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In this work, the adsorption capacity of the biochar obtained from Pinus patula biomass micro-gasification
was studied using malachite green (MG) as the probe pollutant. For this purpose, the biomass type (wood
pellets and chips) was selected to produce two kinds of biochar (BC). Afterwards, the effects of the adsor-
bent dose (6, 9 and 12 g/L), the solution pH (4, 7 and 10) and the BC particle size distribution (150–300,
300–450 and 450–600 lm) for the maximization of the MG retention by the selected BC were evaluated
using a faced-centered central composite design, as response surface methodology. The results indicated
that the BC derived from wood chips (BWC) exhibited a higher MG dye adsorption capacity than the BC
obtained from the wood pellets (BWP) gasification under the same operating conditions after having
reached the equilibrium. A second-order regression model was built for describing the MG adsorption
behaviour by BWC under the considered experimental domain. The model, which was validated, resulted
to be statistically significant and suitable to represent the MG adsorption by the studied BC with a p-
value of 0.00 and a correlation coefficient (R2) of 95.59%. Additionally, a three-dimensional response sur-
face graph and a contour plot were utilized to analyze the interaction effects between the factors influ-
encing the adsorption system and to discern the optimal operating conditions for the use of BWC. The
maximal MG dye retention (99.70%) was found to be at an adsorbent dose, pH solution and a particle size
distribution of 9.80 g/L, 10 and from 150 to 300 lm, respectively. Therefore, the BWC tested can be uti-
lized for the treatment of water polluted with dyes, contributing to the establishment of a circular
economy.
� 2021 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water is a natural resource that is essential for life. Every day,
industries, agricultural activities and general population using
water are growing in an exponential way, resulting in the pollution
of this precious resource with toxic compounds (Kurniawan et al.,
xxxx), which can be bioaccumulated in the human body and pro-
duce several dangerous illnesses (Kosek et al., 2020). In recent dec-
ades, the majority of researches have been focused on the study of
the so-called emerging contaminants, heavy metals, pesticides,
dyes and other hazardous chemicals. The presence of these pollu-
tants, particularly dyes, in aquatic ecosystems results in a consid-
erable damage to the environment. In fact, dyes are toxic
substances that lead to a high dissolved oxygen consumption in
water, causing a negative impact (Tong et al., 2019). Additionally,
dyes produce the coloration of water, limiting the activity of the
photosynthetic organisms. For the particular case of malachite
green (MG), which is a cationic triphenylmethane dye, it is exten-
sively used in the fish farming and textile industries as an
tment of
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antiprotozoal and antifungal product. Unfortunately, MG and leu-
comalachite green (a MG metabolite) can cause serious problems
to human cells, especially to the immune and reproductive sys-
tems, due to their highly genotoxic and carcinogenic character
(Stammati et al., 2005; Vyavahare et al., 2018; Mohamed et al.,
2019).

Although the use of MG has not been authorized in the Euro-
pean Union, in the United States of America and in other countries,
this toxic dye is still being commercialized in many countries
around the world, specifically in least developed countries, because
of its availability at a low cost and the multiple uses associated
(Gwenzi et al., 2017). Additionally, among other dyes, MG is a sub-
stance resistant to degradation and may escape from water treat-
ment facilities operating with traditional systems (e.g.,
coagulation-flocculation, chemical oxidation, sedimentation, filtra-
tion and disinfection), undergoing a limited alteration (Tkaczyk
et al., 2020). Therefore, the implementation of efficient techniques
is mandatory to avoid the presence of this and other toxic com-
pounds within the aquatic environment and, subsequently, to pro-
tect living beings and human health (Rubio-Clemente et al., 2021,
2020). Different remediation methods, such as biological and elec-
trochemical processes, have been applied to remove MG dye in
water. Nevertheless, these technologies are often expensive, inef-
fective and time consuming. In this regard, adsorption is one of
the most attractive techniques for eliminating pollutants in water
(Jawad et al., 2017; de Farias et al., 2020; Hamad, 2021; Jawad
et al., 2020; Jawad and Abdulhameed, 2020; Surip et al., 2020)
and the use of biochar (BC), a carbon-rich solid by-product
obtained from the biomass conversion process, has been consid-
ered as an attractive option for water decontamination (Zhang
et al., 2020). BC, used as an adsorbing material, is characterized
by the ease and sustainability of the control process, its effective-
ness and the low-cost requirements (Nidheesh et al., 2020). Addi-
tionally, BC can be easily implemented in many rural communities
inhabiting developing countries for the elimination of pollutants in
water (Gwenzi et al., 2017).

The adsorption technique based on BC has been already
employed for the treatment of effluents from the textile sector con-
taining MG (Kayan et al., 2017; Rajabi et al., 2016; Mohamed et al.,
2019; Tong et al., 2019). The referenced studies report that the uti-
lization of biomass from several origins and the biochars (BCs) pro-
duced has advantages in the treatment of environmental matrices
and in the management of waste. Nevertheless, information about
the MG adsorption behaviour by the BC generated from the bio-
mass micro-gasification process is limited in the literature. Indeed,
from the authors’ knowledge, no studies investigating the use of
the BC generated from the micro-gasification of Pinus patula wood
pellets (BWP) and chips (BWC) for the removal of MG in water
have been reported nowadays.

In addition to the intrinsic characteristics of the adsorbing
agent, it is important to note that the efficiency of the adsorption
process depends on the correct choice of the operating factors,
including the pH of the solution and the BC particle size and dose.
For this purpose, optimization techniques must be used and one-
factor-at-a-time (OFAT) methodology has been commonly applied.
However, because of OFAT technique does not allow to evaluate
simultaneously the effect of the entire set of parameters consid-
ered to influence the response variable(s) within the experimental
domain (i.e., on the removal of the pollutant of interest), the
response surface methodology (RSM) has been recently positioned
as an alternative optimization technique able to overcome the lim-
itations ascribed to the former one (Bezerra et al., 2019;
Montgomery, 2020). Moreover, the application of RSM results in
a low number of runs needed to evaluate interactions of multiple
parameters, leading to the reduction of the operation time and
associated costs (Jawad et al., 2017; Manojkumar et al., xxxx;
2

Jawad et al., 2020; Jawad and Abdulhameed, 2020; Surip et al.,
2020).

Under this scenario, this research is focused on studying the
adsorption of MG dye in water using two different eco-friendly
BCs produced from the micro-gasification of Pinus patulawood pel-
lets and chips (BWP and BWC, respectively). The effect of the oper-
ating conditions, including the adsorbent dose (BC-D) (6, 9 and
12 g/L), the solution pH (4, 7 and 10) and the BC particle size dis-
tribution (BC-PSD) (150–300, 300–450 and 450–600 lm), on the
BC adsorption capacity is analyzed. RSM, through a face-centered
central composite design of experiments (CCD), is used to optimize
the treatment system aiming at maximizing the MG dye removal
in order to demonstrate the important role played by a solid waste
for the remediation of water, the establishment of a circular econ-
omy and, subsequently, the contribution to the sustainable
development.
2. Methods and materials

2.1. BC generation, characterization and treatment

The BCs used in this work were produced from the gasification
of patula pine (Pinus patula) wood in the form of pellets (WP) and
chips (WC). This species was selected because of the harvested area
(�38500 ha), annual yield (�20 m3/ha per year) and the �13-year
cutting cycle, along with its dendro-energy potential in Colombia
(Pérez et al., 2019). WP and WC were used due to they are consid-
ered as the most common worldwide wood presentation for the
production of energy (Hubbard, 2015). The pellets were 8-mm
diameter, had a length from 10 to 15 mm and were provided by
a local sawmill placed in Medellín, Colombia. In turn, the chips
were produced by the Bandit 95XP equipment and had a particle
size that ranged from 4 to 20 mm. It is highlighted that the oxida-
tion stability during the gasification process is influenced by the
particle size range (Lenis and Pérez, 2014).

Gasification was performed in a top-lit updraft (TLUD) reactor,
which was operated at an atmospheric pressure, in order to obtain
combustible gas (composed of hydrogen, methane, carbon monox-
ide, a small amount of hydrocarbons and other non-combustible
gases, including carbon dioxide and nitrogen) and BC. The gener-
ated BCs were used as bio-adsorbents for the treatment of water
polluted with MG due to their high adsorption capacities, among
other physicochemical properties (Nidheesh et al., 2020).

The TLUD reactor, with a height of 0.28 m and 0.16 m of inner
diameter, had a cylindrical shape. The reactor used a line of atmo-
spheric air as the gasification agent, which was provided by a
reciprocating compressor (up to 254 L/min, 3000 rpm and
2.60 kW) with a volumetric vessel. The line had a rotameter and
a manometer to control the air flow and the pressure, respectively.
A fixed air flow (Vair) equal to 146 ± 4.35 L/min was used for the
studied biomasses. For monitoring the temperature inside the gasi-
fication bed, 5K-type thermocouples (±1 �C) were utilized. The
thermocouples were separated every 0.04 m longitudinally along
the reactor. Additionally, the reactor had a National Instruments
USB-6001 acquisition card (DAQ) and a program developed in
the LabView�software that were used for the control and acquisi-
tion of data. Within the reactor, the fresh biomasses were ignited at
the top; therefore, the reaction front at a temperature of approxi-
mately 700 �C dropped to the reactor grate on the bottom. The
gasification parameters associated with the BC production reached
a biomass-air equivalence ratio (Fr) of 1.52 ± 0.19 for WP and
1.85 ± 0.25 for WC; the specific biomass consumption rate (mbms)
ranged from 125.33 (±15.48) kg/h/m2 for WP to 145.39 (±19.72)
kg/h/m2 for WC. Furthermore, the BC yields (Ychar) reached for
WP and WC were 12.12 (±1.19) wt% and 10.82 (±1.24) wt%,



A. Rubio-Clemente, J. Gutiérrez, H. Henao et al. Journal of King Saud University – Engineering Sciences xxx (xxxx) xxx
respectively. The analyses related to the gasification process of the
biomass samples (WP and WC) and the experimental setup are
described in detail by Gutiérrez et al. (2021).

The produced BCs were characterized through elemental and
proximate analyses. From the latter one, the volatile material
(VM), the ash content and the fixed carbon content (AC and FC,
respectively) were determined. For this purpose, a TGA Q50 equip-
ment (TA Instruments, USA) was used following the modified
ASTM-D 5142-04 method, as proposed by Medic et al. (2010).

In turn, the BC ultimate analysis, which included the determina-
tion of hydrogen (H), carbon (C), oxygen (O), nitrogen (N) and sul-
fur (S) contents, was conducted as reported in ASTM D5373-08
method (Protásio et al., 2013) using a Leco Truspec micro (Leco�,
USA). On the other hand, the specific surface area was quantified
based on the N2 adsorption/desorption with the Brunauer-
Emmett-Teller (BET) N2 sorption technique using an ASAP 2020
kit (Micromeritics Instrument Corp., USA). Furthermore, the
changes of the functional groups contained on the wood biomass
surface before and after gasification were qualitatively analyzed
using a Fourier Transform Infrared spectroscopy (FTIR) (Qian
et al., 2013). For a qualitative FTIR, a potassium bromide (KBr) pel-
let was prepared at 2 wt% of sample (wood or BC). The baselines of
the FTIR spectra were superimposed for obtaining a qualitative
comparison. An IRAffinity-1 with a detector operated in the
4000–400 cm�1 wave number range (Shimadzu, Japan) was used
for the FTIR analysis. In turn, the pore volume was determined
through the Barrett, Joyner and Halenda method (BJH). The BC bulk
density (q) was also measured. The NTC 5167 standard (ICONTEC,
2011) was used to determine the BC cation exchange capacity
(CEC) and pH. Additionally, the fiber content (%wt), in terms of lig-
nin, cellulose and hemicellulose, was determined following the
procedure and methodology proposed by Van Soest et al. (1991).
The higher heating value (HHV) was also analyzed (Gutiérrez
et al., 2021).

In Fig. 1, both of the biomasses used (WP and WC) and their
respective BCs (BWP and BWC) are represented. It is important
to mention that BWP demonstrated a considerable mechanical
resistance when handled compared to that one obtained in BWC.

After having been produced and cool-down, both types of BCs
were finely crushed and sieved to obtain three different particle
size fractions (150–300 lm [fine], 300–450 lm [medium] and
450–600 lm [coarse]). Subsequently, the BCs were stored at a
room temperature in plastic bags with a zipper closure up to anal-
ysis and experimentation.

2.2. Chemicals and reagents

For the BC physicochemical characterization, potassium bro-
mide (KBr, >99%) was used in the FTIR test. In turn, 100 mL of acid
and neutral detergent solutions (>99%) were used in the determi-
nation of the contents of neutral and acid detergent fibers. The
analysis of lignin in acid detergent was carried out using 15 mL
of a 72% sulfuric acid (H2SO4, 96%) solution. Ammonium acetate
(CH3CO2NH4, >97%), ethanol (C2H5OH, 95%), sodium chloride (NaCl,
>99%), formaldehyde (CH2O, 37%), 1,10-phenolphthalein (C12H8N2,
99%) and sodium hydroxide (NaOH, 99%) were used to determine
the CEC of the tested BCs. Regarding the ultimate and BET analyses,
helium (He, 99.99%) and nitrogen (N2, 99.99%) were used at a flow
rate of 40 psi; both gases were 5.0 grade. N2, at a flow rate of
100 mL/min, was also used to discern the VM of the studied BCs;
besides, He was also used for the proximate analysis and the deter-
mination of N, C, O, H and S contents. The supplier of these gases
was Messer (Colombia). In turn, the AC was determined using
atmospheric air at a flow rate of 100 mL/min.

The probe compound used for monitoring the adsorption capac-
ity of the studied BCs was malachite green dye (99%), which was
3

purchased from Carlo Erba (Italy). Additionally, NaOH (P98%)
and nitric acid (HNO3, 65%) were purchased from Macron Fine
Chemicals (Mexico) and Merck (Germany), respectively, and were
used to adjust the pH of the water to be treated up to the desired
pH value. These chemicals were reactant grade and were used
without further purification.

2.3. Dye adsorption experiments

The BCs produced from the micro-gasification process of WP
and WC were separately evaluated as adsorbing agents of MG con-
tained in water. For this purpose, batch experiments were carried
out immersing into a 0.6 L glass tank a known amount of the tested
BC after having been crushed and sieved, so that different BC par-
ticle sizes ranges were obtained (150–300 lm, 300–450 lm and
450–600 lm. The glass tank contained 300 mL of tap water, which
was spiked with a 1000 mg/L MG solution until a MG concentra-
tion of 50 mg/L was obtained. The amounts of BC used were
1.80, 2.70 and 3.60 g, which were equivalent to a BC-D of 6, 9
and 12 g/L, respectively. Then, few drops of 1N NaOH or 1N
HNO3 solutions were added to reach the desired pH (4, 7 and
10). The aqueous solution was stirred with a magnetic stirrer and
a stir bar. Studies were conducted in triplicate. The average results
were recorded along with the standard deviations, with the excep-
tion of the optimization experiments where only the average
results for each treatment were reported for calculation reasons.
At 1, 2, 3, 4, 5, 10, 15, 30 and 60 min of treatment time, a known
volume of the dye solution with BC was withdrawn during the pre-
liminary experiments. For the optimization procedure, aliquots at
5 min of treatment were collected. To separate the residual BC in
the whole set of aliquots, a nylon syringe filter of 0.45 lm was
used.

2.4. Analysis of the BC adsorption capacity

The MG adsorption on the tested BCs was analyzed using visible
spectrophotometry. For this purpose, the visible spectrum of the
probe dye was scanned in a Spectronic 200 visible spectropho-
tometer (Thermo Scientific, USA). The maximum absorption wave-
length was fixed at 622 nm. Afterwards, a calibration curve with a
correlation coefficient (R2) of 99.95% was constructed to determine
the analyte concentration in water. Finally, the removal capacity of
the tested BCs throughout the time of treatment was calculated as
described in Eq. (1), where C0 and Ct refer to the MG initial and
final concentrations (mg/L), respectively.

Removal ¼ C0 � Ct

C0
100% ð1Þ
2.5. Design of experiments

The effect of the operating conditions, including the adsorbent
dose (6, 9 and 12 g/L), pH of the solution (4, 7 and 10) and the
BC particle size distribution (150–300, 300–450 and 450–600
lm), on the adsorption capacity of the selected BC from the tested
adsorbing materials was investigated using RSM, particularly a
face-centered CCD. The above-mentioned levels were selected
according to the reported information concerning the removal of
dyes in water. Additionally, with regard to the solution pH, cover-
ing the ranges of pH values commonly found in surface water was
considered in order to avoid an excessive reduction or rise of this
parameter during water treatment processes. This aspect will
allow to further reduce the intrinsic low operating costs associated,
favoring the scaling-up of the studied technology.

The list of the independent variables, or factors, with their sym-
bols (x1; x2; x3) and levels are presented in Table 1. The factors were



Fig. 1. Biomass feedstocks and derived BCs. a) WP, b) WC, c) BWP and d) BWC. Operating conditions: Vair = 146 L/min; Fr = 1.52 for BWP and 1.85 for BWC; mbms = 125.33 kg/
h/m2 for BWP and 145.39 kg/h/m2 for BWC; Ychar = 12.12 wt% for BWP and 10.82 wt% for BWC.

Table 1
Factors and levels used in the face-centered CCD.

Independent factor (unit) Real values of coded levels Symbol

�1 0 +1

Biochar dose, BC-D (g/L) 6 9 12 x1
pH of the solution, pH 4 7 10 x2

Biochar particle size distribution, BC-PSD (lm) 150–300 300–450 450–600 x3

�1, 0 and +1: Factor at a low, medium and a high level, respectively.
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studied and varied within 3 levels: a) a high level, represented as
(+1); b) a low level, referred as (-1); and c) a middle point,
expressed as (0). The response variable (y) was the percentage of
MG removed in water by the BC. The response was intended to
be maximized.

To fit the obtained experimental results, a second-order regres-
sion model represented by Eq. (2) was chosen. This model
describes the main and quadratic effects, as well as the interactions
of the selected factors (x1; x2; x3) influencing the response variable
(i.e., the removal percentage of MG). It must be noted that interac-
tion occurs when the effect of one independent factor on the
response is dependent on the level of another independent param-
eter (Montgomery, 2020).
y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b12x1x2 þ b13x1x3 þ b23x2x3

þ b11x
2
1 þ b22x

2
2 þ b33x

2
3 ð2Þ
where, y is the predicted response concerning the amount of MG
adsorbed on the biochar, b0 is a constant value of the regression
model; b1; b2 and b3 are the linear coefficients, corresponding to
the main effects of the considered factors; b12; b13 and b23 are the
cross-product coefficients representing the interaction effects.
4

Finally, b11;b22 and b33 are the quadratic coefficients of the param-
eters considered to affect the adsorption system.

According to the CCD experimental matrix, a set of 17 treat-
ments was generated. The runs were randomly executed in order
to avoid bias and dependence of the observations. Each treatment
was placed in a different glass tank.
2.6. Data treatment

The statistical software Statgraphics Centurion XVII�(StatPoint
Technologies, USA) was used to analyze the experimental data. In
order to assess the significance and adequacy of the second-order
regression model built, an analysis of variance (ANOVA) was per-
formed considering a p-value lower than 0.05. The fit of the quad-
ratic regression model was evaluated through the examination of
R2 and the correlation coefficient adjusted by the degrees of free-
dom (R2

adj) (Montgomery, 2020). Additionally, the second-order
regression model was validated and its significance and adequacy
were checked, including the normality, homoscedasticity and inde-
pendency assumptions. Finally, the optimal values of the factors con-
sidered to influence the adsorption capacity of the tested BC on the
MG retention were estimated using a response surface analysis,



Table 2
Physicochemical characteristics of BWC and BWP. Operating conditions: Vair = 146 L/
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taking into account the maximization of the removal of MG (%)
according to Eq. (1).
min; Fr = 1.52 for BWP and 1.85 for BWC; mbms = 125.33 kg/h/m for BWP and
145.39 kg/h/m2 for BWC; Ychar = 12.12 wt% for BWP and 10.82 wt% for BWC.

Property (units) BC type

BWC BWP

VM (wt%) 24.36 20.59
FC (wt%) 72.90 77.49
AC (wt%) 2.74 1.92
C (wt%) 97.06 97.94
H (wt%) 0.85 0.97
O (wt%) 1.66 0.90
N (wt%) 0.43 0.19
O/C 0.01 0.01
H/C 0.11 0.12

HHV (MJ/kg) 28.36 29.25
Lignin (wt%) 77.00 86.00

Cellulose (wt%) 1.10 1.69
Hemicellulose (wt%) 1.51 1.04

pH 9.10 8.80
BET (m2/g) 233.56 367.33

CEC (meq/100 g) 22.60 21.70
q (kg/m3) 91.05 236.28
3. Results and discussion

3.1. Selection of the BC type and the residence time

Once the studied BCs were generated, they were characterized.
The physicochemical properties of the BCs evaluated are compiled
in Table 2.

In Fig. 2, the adsorption of MG (50 mg/L) on BWP and BWC
throughout 60 min of treatment time is shown. Clearly, it can be
observed that BWC is more effective in adsorbing MG in compar-
ison with BWP under the evaluated experimental domain. In fact,
after 5 min of residence time, the MG removal values in water by
BWP (Fig. 2a) and BWC (Fig. 2b) were 39.30% and 60.10%, respec-
tively, at a solution pH and temperature of 4 and 24 �C, respec-
tively. Therefore, it is demonstrated the importance of the type
of the biomass used during the gasification process for obtaining
the BC to be applied in water treatment, keeping fixed the other
variables (BC-PSD and BC-D equal to 150–300 lm and 6 g/L,
respectively) with respect to the time at which the adsorption
equilibrium is reached.

As observed in Table 2 and reported by Gutiérrez et al. (2021),
the BCs tested showed differences in the physicochemical charac-
teristics analyzed. As a matter of fact, concerning the surface area,
BWC exhibited a lower value compared to the surface area
obtained for BWP. As it is widely known, the surface area plays
an important role in the adsorption capacity of an adsorbing mate-
rial (Tong et al., 2019). However, in the current case, although the
dose of the BC was fixed for both types of BCs, due to BWC has
associated a lower density in comparison with BWP, the number
of particles prompted to react with MG was higher for the former
one and, consequently, the amount of active sites available for the
adsorption of MG was increased. This would be the reason why the
maximal adsorption was obtained for BWC keeping fixed the other
variables.

The time-dependence of the adsorption capacity of the BCs used
is also shown in Fig. 2, obtaining the adsorption equilibrium about
5 and 30 min for BWC and BWP, respectively. In the experimental
test where BWP was used at a pH, adsorbing agent dose and parti-
cle size distribution values of 10, 6 g/L (equivalent to a BC amount
of 1.80 g) and 150–300 lm, respectively, the MG removal percent-
age increased from 66.90% at 5 min of residence time to 81.60%
after 10 min of treatment. The removal capacity of 84.60% was
observed at the equilibrium point (30 min). Under the above-
mentioned operating conditions, the maximal removal of MG dye
by BWC was 85.90% after 5 min of residence time. This indicated
that the adsorption capacity of the probe dye is increased at a
lower time of treatment when BWC is used, leading to a higher effi-
ciency of BWC compared to BWP.

Concerning the MG uptake capacities of both of the BCs used,
two different steps can be observed. In the former one, a sharp
adsorption of MG is observed as the residence time is increased.
With regard to the second adsorption step, the MG uptake by the
tested BCs slows down. This step represents the time at which
the equilibrium for complete saturation of the BCs is achieved,
since the amount of MG retained by the BCs does not change sig-
nificantly. The equilibrium for the BCs tested was found at 5 min
and 30 min for BWC and BWP, respectively.

Several authors in the literature have also observed these two
steps (Jawad et al., 2017; Abukhadra et al., 2019; Jawad et al.,
2020; Jawad and Abdulhameed, 2020; Liu et al., 2020; Surip
et al., 2020). The highest removal rate during the initial stage can
be explained from the vast number of free active sites that are
5

available. Then, as MG is retained by BC, the number of free active
sites is decreased until the equilibrium is reached. Finally, the sat-
uration of the adsorbing material is achieved.

Therefore, due to the BWC maximal adsorption capacity under
the experimental conditions tested, BWC was characterized in
detail and used in further experiments to discern the effect of
the independent parameters listed in Table 1 on the BWC adsorp-
tion capacity in water, and to optimize the operating conditions
aiming at the MG removal maximization.
3.2. BWC characterization

The morphology of the BWC was analyzed using scanning elec-
tron microscopy (SEM). For this purpose, a JEOL JSM-6490 micro-
scope (Jeol Ltd., Japan) operating at an acceleration voltage of
20 kV was utilized. The samples were covered by a gold film before
being introduced to the equipment. As observed in Fig. 3a, the
Pinus patula WC had a strongly solid and fibrous structure, which
was characterized by the lack of pores unlike the derived BC, where
several pore sizes were formed during the biomass gasification
process (Fig. 3b). The presence of a porous structure in the BC
may be linked to the pyro-combustion process due to the cellulose
and hemicellulose degradation. However, when a more complete
destruction of the initial structure occurs under a limited oxygen
structure, a higher number of pores is formed (Gutiérrez et al.,
2021); which is related to the high combustion temperature values
used (Wu et al., 2020).

When the biomass is micro-gasified, the pores are opened and
the internal diameters are widened; as a consequence, the surface
area (BET) is increased in the BC compared to the raw biomass due
to the VM release (González and Pérez, 2019). That is the reason
why the BET values of BWC were significantly different compared
to the BET values of WC (Gutiérrez et al., 2021).

A FTIR analysis was also conducted for WC, as mentioned previ-
ously. In Fig. 4, the FTIR spectra of the BCs and the raw biomass
were illustrated. In contrast to the FTIR spectrum of the raw bio-
mass, in the derived BC several functional groups were lost, mainly
those ones related to the OH and CH bands, which can be sup-
ported by the BC aromaticity index (0.75) compared to that of
the raw biomass (0.16) (Gutiérrez et al., 2021). After the biomass
gasification, a portion of the content of water and VM is released,
leading to the decrease in the derived BC of the peaks in the range
3700–3000 cm�1, which corresponds to the hydroxyl and phenolic



Fig. 2. MG adsorption vs. time by a) BWP and b) BWC. Operating conditions: [MG]0 = 50 mg/L; pH = 4 and 10; BC-D = 6 g/L; BC-PSD = 150–300 lm; time = 60 min.

Fig. 3. SEM images X1000 for a) WC and b) BWC. Operating conditions: Vair = 146 L/min; Fr = 1.85; mbms = 145.39 kg/h/m2; Ychar = 10.82 wt%.

Fig. 4. FTIR spectra for WC and BWC. Operating conditions: Vair = 146 L/min;
Fr = 1.85; mbms = 145.39 kg/h/m2; Ychar = 10.82 wt%.
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groups (-OH), water molecules and -OH stretching (Qian et al.,
2013). Additionally, during the biomass gasification, hemicellulose
and cellulose contents are thermally decomposed; therefore, the
peaks in the range 2980–2800 cm�1, which is related to the CH2

and CH3 aliphatic groups stretching, were not observed in BWC,
as well as the peaks within the range 1800–1600 cm�1; which
may be attributed to the lignin and hemicellulose contents, and
the existence of water, alkyl functional groups and oxygenated
hydrocarbons, resulting in the C=O ring stretching, C=C aromatic
6

ring vibrations and the flexural modes in the -OH plane (Jindo
et al., 2014; Díez and Pérez, 2019). Furthermore, in the raw bio-
mass, C-O-C bonds were stretched because of the hemicellulose
and cellulose contents, resulting in the occurrence of peaks in the
range 1200–1000 cm�1 (Qian et al., 2013). However, after gasifica-
tion, an aromatic structure was found in the derived BC due to the
C=C ring stretching and the C-C aromatic deformation (Díez and
Pérez, 2019), leading to the loss of the peak located at 1520 cm�1

and the peaks between 850 cm�1 and 650 cm�1, respectively.
The disappearance of several functional groups after the ther-

mochemical decomposition of the biomass was also reported by
Wu et al. (2020). In turn, Lou and coworkers (2016) reported that
an increase in the BC porosity after the biomass combustion led
to a higher surface area and, subsequently, a better pollutant
adsorption was found. This might probably due to the pore-
filling effect with the toxic molecules (Lou et al., 2016).
3.3. Influence of the operating conditions on the BWC adsorbance
capacity

To discern the effect of the operating conditions considered in
the current study (i.e., pH, BC-D and BC-PSD), as well as their sig-
nificance on the BWC adsorption capacity, a RSM based on a CCD
was used. In Table 3, the design matrix representing the treatments
that were randomly executed is displayed. After running the trials
listed in Table 3, an ANOVA was carried out to construct a second-
order regression model able to represent the MG dye adsorption



Table 3
Face-centered CCD matrix and experimental data for the removal of MG by BWC. Operating conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–10; BC-PSD = 225–525
lm; time = 5 min.

Run Factor MG removal (%)

Biochar dose, BC-D (g/L), x1 pH of the solution, pH, x2 Biochar particle size distribution, BC-PSD (lm), x3 Experimental data Predicted data

1 6 4 225 60.10 57.14
2 12 4 225 61.50 62.08
3 6 10 225 85.90 88.16
4 12 10 225 91.30 93.10
5 6 4 525 40.60 39.86
6 12 4 525 49.80 44.80
7 6 10 525 81.10 81.08
8 12 10 525 85.30 86.02
9 6 7 375 65.10 66.56
10 12 7 375 69.60 71.50
11 9 4 375 49.00 55.68
12 9 10 375 98.00 91.80
13 9 7 225 79.00 79.83
14 9 7 525 60.10 67.65
15 9 7 375 75.20 73.74
16 9 7 375 78.40 73.74
17 9 7 375 76.50 73.74
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capacity of the selected BC. In the ANOVA, the main effects of the
studied parameters, as well as the interaction and the quadratic
effects were included. It is important to note that ANOVA is a pow-
erful tool that describes the significance of the terms influencing
the system to be optimized (Montgomery, 2020); in the current
case, the MG removal under the experimental domain considered
here.

In Table 4, the results from the ANOVA are compiled. Based on
the associated p-values, all the 3 factors evaluated were found to
be statistically significant, as well as the interaction effect between
the pH of the water to be treated and the BC-PSD, since they have
p-values associated lower than 0.05, being the factor related to the
pH of the solution the most significant one. The p-value of the
quadratic effect of the BC-D was also lower than 0.05; therefore,
it was considered as a statistically significant one.

In the Pareto chart (Fig. 5), the magnitude and the positive or
negative influence of the mentioned effects are illustrated. In the
chart, the effect surpassing the vertical line can be considered as
a significant one from a statistical point of view. As observed, the
pH of the solution was the main parameter affecting positively
the adsorption capacity of the studied BC. This effect was followed
by the BC-PSD, which in this case develops a negative role. Addi-
tionally, the BC-D was observed to influence the MG retention in
a negative way but to a lesser extent in comparison with the pH
of the polluted water. The quadratic effect concerning the BC-D
was also negatively significant. Finally, the pH-PSD interaction
affected the system positively.

In Fig. 6, the main effects of the considered factors are repre-
sented. It can be observed the positive effect developed by the
pH of the solution in the adsorption system, as well as the main
effect concerning the BC-D. Nevertheless, as observed in the figure,
beyond the central point regarding the dose of the adsorbing mate-
rial, an incipient curvature is depicted. This indicates that the
quadratic effect ascribed to the BC-D must be considered in the
constructed regression model representing the removal percentage
of MG in water. Additionally, in Fig. 6, the negative effect exerted
by the BC-PSD can be observed, since the removal of MG by the
tested BC is decreased as the PSD used is increased.

3.3.1. Effect of the pH solution
The pH is a crucial factor when evaluating the adsorption capac-

ity of any material. Indeed, the solution pH resulted to be the most
significant factor (p-value equal to 0:08x10�2) among the parame-
ters considered to influence the MG adsorption capacity by BWC.
7

The pH has a significant impact on the speciation of the pollu-
tant in water and on the adsorption capacity of the BC used for
treating the water pollution. Furthermore, the pH of the adsorbent
is involved in the BC surface characteristics and, subsequently, in
the adsorption efficiency of the probe dye by the adsorbing
material.

In the current case, the BWC pH was 9.10. Additionally, the MG
pKa1 and pKa2 values were 6.90 and 10.30, respectively. It is impor-
tant to note that the pKa stands for the chemical species the dye is
found in water regarding the solution pH; i.e., at a pHsolution < pKa2,
MG is mainly found in the ionized form; that is, MG cationic forms
are abundant in the solution; whereas at a pHsolution > pka2, MG is
neutrally charged.

Here, the influence of the solution pH was evaluated in the
range from 4 to 10. It was observed an increment in the MG
adsorption by BWC as the pH of the solution was increased from
4 to 10, obtaining the maximal retention of MG dye at a pH value
of 10 after 5 min of residence time. Therefore, it was concluded
that the MG uptake was favored in an aqueous solution at a basic
pH. This can be explained from the pH of the water solution and
the pKa values of the probe dye. Since the attraction between the
electronegatively charged BC and MG, which is charged positively,
is promoted at a solution pH of 10, due to BWC has hydroxides ions
(OH�). Considering the MG structure, at a pHsolution < pKa2, it
becomes a cationic dye, which can be adsorbed on the BC surface
whose functional groups are negatively charged, as mentioned
above. However, at a pHsolution < pKa1, although a higher amount
of MG is charged positively in the aqueous solution, the negative
charges in the BWC surface start to be reduced and protons (H+)
start to appear in the solution. Thus, H+ and the MG cationic forms
compete for the BC active sites as the pH of the solution is
decreased, especially below the MG pKa1.

Basic conditions in the water to be treated were also achieved
as the optimal ones by Abukhadra et al. (2019). The referenced
authors synthetized a novel hybrid material decorating diatomite
skeletons by Ni/NiO nanoparticles and found the highest MG
adsorption at a pH value of 8. Liu and coworkers (2020) also found
basic conditions when evaluating the uptake of MG (Liu et al.,
2020). Basic conditions were also observed for the adsorption of
methylene blue (MB) cationic dye by several types of adsorbing
materials, including mesoporous activated carbons from bamboo
chips using KOH-assisted thermal activation (Jawad and
Abdulhameed, 2020) and from corn cob residue via microwave-
assisted H3PO4 activation (Jawad et al., 2020). Similar results were



Table 4
ANOVA of the second-order regression model representing the MG removal (%) using BWC. Operating conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–10; BC-
PSD = 225–525 lm; time = 5 min.

Source DF SS MS F-ratio P-value

A:BC-D, x1 1 61.01 61.01 23.56 3.99 � 10�2

B:pH, x2 1 3261.64 3261.64 1259.32 0.08 � 10�2

C:BC-PSD, x3 1 370.88 370.88 143.20 0.69 � 10�2

AA 1 91.46 91.46 35.31 2.72 � 10�2

BC 1 52.02 52.02 20.08 4.64 � 10�2

Lack-of-fit 9 216.29 24.03 9.28 1.01 � 10�1

Pure error 2 5.18 2.59
Total (corr.) 16 4058.48

Df: Degrees of freedom; SS: Sum of squares; MS: Mean square.

Fig. 5. Pareto chart representing the MG dye adsorption capacity by BWC.
Operating conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–10;
BC-PSD = 225–525 lm; time = 5 min.

Fig. 6. Main effects representing the MG dye adsorption capacity by BWC.
Operating conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–10;
BC-PSD = 225–525 lm; time = 5 min.
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also achieved when microwave-induced NaOH activated carbon
from biomass waste and H2SO4-treated Malaysian low rank coal
were used for the removal of MB in water (Surip et al., 2020;
Jawad et al., 2017). The elimination of other cationic dyes in aque-
ous matrices was also evaluated by Sewu et al. (2017) and found
that high pH values were beneficial for this purpose (Sewu et al.,
2017); while acidic conditions promoted the adsorption of anionic
dyes (Wu et al., 2020).

In order to verify that the removal of MG was due to its reten-
tion on the BC surface instead of a structural change involving the
color variation of the pollutant of interest, a control experiment
was carried out. It is important to note that the color intensity of
the MG probe dye is dependent on the solution pH since the struc-
tural properties vary as the solution pH is modified. Under this sce-
nario, the color variation of a MG dye solution of 50 mg/L was
assessed without adding BWC in a pH range between 4 and 10
through the measurement of the absorbance. After 5 min of resi-
dence time, the bluish-green color and its absorbance were found
to be maintained throughout the pH range evaluated.
8

3.3.2. Effect of the BWC dose
As the BC-D is increased from 6 to 9 g/L, the MG dye uptake is

also increased (Fig. 6). This can be ascribed to the rise in the num-
ber of effective sites at disposal for the retention of the tested dye
(Jawad and Abdulhameed, 2020) and the larger surface area for the
MG molecules uptake due to the number of pores is also increased.
This effect has been reported in the literature for several pollutants
contained in water and different adsorbing materials (Liu et al.,
2020; Abukhadra et al., 2019). Nevertheless, as observed in Fig. 6,
a further increment in the BC-D up to the central point of the stud-
ied range revealed a constant removal of the probe dye, with the
subsequent reduction of the MG elimination capacity by the BC
tested. This can be evidenced from the incipient curvature illus-
trated in the figure when a BC-D value close to 12 g/L is used. This
phenomenon has been also informed previously and it can be
ascribed to the excess of the BC dose, which is involved in the
agglomeration of the BC particles within the solution, leading to
the coverage of the BWC active sites and limiting the MG dye
adsorption (Gokulan et al., 2019). In this case, the diffusion path
length can be also increased, resulting in the desorption of some
loose bonds (Marzbali et al., 2017). This effect was observed by
Moosavi et al. (2020) when a nano-adsorbent derived from egg-
shell in the range from 0:01x10�1 to 0.20 g for the removal of acidic
fuchsine (100 mg/L) and MG (100 mg/L) in water at a temperature
of 26.85 �C was used.

This fact makes the BC-D used a parameter to be analyzed and
optimized when evaluating the efficiency of an adsorbing agent in
the treatment of polluted water.
3.3.3. Effect of the BWC particle size distribution
The BC-PSD is another factor to be considered when optimizing

an adsorbing system since it was observed to play a significant role
(p-value equal to 0:69� 10�2). In Fig. 6, the BC-PSD was evaluated
within a range from 150 to 600 lmwith average values at 225, 375
and 525 lm. It was found an increase in the BWC adsorption
capacity as the PSD diminished.

It is important to highlight that the rise in the BC surface area is
conferred by the distribution of the pores, and a larger surface area
results in the adsorption of the pollutant of interest (Sizmur et al.,
2017). The pollutant chemical adsorption by the functional groups
contained on the BC surface and the electrostatic attraction
between the pollutant ions in water and the BC surface are favored
by the decrease in the size of the particles of the adsorbing mate-
rial, since the number of pores and, therefore, the surface area
ascribed to them are increased (Sizmur et al., 2017). In the adsorp-
tion study based on a BC derived from peanut shells for eliminating
hexavalent chromium (Cr(VI)) in an aqueous solution, Han and
coworkers (2016) observed a significant rise in the adsorption
capacity of the tested BC as the PSD was reduced due to the
increase in the surface area (Han et al., 2016).



Fig. 7. Interaction effect between the pH of the solution and the BC-PSD. Operating
conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–10; BC-PSD = 225–
525 lm; time = 5 min.

Fig. 8. Normal probability plot representing the MG dye adsorption capacity by
BWC. Operating conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–10;
BC-PSD = 225–525 lm; time = 5 min.

Fig. 9. Residuals vs. predicted values representing the MG dye adsorption capacity
by BWC. Operating conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–
10; BC-PSD = 225–525 lm; time = 5 min.
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Furthermore, the interaction effect between the pH of the solu-
tion and the BC-PSD resulted to be significant with a positive influ-
ence in the adsorption system. This means that a higher removal
percentage of the MG dye is achieved at a solution pH of 10 in com-
parison with the removal at a pH of 4, obtaining a more efficient
adsorption system when a smaller BC-PSD is used, as illustrated
in Fig. 7. The influence of the BC-PSD is more evident when the
pH is 4. This can be explained as a consequence of the electrostatic
repulsion forces between the MG dye cationic forms and the BC
surface at acidic pH conditions.

3.4. Validation of the regression model and optimization of the
adsorption system

From the ANOVA, a second-order regression model was con-
structed to represent the removal of MG by BWC. In Eq. (3), the
quadratic regression model built is represented.

MG removalð%Þ ¼ 11:88þ 10:25x1 þ 3:90x2 � 8:03� 10�2x3

� 5:24� 10�1x21 þ 5:67� 10�3x2x3 ð3Þ
The adequacy and suitability of the model was evaluated. The

model was found to be significant (p-value = 0.00). Additionally,
the percentage of the data variability explained by the model
was measured through R2 and R2

adj. It was obtained that 94.54%
and 92.06%, respectively, of the variability of the data is explained
by the constructed regression model. Furthermore, the lack-of-fit
test was conducted. As the p-value of this test was higher than
0.05 (0.10), it can be objectively assured that the built model fits well
the observed data within the experimental domain.

Moreover, the regression model was validated for the assump-
tions of normality, independence and homoscedasticity. In Fig. 8,
the normal probability plot is illustrated. It can be observed that
the points are distributed throughout the straight line, with the
exception of one point located at the upper right corner, which
seems to be far from the straight line. Therefore, Shapiro–Wilk test
was performed and the associated p-value (8:73� 10�1) confirmed
that data are normally distributed. Homoscedasticity was also
checked. As represented in Fig. 9, residuals do not follow any dis-
tribution pattern. In turn, Durbin-Watson test confirmed the inde-
pendence of the data since the p-value obtained was higher than
0.05 (3:48� 10�1). Thus, the regression model can be used to rep-
resent the adsorption system for the removal of the MG dye con-
tained in water by BWC.

The response surface associated with the constructed regres-
sion model was represented (Fig. 10) in order to locate from a
graphical point of view the optimal operating conditions of the
adsorbing system analyzed herein. It can be inferred that the high-
est MG removal within the experimental domain was obtained at
the maximal pH and at the minimal BC-PSD tested. With regard
to the BC-D, the maximal MG elimination was found to be near
the central point of the range evaluated.

The response surface was used to estimate the operating condi-
tions in terms of the BC dose and PSD, as well as the pH of the solu-
tion. It was found that the highest MG dye uptake by BWC (95.66%,
with a desirability of 95.98%) was obtained at a solution pH of 10, a
BC-PSD in the range from 150 to 300 lm, with a central point at
225 lm, and a BC-D of 9.80 g/L. In order to experimentally evaluate
these results under optimal operating conditions, additional runs
were executed and the MG removal (%) was registered.

As observed in Fig. 11, the MG dye removal was found to be
99.10% at 5 min of treatment. Once the equilibrium was reached,
a MG elimination higher than 99.70% was achieved at 60 min.
The MG elimination percentage was in the same order of magni-
tude as that one reported in the literature using a modified BC
for the MG retention (Choudhary et al., 2020; Sharma et al.,
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2019). Similar results were also obtained for MB adsorption
(Jawad et al., 2017, 2020; Jawad and Abdulhameed, 2020; Surip
et al., 2020). In this regard, the use of the solid by-product gener-
ated from the micro-gasification of Pinus patula WC has been
demonstrated to be efficient for the removal of dangerous pollu-
tants such as MG in water.
4. Conclusions

Two BCs were prepared via micro-gasification of two biomass
types (WP and WC) using a TLUD gasifier. The main operating con-
ditions reached during the gasification process were an Fr of 1.52
for WP and 1.85 for WC, the mbms ranged from 125.33 kg/h/m2

for WP up to 145.39 kg/h/m2 for WC; besides, the Ychar values
obtained for WP and WC were 12.12 wt%, and 10.82 wt%, respec-
tively. The adsorption capacity of the tested BCs was initially eval-
uated for the removal of MG dye in an aqueous solution,
considering the pH of the solution and the BC dose and PSD. The



Fig. 10. Response surface representing the MG dye adsorption capacity by BWC. Operating conditions: [MG]0 = 50 mg/L; BC-D = 6–12 g/L; solution pH = 4–10; BC-PSD = 150–
300 lm; time = 5 min.

Fig. 11. MG adsorption vs. time by BWC. Operating conditions: [MG]0 = 50 mg/L;
pH = 10; BC-D = 9.80 g/L; BC-PSD = 150–300 lm; time = 60 min.
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BC exhibiting the highest adsorption performance (85.90%) for a
treatment time of 5 min under the experimental domain was
BWC, which was selected for optimization purposes through the
use of the RSM based on a face-centered CCD. The studied main
factors were found to develop a significant role in the adsorption
system, as well as the quadratic effect of the BC-D and the interac-
tion effect between the solution pH and the PSD of the adsorbing
material, since the p-values associated with these effects were
lower than 0.05. For BWC, the optimal operating conditions regard-
ing the pH of the water (10 pH units), the BC-PSD (150–300 lm)
and the BC-D (9.80 g/L) resulted in a MG elimination higher than
99.70% at 60 min of contact time. The obtained second-order
regression model, which was validated for normality, homoscedas-
ticity and independency assumptions, was significant (p-value
equal to 0.00) and fitted well the experimental data (R2 and R2

adj

of 94.54% and 92.06%, respectively). The current study demonstrates
that a waste obtained from the micro-gasification of Pinus patula WC
can be used as an alternative material for treating highly toxic dyes
contained in a real aqueous matrix. In this regard, new horizons are
opened for the treatment of water pollution and the contribution to
the sustainable development.
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