10% and are acceptable for the activated
carbons production. In contrast, the ash content of CCB and
ALB was the same, around 33%. However, the ash content
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of BHB was higher, about 45%. In this case, we established
that the yield of the BHB is masked by the high content of
inorganic compounds. It is attributed to the fact that barley
by holding the grass family has a natural tendency to absorb
a significant amount of silicon (Espino et al., 2014), which is
concentrated after the heat treatment.

Regarding the content of volatile matter, the volatile mat-
ter content is another important parameter because it indi-
cates the reactivity and ease of ignition of an organic mate-
rial (Canales-Flores and Prieto-Garcia, 2016). In this study,
high volatile contents were found on the precursors with
values from 79% to 84%.These values are very suitable for
the process pyrolysis since the gradual and controlled release
of volatile matter result in the enrichment of carbon (Cana-
les-Flores and Prieto-Garcia, 2016). In contrast, contents of
volatile matter from 22% to 33% were determined for the
biochars. These results are lower than those of the raw mate-
rials. This tendency was to be expected since the gradual and
controlled loss of volatile matter under optimum conditions,
produced the carbon enrichment in the biochar obtained,
mainly in CCB (48.96%) and ALB (38.72) as shown in Fig-
ure 3. The BHB showed the lowest carbon enrichment due to
its high content of inorganic material.

& %C 5 %H %N %0

40.62

5095 5194 49.37 49.52

BH BHB cc CcCB AL ALB

Fig. 3. Elemental analysis of biochars obtained under
optimum conditions and precursors

Fourier-transform infrared spectroscopy (FTIR)

FT-IR spectra of the BH compared with BHB, CC
compared with CCB, and AL compared with ALB are
shown in Figure 4A-C. The intense band is appearing at
3400 cm™ in all samples, was attributed to stretching vi-
brations, characteristic of the hydroxyl functional group
(O—H)belonging to the cellulose structure, which is the
major component of the precursors. The band character-
istic of the methyl group resultant of (C—H) asymmetric
and symmetric stretching was assigned to olefinic com-
pounds, which suggests an aliphaticity in the structure of

the precursors. It was observed that the three precursors
present diverse functional groups such as esters, ethers,
alcohols, aldehydes, ketones, phenols and carboxylic ac-
ids. Thus, in the double bond region, a shoulder peak at
1733 c¢cm™! for BH, at 1737 ¢cm™! for CC, and at 1731 cm™!
for AL, were assigned to the C=O stretching of the ace-
tyl and uronic ester groups of hemicellulose, and to the
ester linkage of carboxylic group of the p-coumaric acid
of lignin.

These bands disappeared in the spectra of the three
biochars (Figure 4A-C). In contrast, it can be observed
that there are few differences about the peak assigned to
the primary amines in both precursor and biochars. Bledz-
ki et al. (2010) mention that the exact frequency of this
vibration depends on the nature of the hydrogen bonds in
the C=0 and N-H groups. Thus, a peak at 1626 cm™' (more
intense) for BHB (Figure 4A), at 1595 cm™! (low intensity)
for CCB (Figure 4B) and at 1612 cm™ (shoulder) for ALB
(Figure 4C) were observed.

Bands in the range of 1375-1350 cm™! were assigned to
the symmetrical and asymmetric deformations of C-H in
methyl and phenolic alcohol. The bands at 1458 cm™! for
BHB, from 1379 to 1053 cm! for CCB, and from 1418 to
1059 cm™ for ALB, were assigned to deformation vibra-
tions of C-C in aromatic rings, as well as to the vibrations
of C-O and C-H. According to Bohli et al. (2015), this
region is indicative of the carbon enrichment after heat
treatment.

A sharp peak at around 900 cm’!, characteristic of b-
glycosidic linkages between the sugar units of the cellu-
lose (Bledzki et al., 2010), disappeared in the three bio-
chars as a result of pyrolysis. As can be seen, this region
of bands, characteristic of the components of the cellu-
lose, presented substantial changes after obtaining the
carbonaceous materials under optimum conditions.

Analyzing the spectrum of the BHB sample, it can be
observed that there are three major differences about the
spectrum of the CCB and ALB, associated with intense
peaks at 1091 cm™, 796 cm™!, and 450 cm™.The first two
bands are indicative of the vibrations of the Si-O-Si bond
bonds, and the third is assigned to the flexion of the O-
Si-O bonds (Shen et al., 2014). This finding is consistent
with that reported by Azizi et al. (2013) who mention that
in the FTIR spectrum of barley husk, the vibration and
stress bands of Si-O-Si appear in the regions of 420-500
cm! and 950-1250 cm™'. The presence of these bands in
BHB is due to the high inorganic content of the precursor,
which is consistent with the findings of Azizi et al. (2013)
and Shen et al. (2014), who report silica content of 80%
for barley husk and 60% for rice husk, respectively.
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Fig. 4. FTIR spectrum of biochars compared with the precursors (A, B, and C). SEM micrographs of precursors (D,
E, and F) and biochars (G, H, and I)

Scanning electron microscopy (SEM)

The morphological changes of the biomass samples,
before and after the pyrolysis were observed by scanning
electron microscopy. Figure 4 shows the surface morphol-
ogy of the raw materials (Figure 4D-F) and the biochars
(Figure 4G-I). It can be observed that three lignocellulosic

residues have fibrous and porous structure, which are suit-
able characteristics to obtain carbonaceous materials such as
activated carbons (Canales-Flores and Prieto-Garcia, 2016)
since biomass can readily decompose and burn. Accord-
ing to the literature, a good precursor of activated carbon
must have a porous and fibrous structure, since under this
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condition, the oxygen can quickly diffuse inside the particle
during combustion, and volatile material can be gradually
released (Gani and Naruse, 2007). Besides, from the results
of the micrographs of the biochars, it is established that the
morphology of the biochars obtained depends strongly on
the precursor used. Thus, SEM images of the three coals
showed the formation of irregular shape and size cavities.
It was observed that biochar prepared from BH (Figure 4G)
shows eroded particles composed of a large number of chan-
nels and some smaller particles adhered to its surface. For
CCB, Figure 4H shows irregularly shaped channels with
small holes of irregular size and the presence of smaller par-
ticles adhered to their surface which occurred as a result of
the combustion of the precursor. In Figure 41, it can be seen
that in the ALB channels of regular shapes and variable sizes
were obtained.

Mercury porosimetry

From the results achieved from the micrographs, Figure
5 shows the pore size distribution curves for BHB, CCB, and
ALB. The pore sizes were classified according to the pore ra-
dius (micropores 1-20 A, mesopores 20-500 A, macropores
500-50000 AA).When we compared the pore size distribu-
tion curves for the three biochars, we observed the predomi-
nance of macroporous structures in the three carbonaceous
materials. As shown in Figure 5, the ALB presented the high-
est volume of macropores with 0.045 cm’/g, followed by
CCB with 0.037 cm*/g, and BHB with 0.031 cm®/g. There-
fore, biochars with macroporous structures were obtained
under optimal conditions of pyrolysis.

X-ray diffraction (XRD)

X-ray diffraction patterns of BHB, CCB, and ALB are
shown in Figure 6. In the diffraction patterns of the three bio-
chars, the amorphous response is observed from 2g=10°, re-
sulting from the heat treatment, forming a broad peak which
can be attributed to the formation of cross-linked graphitic
structures that form the carbon-pore structure. This find-
ing indicates the presence of carbon-pore interfaces in the
biochars, which is consistent with those reported by Prias-
Barragan et al. (2011).

Peaks for 2q around 28° and 41° were observed in BHB
and CCB, which correspond to the peak (002) and the peak
(100) of the graphite structure, respectively. According to
Duan et al. (2016), these peaks show graphitization processes
during pyrolysis. Thus, it can be established that the graphiti-
zation was slight since the peaks are not defined. The authors
also explain that the broad peak at (002) could be the result
of the incomplete development of microcrystalline struc-
tures, and the tiny peak at (100) could be attributed to the
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Fig. 5. Pore size distribution curve for (A) BHB, (B)
CCB, and (C) ALB

disordered graphite layers that were formed during the heat
treatment. This second peak was more intense in the CCB
(Figure 6B), followed by ALB (Figure 6C) and practically
null in BHB (Figure 6A). Therefore, the peaks obtained in
the diffractograms are indicative of the formation of graph-
ite layers in the carbonaceous materials, mainly in CCB and
ALB. It can be deduced from these peaks that the activated
carbon is most likely amorphous and does not represent a
crystalline structure. In contrast, the diffraction pattern of
BHB shows peaks at approximately 21° of 2q than can be as-
sociated with the presence of amorphous SiO, (Music et al.,
2011; Shen et al., 2014). It represents a clear and consistent
finding that in BHB are present amorphous silicon oxides.
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Fig. 6. XRD pattern of (A) BHB, (B) CCB, and (C) ALB

Thermogravimetric analysis (TGA)

As a representative result of the thermogravimetric analy-
sis, Figure 7 and Figure 8 shows profiles of the fraction of the
mass decrease of combustibles for precursors and biochars,
respectively. The vertical axis represents the fraction of mass
decrease of combustibles. From Figure 7, the thermal decom-
position of lignocellulosic compounds starts at about 180°C
for all the samples. As shown, the combustibles in the bio-
mass react at the five stages during the thermal decomposition
(Nieto-Delgado and Rangel-Méndez, 2013). The first phase

at a temperature between 70 °C and 150°C was attributed
to moisture released and to the evaporation of some volatile
compounds. The second stage was found from 180°C to about
230°C and was attributed to the degradation of hemicellulose.
At the third stage, the mass rapidly decreases due to the cellu-
lose volatilization. This stage was observed in the temperature
range of 250°C to 350 °C for all the samples and was represen-
tative of the thermal decomposition of cellulose. Thus, peaks
at 299°C for BH, at 300°C for CC, and at 326°C for AL were
observed. Similar behaviors have been reported in other stud-
ies for the same precursors (Bagheri and Abedi, 2009; Bledzki
et al., 2010; Nieto-Delgado et al., 2011; Espino et al., 2014).
The fourth stage, between 380°C and 550°C, was attributed
to the lignin decomposition. As shown in Figure 7, the ther-
mogravimetric analysis for BH, CC, and AL demonstrate that
cellulose is the major component in all precursors. This result
is because the three precursors showed high cellulose content
and low lignin content as shown in Table 1.
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Fig. 7. Thermogravimetric analysis of (A) BH, (B) CC,
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According to Gani and Naruse (2007), the cellulose
decomposes in the temperature range of 240-350 °C (Ni-
eto-Delgado and Rangel-Méndez, 2013). In contrast, lig-
nin is the biomass fraction with the higher decomposition
temperature (280-500 °C), since part of lignin consists of
benzene rings, and is the fraction with higher carbon con-
tent (Gani and Naruse, 2007; Nieto-Delgado and Rangel-
Méndez, 2013).

The fifth stage was attributed to the ash derived from
the degradation of complex polymers and inorganic salts
present in the precursors, mainly in BH and AL. These re-
sults are consistent with those reported by Gani and Naruse
(2007) who suggest that the thermal behavior of biomass
depends on its components such as the cellulose and lignin
content.

In the thermal decomposition profile of the biochars, a
very discreet endothermic peak was observed at tempera-
tures below 100°C, attributed to desorption of physisorbed
water (Figure 8). For the biochars sample, the peak corre-
sponding to cellulose and hemicellulose degradation was
not observed. It is a difference concerning the thermal de-
composition profile of the lignocellulosic residues. Finally,
fluctuations occurring between 450 and 550°C were found
in the thermal decomposition profile of biochars which can
be attributed to prolonged lignin degradation since this com-
pound has high thermal stability (Figure 8). This peak was
more intense in the ALB since its precursor has the highest
lignin content as shown in Table 1.

Zeta Potential

The zeta potential is a physical parameter that can be
used to quantify the electrical potential of the surface of a
solid particle (Li et al., 2003). According to the literature,
the electrokinetic behavior of the activated carbons in solu-
tion is one of the most important properties in the charac-
terization of these materials. It is also mentioned that these
materials are amphoteric due to the presence of several func-
tional groups on their surfaces and to delocalized electrons
that confer fundamental properties (Chingombe et al., 2005).
Thus, zeta potential measurements determined that the sur-
face charge of the three biochars is anionic, obtaining values
of -34.40 mV for BHB, -48.02 mV for CCB, and -29.00 mV
for ALB. It can be observed that CCB presented the highest
value of anionic surface charge after the pyrolysis process,
followed by ALB and ultimately BHB. From these results, it
is established that the zeta potential values indicate the pres-
ence of anionic surfaces in the biochars obtained, mainly in
CCB. Therefore, the biochars achieved in this study can be
effective for adsorption processes of molecules or ions with
positive surface charge.

Conclusions

Biochars were produced from barley husk, corn cob, and
agave leaves. The effect of operating parameters on the bio-
char yield was investigated. The experiments were based on
Taguchi experimental design (L9). The analysis of variance
made clear that the leading factor was the activation time
with about 50% effect on the biochar yield. The optimum
conditions obtained for maximum biochar yields were: car-
bonization temperature of 400°C (level 2), process time of
30 min (level 1), precursor mass of 2 g (level 1), and N, flow
rate of 150 cc/min (level 2). Biochar yields of 19.75% for
CCB, 32.88% for BH, and 31.14% for ALB were obtained
at optimum conditions. Biochars with a predominantly mac-
roporous structure, amorphous structure, numerous oxygen
functional groups, anionic surface and moderate ash content
were obtained. The results of this investigation show that
barley husk, corn cob, and agave leaves are likely precursors
for biochar production.
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