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ABSTRACT: This study aimed to produce activated biochars (BCs) from Moroccan
algae residue (AG) and olive pomace (OP) using mechanochemical activation with
NaOH and ball milling (BM) for treating artificial textile wastewater containing
methylene blue (MeB). The produced OP-activated BC by BM showed the highest
absolute value of ζ-potential (−59.7 mV) and high removal efficiency of MeB
compared to other activated BCs. The nonlinear pseudo-first-order kinetic model was
the most suitable model to describe the kinetics of adsorption of MeB onto biochars
produced from AG and the NaOH-activated BC from OP, whereas the nonlinear
pseudo-second-order kinetic model suits the OP raw biochar and BM-activated BC.
The nonlinear Langmuir isotherm model was the most suitable model for describing
MeB adsorption onto BCs, compared to the nonlinear Freundlich isotherm model.
The maximum adsorption capacities of AG-activated BCs with NaOH and BM were
13.1 and 9.1 mg/g, respectively, while those of OP-activated BCs were 2.6 and 31.8
mg/g, respectively. The thermodynamic study indicates the spontaneous and endothermic nature of the adsorption process of most
activated BCs. In addition, ΔS° values indicate the increase of randomness at the solid−liquid interface during MeB sorption onto
BC.

■ INTRODUCTION

Today, in the industrial society, dyes are used in various
industrial domains and have become indispensable in any
marketing.1 However, it has been reported that organic dyes are
harmful to the environment2,3 and humans due to their
carcinogenic, teratogenic, and mutagenic effects.1 The removal
of organic dyes has been studied in recent decades using various
technologies, such as membrane filtration,4 adsorption,2 and
photocatalytic degradation.5 Among these various technologies,
the adsorption process using carbonaceous materials [such as
biochar (BC) or activated biochar] is considered one of themost
practical technologies for removing dyes from wastewater
because of its lower cost, simplicity of design, and operation,
and it does not require high operating temperature or pressure.6

The attractiveness of agroindustrial residues has increased in
recent years due to their renewal and their ability to be used as
precursors for the development of new value-added products by
extraction and biological or thermochemical processes (i.e., bio-
adsorbents, biofertilizers).7 Among thermochemical conversion
processes, slow pyrolysis is one of themost conventional types of
pyrolysis that has been used specifically for biochar (BC)
production.8 In parallel, slow pyrolysis also produces bio-oil and
syngas that can be used as energy carriers, thus contributing to

energy self-sufficiency of the overall system. BCs have been used
in environmental9 and energy10 fields and have also attracted
attention as a potential adsorbent of organic and inorganic
pollutants due to their low-cost production technology
compared to activated carbon.11 Nevertheless, to manage the
high efficiency of activated carbon, several types of activations,
including chemical, mechanical, and biological, have been
studied in recent decades. However, it is important to emphasize
that the effect of activation on BC depends mainly on the nature
and structure of raw material and on the activation methods.12

Until now, chemical and mechanical activations have been
frequently applied to enhance the adsorption performances of
carbonaceous materials.13−15 Chemical activation of the raw
biomass using alkaline catalysts enhanced the physicochemical
properties and then improved the removal rate by generating
porosity and introducing new functional groups onto the surface
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of BCs.16,17 For instance, it has been reported that NaOH-
activated BC produced from hickory wood improved the
adsorption capacity to 53.6 mg/g of Pb2+ compared to 11.2 mg/
g of Pb2+ for unactivated BC.16 Similarly, it was reported that
potassium hydroxide activation increased the surface area from
14.4 to 49.1 m2/g and the oxygen-containing functional groups
of municipal solid waste-derived BC.18 Moreover, it was
reported that the incorporation of humate sodium in biochar
production (from the ground peanut shells (PS) and white
clover (WC) residues, produced at 600 °C) could increase the
adsorption capacity of methylene blue (MeB) onto the biochars
from 10.79 to 16.21 and 8.62 to 11.03 mg/g for peanut shell and
white clover residue biochars, respectively.3 However, alkaline
activation has also demonstrated negative results. Sun et al.
reported that potassium hydroxide decreased the surface area of
wheat straw BC from 4.4 to 0.69 m2/g,19 and it seems that the
effect of alkaline activation on physicochemical changes and BC
adsorption efficiency depends highly on the nature of the raw
material.12 Mechanical activation is another promising strategy
that could greatly improve the adsorption capacity of BC.14,20

Indeed, Wang et al. found that the ball milling activation
increased the surface area of bamboo BC by 16 times (from 18.2
m2/g for the raw BC to 289.6 m2/g for the activated BC).21

Currently, an important aspect to take into account is related to
the environmental impact of chemical, mechanical, and
physicochemical pretreatments, caused by high energy con-
sumption, and the use of high quantity of water and chemicals
that generate large amounts of waste streams. For these reasons,
dry chemical and mechanical activations could be a promising
alternative for biochar activation. Dry alkaline activation and ball
milling activation are effective in improving the surface area and
surface functional groups of BCs, which enhanced their
adsorption capacity toward organic and inorganic contaminants.
In this work, we investigated the coupling of dry NaOH and

ball milling (Figure 1) for BC activation produced from two
industrial biomass residues (algae residue: AG; olive pomace:
OP) using pyrolysis (i.e., 500 °C, 10 °C/min, and 15 min).
Indeed, different activated BCs were characterized and their
performances were evaluated using methylene blue (MeB)
adsorption.
In this study, olive pomace (OP) and red macroalgae residue

(AG) after agar−agar extraction were selected as a raw material
for biochar production because of their abundance in Morocco.

Moroccan marine area represents 3500 km of coastline,22 and
Gelidium sesquipedale red macroalgae represent 90% of the
harvest of the marine macroalgae treated locally and generated
an important quantity of macroalgae residue estimated to 870
tons/year.23,24 However, OP was chosen due to the high
production of olive oil inMorocco. Indeed, according to theU.S.
Department of Agriculture, Morocco was ranked third place as
olive oil producing country in 2019 with 140 000 metric tons of
olive oil after Turkey and Tunisia at second and first places,
respectively.
This study represents a continuous study of Tayibi et al.25

with an objective to produce activated biochar using a one-pot
activation/pyrolysis method. The originality of this new process
developed in this study is to use one-pot pyrolysis for activation
and biochar production, using a spray system (Figure 1) and
using low water content, without any washing, rinsing, and
separation, and without effluent generation. This reduces
activation steps, energy consumption, and the cost of the
process.
The main objectives of this study are as follows:

• To investigate the effect of activation/pyrolysis on the
physicochemical properties of activated BCs compared to
raw BCs.

• To determine the efficiency of activated BCs as
adsorbents of methylene blue (MeB).

• To study the effect of adsorption parameters, i.e., BC
dose, pH of initial solution, MeB concentration, temper-
ature, and contact time, on the performances of the
activated BCs.

• To determine the isotherm and kinetic adsorption process
ofMeB onto all produced BCs to fit the experimental data.

• To investigate the thermodynamic study and determine
the thermodynamic parameters of the adsorption process.

■ RESULTS AND DISCUSSION
Chemical and Biochemical Compositions of AG and

OP Biomasses. Table 1 summarizes the results of ultimate,
proximate, and fiber analyses of macroalgal residue (AG) and
olive pomace (OP). AG has a low carbon content compared to
OP (40.4 versus 50.9 wt %). AG also has 1.1 and 2.4 wt % lower
hydrogen and oxygen contents, respectively, than OP. However,
AG’s nitrogen and sulfur contents were higher by 4.2 and 0.8 wt
%, respectively, compared to OP biomass. The proximate

Figure 1. Overall preparation process of activated biochar production for methylene blue (MeB) adsorption.
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analysis revealed that OP has high volatile matter (75.7 wt %)
and low ash content (5.2 wt %) compared to AG, whereas fixed
carbon was almost similar for both residues. Such values are in
agreement with previous studies as listed in Table 1.26−28 The
hemicellulose and lignin contents of OP were 6 and 19.2 wt %
higher than those of AG, respectively, whereas cellulose content
was 10.6 wt % lower.
Yields and Chemical Composition of Produced

Biochars. The yields of produced raw and activated BCs are
presented in Figure 2. The yields of raw and activated BCs
produced from AG were higher than those produced from OP
and ranged from 25.5 wt % for BCOP to 34.8 wt % for BCAG-
NaOH. Interestingly, preactivation of AG and OP biomasses
(chemical or mechanical) did not influence the yield of BC
compared to raw materials. The AG-BC yields are in the same
range of BC produced from palm shell at 600 °C (31.8 wt %),28

whereas the OP-BC yields are close to the BC produced from
sugarcane bagasse (27.7 wt %).28 It was reported that the
inorganic matter, especially alkali metals (i.e., K, Na, etc.) that
represent the ash content, can play a crucial role in shifting the
balance in favor of heat release because of its catalytic effect,
which simultaneously reduces the energy requirements for the
volatilization of biochemical compounds and promotes the
exothermic secondary char formation.29 Therefore, it could be
suggested that the high ash content in AG (9.1 wt %) has
promoted BC-forming reactions in account of decomposition
reactions. Ultimate and proximate analyses of all produced BCs
are presented in Table 2. Here, BC carbon content varied from
50.7 wt % for BCAG-NaOH and BCAG-BM to 72.1 wt % for
BCOP and represents the most abundant element.30

The chemical and mechanical activations have led to a slight
decrease of carbon content in BCOP-NaOH and BCOP-BM
compared to the raw materials. For AG-BC, both activations led
to a decrease of 10.4 wt % of C in BCAG-NaOH and BCAG-BM.

Finally, the hydrogen content ranged from 2.4 wt % for BCAG-
BM to 4 wt % for BCOP, while the nitrogen content ranged from
6.9 wt % for BCAG to 4.8 wt % for BCOP. After carbon, oxygen
was the most affected element. Compared to BCAG, the oxygen
content was increased from 14.4 to 21.3 and 21.7 wt % in BCAG-
NaOH and BCAG-BM, respectively. However, for BCOP, it
increased from 12.3 to 14.4 and 14.6 wt % for BCOP-NaOH and
BCOP-BM, respectively. An interesting observation was also
noticed in terms of the molar ratio of oxygen and carbon that
describes the surface hydrophobicity of BCs.31 For BCAG, the
O/C ratio tends to first decrease from 1.0 for AG to 0.24 for
BCAG due to the decarboxylation reactions during pyrolysis.32

Furthermore, both activation methods tend to enhance the
polarity of activated BCs. The O/C ratio increased from 0.24 for
BCAG to 0.42 and 0.43 for BCAG-NaOH and BCAG-BM,
respectively. However, the O/C ratio for BCOP tends to
increase from 0.17 to 0.20 and 0.21 for BCOP-NaOH and
BCOP-BM, respectively.
These results indicated that the polarity of BCs depends on

the nature of the biomass used and pyrolysis conditions, but
both chemical and mechanical activations were conducted to
increase the polar group content of BCs (i.e., hydroxyl,
carboxylate, and carbonyl groups). These oxygenated functional
groups can contribute to high cationic exchange capacity33 and
high surface charge (ζ-potential) of activated BCs.34 In addition,
the molar ratio of hydrogen and carbon (H/C) indicated the
degree of carbonization.35 AG and OP showed a change in the
H/C ratio after pyrolysis; it was a decrease from 0.1 for both AG
and OP to 0.04 and 0.06 for BCAG and BCOP, respectively.
During pyrolysis reaction, the biomass lost hydrogen due to the
volatilization of hydrocarbon species and conducted to an
increase in the carbon content and an increase in the aromatic

Table 1. Proximate, Ultimate, and Fiber Analyses of Algae
Residue (AG) and Olive Pomace (OP) Used in This Study
and Their Equivalents Reported in the Literature

parameter AG OP
Gracilaria
gracilis27

olive
pomace28

Ultimate Analysis
C (wt %) 40.4 ± 0.1 50.9 ± 0.2 31.7 49.2
H (wt %) 6.0 ± 0.2 7.1 ± 0.2 5.2 6.8
N (wt %) 5.1 ± 0.1 0.9 ± 0.1 4.0 2
S (wt %) 0.9 ± 0.0 0.1 ± 0.0 1.6 0
Oa (wt %) 38.5 ± 0.1 35.8 ± 0.3 37.8 45.8
H/C 0.1 0.1
O/C 1 0.7

Fiber and Protein Composition
cellulose (wt %) 17.4 ± 5.1 6.8 ± 0.4 34
hemicelluloses
(wt %)

4.3 ± 2.8 10.3 ± 0.0 15

lignin (wt %) 17.0 ± 4.7 36.2 ± 2.2 20
proteinsb (wt %) 31.9 ± 0.5 5.8 ± 0.7 25 12.5

Proximate Analysis
moisture (wt %) 5.4 ± 0.3 2.0 ± 0.1 9.13 5.7
volatile matter
(wt %)

65.8 ± 2.1 75.7 ± 1.6 80.5

fixed carbon
(wt %)

18.7 ± 0.9 18.2 ± 1.4 19.5

ash (wt %) 9.1 ± 0.1 5.2 ± 0.1 20.0 4.5
aO% = 100% − C% − H% − N% − S% − ash%. bProteins (%) = 6.25
× N%.

Figure 2. Mass yield percentages of different biochars (raw and
activated) produced from AG and OP residues. Different lowercase
letters indicate significant differences (analysis of variance, ANOVA
test, p ≤ 0.05) between biochars.
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structure in BCs.28 For both biomasses (AG and OP), H/C
ratios of activated BCs were the same and did not show a high
difference compared to raw BCs; however, the H/C ratio of
activated BCAG tended to increase by 0.01 compared to raw
BCAG, whereas that of activated BCOP tended to decrease by
0.02 compared to BCOP.Moisture, volatile matter, fixed carbon,
and ash determined from thermogravimetric analyzer (TGA) of
all produced biochars are given in Table 2. The volatile matter
content varied from 48.1 wt % for BCAG to 21.1 wt % for
BCOP-BM, while the fixed carbon content varied from 66.5 wt
% for BCOP to 35.6 wt % for BCAG. Ash content of BC mainly
depends on feedstock, as previously mentioned, and the ash
content of AG biomass was higher than that of OP. Therefore, all
biochars from AG exhibited high ash content compared to
biochars from OP (Table 2); in addition, chemical and
mechanical activations led to the same increase in ash content
for BCAG- and BCOP-activated biochars.
Physicochemical Properties of Biochars and Activated

Biochars. Fourier-transform infrared (FTIR) spectroscopy
analysis was performed to identify the different functional
groups induced by different activation methods. Figure S1 (the
Supporting Information) represents the FTIR spectra of AG and
BCAG (Figure S1a) and the FTIR spectra of OP residue and
BCOP (Figure S1b). OP and AG FTIR spectra showed a large
peak between 3200 and 3500 cm−1 corresponding to the
stretching vibration of−O−Hgroups, indicating the presence of
polysaccharides and proteins.23 The symmetric and asymmetric
stretching vibrations of−C−H groups were also detected as two
peaks between 2700 and 3000 cm−1 for both samples; however,
the peak intensities were higher in OP than in AG, indicating the
presence of aliphatic groups such as methyl and methylene
groups.36 These peaks were completely absent in all produced
BCAG and BCOP, indicating that −O−H and −CH3 were
removed or transformed with pre-activation/pyrolysis process7

except for BCOP-NaOH and BCOP-BM. These two activated
BCs showed the presence of hydroxyl groups (3457 versus 3607
cm−1, respectively), which could be assigned to the hydroxyl
groups provided by NaOH catalysis for BCOP-NaOH.
However, for BCOP-BM, the OH groups could be a result of
the BM effect in the OP structure, which may introduce
numerous oxygen-containing functional groups such as carboxyl
and hydroxyl groups on the BCOP-BM surface.14 A peak at 1716

cm−1, corresponding to COcarboxyl groups, was only present
in OP (Figure S1b); this peak completely disappeared in BCs
after pyrolysis. CO carbonyl groups were detected in both
samples around 1640 cm−1. This peak disappeared in all BCAG
and BCOP-BM, whereas it was shifted from 1642 cm−1 to a
lower energy of 1608 cm−1 in BCOP and to a higher energy of
1681 cm−1 in BCOP-BM. This shifting was probably due to the
carbonization7 and activation processes. The presence of
aromatic CC rings was proven by the presence of peaks
around 1560−1590 cm−1, which assigned the vibrations in
condensed aromatic carbon skeletons,36 and they occurred in
BCAG-NaOH, BCAG-BM, and BCOP-BM. This peak was
obviously bigger and sharper in BCOP-BM spectrum, indicating
that mechanical modification/pyrolysis of OP leads to a BCwith
aromatic graphene structure likely contributing to MeB
adsorption through π−π electron donor−acceptor (EDA)
interactions.11 Some peaks were observed at 700−950 cm−1,
assigned for out-of-plan deformation mode of C−H in various
aromatic rings and alkene.37 BCOP-BM showed the most
intense peak at 700 cm−1.
All produced BCs showed an alkaline pH (Table 2) ranging

from 9.6 for BCAG to 12.9 for BCOP-NaOH, and it was
evidenced that activation process led to an increase of pH
compared to raw BCs. The alkalinity of produced BCs is
generally related to the organic functional groups, carbonates,
and inorganic alkalies.38 The ζ-potential values of produced BCs
are presented in Table 2. In this study, the surface charge of
produced BCs ranged from −22.8 mV for BCAG to −59.7 mV
for BCOP-BM, indicating that the surfaces of all BCs were
negatively charged.39 BCOP-BM carried more negative charges
than BCOP-NaOH; in addition, the latter showed a decrease of
−13.1 mV compared to BCOP. Compared to the ζ-potential of
BCAG, it can be seen that alkaline activation increased the
surface charge from −22.8 to −34.2 mV (in terms of absolute
value); on the other hand, BM activation has led to an increase of
ζ-potential by −4.7 mV compared to BCAG-NaOH.

Effects of Operating Conditions on MeB Adsorption.
Effects of Adsorbent Dose and the Initial Solution pH. Biochar
(BC) dose is a significant factor influencing theMeB adsorption.
Generally, the removal efficiency of MeB increased with
increasing BC dose at a constant MeB concentration.40 Figure
S2 presents the results of the adsorption tests (the Supporting

Table 2. Chemical Composition and Physicochemical Properties of Different Biochars (Activated or Not) Produced from Algae
Residue and Olive Pomaceb

from algae residue from olive pomace

analysis and characterization parameters BCAG BCAG-NaOH BCAG-BM BCOP BCOP-NaOH BCOP-BM

ultimate analysis C% 61.1 ± 0.1 50.7 ± 0.3 50.7 ± 0.1 72.1 ± 0.1 71.5 ± 0.1 70.4 ± 0.3
H% 2.6 ± 0.0 2.5 ± 0.1 2.4 ± 0.0 4.0 ± 0.1 2.8 ± 0.1 2.7 ± 0.0
N% 6.9 ± 0.1 5.7 ± 0.3 5.8 ± 0.0 1.0 ± 0.2 0.4 ± 0.0 2.0 ± 0.2
S% 1.5 ± 0.2 1.5 ± 0.1 1.3 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0
O%a 14.4 ± 0.1 21.3 ± 0.5 21.7 ± 0.2 12.3 ± 0.1 14.4 ± 0.2 14.6 ± 0.2
H/C 0.04 ± 0.0 0.05 ± 0.0 0.05 ± 0.0 0.06 ± 0.0 0.04 ± 0.0 0.04 ± 0.0
O/C 0.24 ± 0.0 0.42 ± 0.01 0.43 ± 0.0 0.17 ± 0.0 0.20 ± 0.0 0.21 ± 0.0

proximate analysis moisture wt % 6.5 ± 0.3 6.4 ± 0.3 6.7 ± 0.1 4.8 ± 0.6 6.0 ± 0.6 5.6 ± 0.6
volatile matter wt % 48.1 ± 0.3 36.8 ± 1.3 33.9 ± 2.8 26.5 ± 0.0 29.7 ± 3.4 21.1 ± 4.8
fixed carbon wt % 35.6 ± 5.2 38.6 ± 2.6 40.3 ± 2.2 66.5 ± 0.5 53.5 ± 4.0 63.1 ± 5.6
ash wt % 9.8 ± 4.6 18.3 ± 1.2 18.3 ± 4.0 7.6 ± 0.5 10.9 ± 1.5 10.2 ± 0.2

physicochemical and surface properties pH 9.6 ± 0.0a 11.0 ± 0.0a 11.2 ± 0.0a 11.2 ± 0.0a 12.9 ± 0.3a 12.0 ± 0.1a

ζ-potential (mV) 22.8 ± 1.2a 34.2 ± 2.6b 38.9 ± 0.4bc 39.8 ± 1.2c 26.7 ± 0.4a 59.7 ± 0.4d

SBET (m
2/g) 1.1 2.9 3.3 0.9 2.4 3.8

aO% = 100% − C% − H% − N% − S% − ash%. bWithin a line, lowercase letters indicate significant differences (p ≤ 0.05).
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Information) for the purpose of determining the optimized
adsorbent concentration (varying from 10 to 55 g BC/L with 50
mg/L of MeB for 360 min). The optimized doses of different
BCs are presented in Figure 3a. The results show that NaOH
and BM activation of BC influenced the removal efficiency of
MeB (Figure 3a). The removal efficiency of MeB increased for
activated BC produced from AG compared to the raw one;
however, the dose quantity decreased, which indicates the
increase in available sorption surfaces and adsorption sites due
to the positive advantages of activation processes.41 BCAG
showed 71.54% of removal efficiency using 40 g/L, whereas
BCAG-NaOH and BCAG-BM attained a removal efficiency of
96.97 and 93.99% using only 25 and 20 g/L, respectively. For the
BC produced from OP, BCOP-BM showed the most promising
results, using only 15 g/L conducted to 95.7% of MeB removal,
while BCOP and BCOP-NaOH needed 30 and 50 g/L to reach
97.6 and 87.6% of MeB removal, respectively. By maintaining
the optimized dose of different produced BCs, the effects of
initial pH values (2−12) on MeB adsorption have been
investigated and the results are presented in Figure 3b. The
pH variation in the initial MeB solution did not exhibit a
significant effect on the efficiency of MeB removal for all BCs
(raw and activated). These results could be explained by the
high alkalinity (pH varied from 10 to ∼13 as shown in Table 2)
of different produced BCs. The pH of the BC and MeB solution

mixture indicates the pH values ranging between 9 and 12, and
the results confirmed that the highestMeB removal was found in
this range (Figure 3b). It was reported that alkaline condition
favors the removal of MeB, indicating that high pH excited
electrostatic interaction between MeB and BC.40 Therefore, the
pH of MeB solution is 7.4, and it was not adjusted in the
subsequent kinetic and isotherm experiments.

Effect of Contact Time. The effect of contact time with the
optimized concentration of BC is shown in Figure 4. Adsorption
is rapid during the initial period of contact time (0−60 min) and
then becomes slow and stagnated with further increase of
contact time, similar to the results of Sun et al. These findings
can be explained by the fact that most vacant surface sites are
available for adsorption during the initial period and the
remaining ones are hard to be utilized due to repulsive forces
between theMeBmolecules on BC surface.42With an optimized
dose of 15 g/L, BCOP-BM depicted the highest removal
efficiency of 87.7% after only 60 min, whereas BCOP and
BCOP-NaOH needed 30 and 50 g/L to reach 71.3 and 78.3% of
removal efficiencies, respectively, for the same period. BCAG-
NaOH and BCAG-BM showed almost the same trend for MeB
adsorption; they attained 77.9 and 77.7% of MeB removal using
an optimized concentration of 25 and 20 g/L, respectively,
compared to BCAG, which achieved only 68.3% of MeB

Figure 3. (a) Appropriate biochar doses and removal efficiencies of different produced biochars concluded from the optimized dose experiment shown
in Figure S2 (the Supporting Information) (different lowercase letters indicate significant differences (p ≤ 0.05) between the removal efficiency of
different biochars) and (b) effects of initial pH on the adsorption of MeB onto different biochars (using optimized dose of each biochar).
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removal using almost double the amount (40 g/L) used for
activated BC.
Adsorption Kinetics. The nonlinear kinetic models fitting the

pseudo-first-order (PFO), pseudo-second-order (PSO), and
intraparticle diffusion (ID) are illustrated in Figure S3 (the
Supporting Information). The values of the kinetic adsorption
parameters for various BCs have been determined and
summarized in Table 3. Figure S3a,b presents the fitting plots
of nonlinear PFO and PSO models, and according to the
obtained R2 values (Table 3), the kinetic data of all biochars
produced from AG fitted well with the PFO model, while the
kinetic data of OP biochars fitted well with PSO, except for
BCOP-NaOH. Furthermore, the qcal values were remarkably
close to the experimental values qeexp and matched well with the
results of R2 (Table 3). The normalized standard deviation Δq
values (Table 3) determined from PFO and PSO data were in
accordance with the results of R2; they ranged from 0.02 to
2.24% for PFO data versus 1.62−4.73% for PSO data for AG
biochars (raw and activated) and BCOP-NaOH. However, the
Δq values were 3.03 and 0.26% based on PSO data of BCOP and
BCOP-BM, respectively, compared to 4.21 and 1.99% based on
PFO data, respectively.
These results are consistent with previously reported studies

in the literature.43,44 To analyze in depth the adsorption kinetics
data, the intraparticle diffusion model was applied (Figure S3c)

according to Zhu et al. and the fitted parameters are summarized
in Table 3. As shown in the Figure S3c, the plots of the MeB
adsorption capacities of BC versus t1/2 showed a linear
relationship. The first linear part of the curve represents the
surface adsorption, whereas the second linear portion shows the
slow diffusion of MeB onto the surface to the inner holes.45

However, the lines of the plots did not pass through the origin C
≠ 0, indicating that the rate-controlling step did not only involve
intraparticle diffusion but also boundary layer diffusion to some
degree.46

Adsorption Isotherm. The adsorption isotherm plots for
various BCs are shown in Figure 5. The fitting parameters of the
adsorption isothermal models, the correlation coefficients of the
experimental data, and the Marquardt’s percentage standard
deviation (MPSD) error function values are presented in Table
4. The results showed that the correlation coefficients indicate
that the Langmuir model fitted better than the Freundlichmodel
for different BCs. This means that the active sites of BC were
homogeneously distributed and have the same adsorption
energy, and the MeB adsorption on BC was likely to be a
monolayer.6 Even though the correlation coefficient suggested
the Langmuir model, the MPSD error function values from
Langmuir data and Freundlich were similar, except for BCOP-
BM that showed a higher value of 50 from Langmuir data
compared to 1.7 from Freundlich data. The highest adsorption
capacities were obtained for BCOP-BM, followed by BCAG-
NaOH and BCAG-BM with 31.81, 13.09, and 9.12 mg/g,
respectively. On the contrary, BCOP-NaOH, BCOP, and
BCAG showed lower adsorption capacities of 2.62, 2.97, and
4.06 mg/g, respectively. A dimensionless separation factor (RL)
defined based on the Langmuir isotherm model was also
determined. It was reported that 0 < RL < 1 indicates favorable
adsorption, RL > 1 indicates unfavorable adsorption, RL = 0
indicates irreversible adsorption, and RL = 1 indicates linear
adsorption.39

In this study, Figure 5c shows that this factor was found to be
varying from 0.077 to 0.400 for BCAG and BCAG-NaOH, 0.059
to 0.333 for BCAG-BM, 0.014 to 0.100 for BCOP, 0.010 to
0.074 for BCAG-NaOH, and 0.385 to 0.833 for BCOP-BM.
These values were <1 for all produced BCs (raw and activated);
furthermore, with the increase of initial MeB concentration, RL
decreased (Figure 5c), which suggested that the Langmuir
isotherm was favorable for adsorption of MeB on the BC under
the conditions used in this study.15 The comparison of ours
results with the literature is reported in Table 5. Comparing the

Figure 4. Effect of contact time on the adsorption ofMeB onto different
biochars (using optimized dose of each adsorbent).

Table 3. Kinetic Parameters of All Biochars Using PFO, PSO (Nonlinear), and ID Kinetic Models

algae residue biochars olive pomace biochars

kinetic parameters BCAG BCAG-NaOH BCAG-BM BCOP BCOP-NaOH BCOP-BM

qe,exp (mg/g) 1.223 1.987 2.490 1.646 0.955 3.265
PFO qe,cal (mg/g) 1.162 1.961 2.430 1.491 0.955 3.120

K
1
(1/min) 0.018 0.015 0.018 0.018 0.039 0.023

R2 0.78 0.94 0.89 0.58 0.98 0.80
Δq (%) 2.24 0.59 1.08 4.21 0.02 1.99

PSO qe,cal (mg/g) 1.286 2.152 2.580 1.757 1.056 3.246
K

2
(g/(mg min)) 0.025 0.015 0.016 0.018 0.025 0.028

R2 0.77 0.63 0.84 0.70 0.53 0.97
Δq (%) 2.32 3.71 1.62 3.03 4.73 0.26

ID Kd (mg/(g min1/2)) 0.012 0.022 0.024 0.022 0.004 0.014
C 0.814 1.456 1.914 1.112 0.867 2.870
R2 0.732 0.796 0.722 0.765 0.655 0.828
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raw produced BC prepared from eucalyptus and palm bark,47

BCAG and BCOP showed higher adsorption capacities of MeB
(Table 5). BM-activated BC produced from sugarcane bagasse
reported by Lyu et al. showed great results in MeB adsorption
compared to BC produced in this study. It was reported that the
adsorption capacity was 354 mg/g, which was explained by the
high SBET of 331 m2/g.14 However, BCAG-NaOH and BCOP-
BM had better adsorption performances compared to carbon
nanotube (CNT)-modified BC (1%) reported by Inyang et al.13

Despite the large SBET value of 390 m
2/g versus 2.9 m2/g and 3.8

m2/g given by BCAG-NaOH and BCOP-BM, respectively, the
adsorption capacities of BCAG-NaOH and BCOP-BM were
higher by 7.6 and 26.3 mg/g than CNT-modified BC (1%),
respectively. Moreover Dou and Jiang49 showed comparable
adsorption capacity values of peanut shell (PS) and white clover
(WC)-sodium humate (SH)-modified BC, with BCAG-NaOH.
Despite the high SBET values (Table 5), the results showed that

the adsorption capacity of PS-SH-BC and WC-SH-BC was 3.1
mg/g higher and 2.06 mg/g lower, respectively, compared to
BAG-NaOH. Lyu et al. suggested that other than simple
exposure of new surface sites might also be responsible for high
adsorption.14 Indeed, they reported that the adsorption of MeB
onto carbonaceous materials including BC and activated carbon
is mainly controlled by two mechanisms: electrostatic
interactions and π−π interactions.48 The presence of these
interactions was confirmed by FTIR, which explained the high
removal efficiency of MeB shown by BCOP-BM and BCAG-
NaOH despite the low values of SBET.

Effect of Temperature and Thermodynamic Parameters.
The thermodynamic parameter values of the adsorption of MeB
onto different produced BCs were determined based on the
corresponding plots (Figure 5d) and summarized in Table 4.
The results showed that ΔG° values were negative, which
indicate that the adsorption of MeB by produced BCs was a

Figure 5. Adsorption isotherm model plots of MeB adsorption on all produced biochars: (a) nonlinear Langmuir adsorption model; (b) nonlinear
Freundlich adsorption model, (c) dimensionless separation factor at different initial MeB concentrations; and (d) plot of ln(Kd) against 1/T for the
adsorption of MeB onto all produced biochars.

Table 4. Adsorption Isotherm and Thermodynamic Parameters of MeB Adsorption for Various Biochars Investigated

thermodynamic parameters

Langmuir parameters Freundlich parameters ΔG° (kJ/mol)

adsorbent
Q0

(mg/g)
KL

(L/mg) R2 MPSD
KF

(mg1−bF LbF g−1) bF R2 MPSD
ΔH°

(kJ/mol)
ΔS°

(J/(K mol)) T = 298 K T = 313 K T = 333 K

BCAG 4.06 0.03 0.82 6.84 1.33 0.16 0.80 1.28 20.2 102.5 −9.4 −13.9 −13.0
BCAG-NaOH 13.09 0.03 0.87 10.79 2.40 0.29 0.86 12.33 −4.6 23.6 −12.4 −10.5 −13.2
BCAG-BM 9.12 0.04 0.79 5.47 3.08 0.17 0.84 3.39 −13.0 2.3 −13.9 −13.5 −13.9
BCOP 2.97 0.18 0.63 0.71 1.90 0.08 0.80 0.45 4.7 51.7 −10.9 −10.9 −12.7
BCOP-NaOH 2.62 0.25 0.64 6.65 1.11 0.16 0.38 11.26 27.3 118.4 −7.5 −10.6 −13.7
BCOP-BM 31.81 0.004 0.98 50.01 3.15 0.24 0.66 1.56 1.4 40.2 −9.6 −12.1 −11.0
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spontaneous and feasible process.50 ΔH° values were positive
except for BCAG-NaOH and BCAG-BM, which had negative
values. A positive value of ΔH° indicates that the process of
adsorption was endothermic, while a negative value confirms the
exothermic nature of the process.15 The randomness at the solid
solution interface is evident by a positive ΔS° value.51
Finally, a correlation matrix was applied (Figure 6) to confirm

the relationship between the maximum adsorption capacity and

the physicochemical properties of BC. Maximum adsorption
capacity (Q0) showed a strong positive correlation with ζ-
potential and SBET with R = 0.872 and 0.765, respectively. The ζ-
potential represents the surface charge, which indicates the
presence of negative functional groups confirmed previously by
FTIR specifically for BCOP-BM. Despite the low values of SBET,
the presence of oxygenic functional groups and aromatic rings
promotes the adsorption capacity of MeB more than exposition
of high surface area.14 In addition,Q0 showed a weak correlation
with ash content with R = 0.212, which is in accordance with the
study of Zhang et al. It was demonstrated that the adsorption
capacity increased greatly on the de-ashed BC (removal of ash)
compared with unactivated BC, indicating that some organic
sorption sites in the original BC were blocked or difficult to
access due to their interactions with inorganic moiety (ash).52,53

The pH values showed a very weak correlation with the
adsorption capacity with R = 0.245, due to the high alkalinity of
BC (raw and activated), which leads to neglecting the effect of
pH on Q0.
Figure 7 describes the proposed mechanism of BC activation

andMeB adsorption on BC surface according to different results
obtained in this study. The results confirm that ball milling
activation increases the functional group on the BC surface and
surface area compared to unactivated biochar (Figure 7). The
presence of negative functional charge on the BC surface also
increased the MeB adsorption on the BC surface (Figure 7).
According to these results, the interaction between BC andMeB
could be dominated by multiple mechanisms, mainly involving
electrostatic and π−π interactions (π-electron donor−acceptorT
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Figure 6. Correlation matrix between the maximum adsorption
capacity (Q0) and the physicochemical and surface properties: specific
surface area (SBET), ζ-potential (ζ-p), ash content (ash), and pH.
Positive correlations are presented in blue, and negative correlations are
presented in red. Color intensity and circle size are proportional to the
correlation coefficient R. On the right side of the correlogram, the
legend color shows the correlation coefficients and the corresponding
colors.
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interaction) and/or hydrophobic interactions more than the
surface accessibility.

■ CONCLUSIONS
In this study, dry mechanochemical activation of biochars (BCs)
derived from red macroalgae residue (AG) and olive pomace
(OP) for treating artificial textile wastewater containing the dye
was investigated. The BC produced from OP and activated by
BM showed the highest absolute value of ζ-potential (−59.7
mV) and high removal efficiency of methylene blue (MeB)
compared to other activated BCs. The Langmuir isotherm
model could well fit the adsorption process of MeB. The PFO
model fitted the kinetic adsorption data of all biochars produced
from AG and BCOP-NaOH, while the PSO model fitted the
kinetic adsorption data of BCOP and BCOP-BM. The
thermodynamic study showed that the adsorption process was
spontaneous and endothermic except for BCAG-NaOH and
BCAG-BM. The interaction between BC and MeB could be
dominated by multiple mechanisms, mainly involving electro-
static and π−π interactions (π-electron donor−acceptor
interaction) and/or hydrophobic interactions more than the
surface accessibility.

■ EXPERIMENTAL SECTION
Feedstock. Red macroalgae residue (AG) and olive pomace

(OP), two biomasses fromMorocco, were used in this study. AG
biomass (G. sesquipedale) was collected from an industrial
processing of agar−agar extraction (SETEXAM Company,
Kenitra, Morocco). OP was collected from a traditional press oil
(Beni Mellal region, Morocco). AG and OP biomasses were
grounded using a knife mill (SM100, Retsch, Germany) with a
screen size of 4 mm. Sodium hydroxide (NaOH) was purchased
from Sigma Aldrich (ref S8045).
Preparation of Activated Biochar (BC). Prior to the

pyrolysis process, 100 g of each residue was chemically modified
with NaOH (2.5 wt %). The solution was applied by a spray
system at a solid loading of 1 kg TS/L. The choice of the catalyst
type and concentration were based on our previous study.25

After 48 h of impregnation at room temperature, the chemically
modified samples were dried at 105 °C for 24 h. The mechanical
modification was carried out using a planetary ball mill
(Pulverisette 7, Fritsch, Germany), and 50 g of each residue
was placed in the planetary ball mill (BM) pot of 80 mL with 18
balls (d = 10 mm) and milled at 800 rpm for 1 h. For pyrolysis
process, a lab-scale horizontal stainless-steel fixed-bed reactor
device developed at the INRAE IATE laboratory under
operating conditions was adapted from previous studies.23,27

The purge gas (99.99% pure nitrogen) was injected into the
reactor at a flow rate varying between 250 and 260 mL/min. For
each pretreated biomass, 15 g of each sample was loaded into a
stainless-steel weigh boat and placed in the middle of the reactor
to ensure homogenous pyrolysis. The reactor was then purged

for 10 min before starting the pyrolysis to remove residual
oxygen (air) from the reactor. Each sample was pyrolyzed at 500
°C with a heating rate of 10 °C/min and a residence time of 15
min at the final temperature. The furnace was then cooled under
nitrogen flow at 25 °C, and the yield of produced biochar (raw
and modified) was calculated as follows

= ×Y
M
M

(%)
(g)

(g)
100BC

s (1)

where MBC and Ms represent the weights of the produced
biochar and the initial dry mass of the sample, respectively. The
NaOH-activated BCs of AG andOP were named BCAG-NaOH
and BCOP-NaOH, respectively, while the BM-activated BCs of
AG and OP were named BCAG-BM and BCOP-BM (Figure 1),
respectively. The raw BCs of AG and OP were named BCAG
and BCOP, respectively.

Physicochemical Properties of Residues and Pro-
duced Biochars. Ultimate, Proximate, and Fiber Analyses.
The elemental compositions (C, H, N, S) of different biomasses
and biochars (BCs) were analyzed in duplicate using an
elemental analyzer (VarioMicro V4.0.2, Elementar, Germany).
The H/C and O/C molar ratios were calculated from elemental
compositions. Carbohydrate and lignin contents of AG and OP
biomasses were determined using theNREL protocol53 in which
sugar concentrations were determined with HPLC analysis
(Alliance System, Waters) according to the study of Barakat et
al.54 All of the measurements were performed in triplicate. The
proximate analysis of AG and OP and produced biochars was
determined using a thermogravimetric analyzer (TGA 2-LF,
Mettler Toledo, Switzerland). The determination method of
moisture, volatile matter, fixed carbon, and ash content was
reported in Tayibi et al.25 AG and OP biomasses and produced
BCs were also characterized by an FTIR spectrometer (Bruker
tensor 27, Bruker Optics) at wavelengths from 400 to 4000 cm−1

in transmittance mode at 16 scans.
pH, ζ-Potential, and Brunauer−Emmett−Teller Test (BET).

The pH values of BC were determined according to the study of
Tayibi et al.25 using a pH meter (FE20 FiveEasy, Mettler
Toledo, Australia). The surface charge of BCwas represented by
the ζ-potential, determined according to the study of Tayibi et
al.25 using amodified protocol of Yao et al.55 The ζ-potential was
measured using a Nicomp dynamic light scattering system
(Z3000, Entegris). The specific surface area was determined
using N2-BET (3Flex, Micrometrics, Canada) analysis.

Adsorption Studies. Effect of Operational Parameters on
MeB Adsorption.The effects of different operational parameters
(BC dose, contact time, pH, initial MeB concentration, and
temperature) were analyzed as follows:

• For the effect of the biochar dose, the experiment was
carried out in 5mL glass vials containing 1mL of 50mg/L
of MeB solution (pH = 7.4). The dose of biochar (raw or
activated) varied between 10 and 50 g/L. The mixtures
were stirred magnetically at 250 rpm for 360min at 25 °C.

• For the effect of pH on the adsorption of MeB, the
experiment was performed in 5 mL vials, introducing a
volume of 1 mL of 50 mg/LMeB solution and an optimal
dose of biochar (brut or activated). The initial pH of the
MeB solution was adjusted to values 2−12 by the addition
of 0.1 mol/L HCL or 0.1 mol/L NaOH solutions. The
mixtures were magnetically stirred at 250 rpm at 25 °C for
360 min.

Figure 7. Biochar activation and the mechanism of MeB adsorption on
biochar (BC).
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• For the kinetic study, the experiment of the effect of
contact time was also carried out using 5 mL vials with a
working volume of 1 mL ofMeB solution (50mg/L, pH =
7.4) and an optimal dose of each biochar (raw and
activated), and the contact time varied between 0 and 760
min. The mixtures were magnetically stirred at 250 rpm at
25 °C

• For the isotherm study, the effect of the initial MeB
concentration was investigated, briefly, an optimal dose of
each biochar (brut or activated) was introduced into 5mL
glass vials containing 1mL ofMeB solutions with different
initial concentrations (50−400 mg/L). The mixtures
were magnetically stirred at 250 rpm at 25 °C for 360min.

• For the thermodynamic study, the effect of temperature
on the adsorption of MeB was performed; an optimal
amount of each biochar was added to a set of 5 mL glass
vials containing 1 mL of 50 mg/L ofMeB solution and the
reaction temperatures chosen were 25, 40, and 60 °C.

All supernatants were collected and centrifuged at 8000 rpm
for 10 min. The obtained solutions were filtered using 0.2 μm
filters and diluted to reach 1.5 mL for the analysis. The
remaining MeB concentration was determined using a UV−
visible spectrophotometer (7315, JENWAY, U.K.) at a wave-
length of 664 nm. The experiments were duplicate and only the
average values were reported. The removal efficiency (%) (eq 2),
the adsorbed amount of MeB on BC at time t, qt (mg/g) (eq 3),
and the amount of MeB adsorbed at equilibrium, qe (mg/g) (eq
4), were calculated using the following equations

= − ×C C Cremoval efficiency (%) (( )/ ) 100i t i (2)

= − ×q C C V w( ) /t i t (3)

= − ×q C C V w( ) /ie e (4)

where Ci (mg/L) is the initial MeB concentration, Ct (mg/L) is
the MeB concentration at time t (min), Ce (mg/L) is the MeB
concentration at equilibrium, V (L) is the volume of MeB
solution, and w (g) is the weight of the adsorbent.
Kinetic Models. To analyze the adsorption kinetic process of

all studied biochars (raw and activated), the nonlinear pseudo-
first-order (PFO), nonlinear pseudo-second-order (PSO), and
intraparticle diffusion models (ID) were applied. The nonlinear
forms of PFO (eq 5),56 PSO (eq 6),56 and the ID (eq 7)41

models are expressed in the following equations

= − −q q( e )t
K t

e
1

(5)

= +q K q t K q t/1t 2 e
2

2 e (6)

= +q k t Ct p
1/2

(7)

where qe (mg/g) is the adsorption capacity at equilibrium; qt
(mg/g) is the adsorption capacity at contact time t (min); K1
(min−1), K2 (g/(mg min)), and Kp (g/(mg min1/2)) are the
equilibrium rate constants for PFO, PSO, and ID models,
respectively; and C is a constant.
The normalized standard deviation Δq (%) (eq 8) was

applied to confirm the applicability of the kinetic model and is
defined as follows

∑Δ = × [ − ] −q q q q N(%) 100 ( )/ / 1exp cal exp
2

(8)

whereN is the number of data points and qexp and qcal (mg/g) are
the experimental and calculated adsorption capacities, respec-
tively.
The Marquardt’s percentage standard deviation (MPSD)57

(eq 9) was applied to evaluate the applicability of isotherm
models, and it is defined in the following equation

∑= ×
−

−
=p n

q q qMPSD 100
1

( )/ )
i

p

1
e,exp e,cal e,exp

2

(9)

where qe,exp (mg/g) and qe,cal (mg/g) are the experimental and
calculated adsorption capacities at equilibrium, respectively.

Equilibrium Isotherm Study. In this study, Langmuir and
Freundlich isotherm models were used to determine the
maximum adsorption capacity and mechanism.58 The nonlinear
form of the Langmuir isotherm model (eq 10) is expressed as

= +q Q K C K C/(1 )e 0 L e L e (10)

where KL reflects the solute adsorptivity (L/g) and Q0 is the
Langmuir adsorption capacity (mg/g).
A dimensionless separation factor (RL) can be defined based

on the Langmuir isotherm and expressed as

= +R K C1/(1 )L L 0 (11)

where C0 and KL are the initial MeB concentration and the
Langmuir constant, respectively.
The nonlinear form of the Freundlich model is expressed as

=q K Cb
e F e

F
(12)

where KF reflects the adsorbent capacity (L/g) and bF is the
heterogeneity factor (unitless) ranging from 0 to 1.

Thermodynamic Study. To investigate the adsorption
thermodynamics of MeB adsorption onto raw and activated
biochars, Gibbs free energy ΔG° (kJ/mol), enthalpy ΔH° (kJ/
mol), and entropy ΔS (J/(mol K)) were calculated in the
following equations reported by Fan et al.,40 respectively

Δ ° = −G RT Kln( )d (13)

= Δ ° − Δ °K S R H RTln / /d (14)

whereR (8.314 J/(mol K)) is the universal gas constant,T (K) is
the absolute solution temperature, and Kd is the distribution
coefficient which can be calculated as

=K C C/d Ae e (15)

where CAe (mg/L) is the amount adsorbed on a solid at
equilibrium and Ce (mg/L) is the equilibrium concentration.

Data Analyses. Analysis of variance (ANOVA) was
performed using the R version 3.4.4. The effects of chemical
and mechanical modifications on the BC yield, pH, ζ-potential,
and specific surface area were tested by one-way ANOVA.
Correlations between BC properties and adsorption capacities
were analyzed using a correlation matrix using PAST.3
(Paleontological Statistics Software Package for Education and
Data Analysis) software.
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Fourier transform infrared (FTIR) spectroscopic spectra
(Figure S1) of the residues and their raw and activated
biochars; effect of dose concentrations of different
produced biochars on removal efficiency and adsorption
capacity (Figure S2); and nonlinear fit of the kinetic
models ofMeB adsorption on different produced biochars
(Figure S3) (PDF)
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