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ABSTRACT

The present work aims to evaluate the application of Fenton reaction as a method for the
adsorbent regeneration. The adsorbent was obtained by the thermal decomposition of Syagrus
coronata endocarp under vacuum at relatively low temperatures (i.e., 400°C and 800°C). The
biochar capacity of methylene blue removal was evaluated in function of time of contact, particle
diameter and pyrolysis temperature. The biochar was characterized by X-ray diffraction and ther-
mogravimetric analysis techniques. The highest adsorption capacity was 99.4%, obtained for 4.8 g
of adsorbent, pyrolysis at 800°C and particle diameter <0.149 mm. The data obtained from the
kinetic studies fitted better to the pseudo-second-order model, while the adsorption isotherms fol-
lowed Sips model. Fenton regeneration was conducted using a dye saturated biochar with Fenton
reagents at different concentrations of Fe** (0.5-1.0 mmol L) and H,0, (100-2,400 mmol L™) in
pH = 3.0 for 30 min. A maximum recovery of 19.31% of the adsorption capacity was obtained
using Fenton with Fe** 1.0 mmol L' and H,0, 600 mmol L. Therefore, results showed that the
biochar of Syagrus coronata endocarp was effective to remove methylene blue from water solution

and Fenton reaction is a viable alternative of regeneration process of adsorbent agents.
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1. Introduction

Advanced oxidative processes are considered promising
technologies involving the in situ production of strong
oxidants, mainly the hydroxyl radical (*OH) [1]. This strong
oxidant has a high standard potential (E° =2.80 V) that allows
reactions with almost all organic chemicals giving non-
selective mineralization to CO,, H,O and inorganic ions [2-5].
In particular, Fenton process has gained attention due to the

* Corresponding author.

rapid formation of OH radicals in acid medium according to
the following chemical reaction:

Fe’" +H,0, - + Fe’ + HO" + HO (1)

The efficiency of the Fenton reaction in the degradation
of textile dyes in aqueous solutions is well known in the
literature [6-16]. Some works suggested Fenton reaction to
remediate loaded adsorbents [17-20]. However, few studies
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have analyzed the application of advanced oxidative process
in this direction is the present work aims to evaluate the effi-
ciency of the Fenton reaction to degrade the dye methylene
blue adsorbed on a biochar surface. Syagrus coronata biomass
was used as raw material for the production of the biochar.
The licuri or ouricuri (Syagrus coronata (Mart) Becc.) is one of
the main native palm trees of the Brazilian semi-arid. In this
region, it has the capacity to withstand prolonged droughts,
blooming and fruiting for a long period of the year. It is used
in animal feeding (caprine and poultry farming), human food,
handicraft production, wax production, civil construction,
cosmetics industry, soap-making and paint manufacture,
as well as having a high potential for ornamental purposes
and for the production of biodiesel. The endocarp, one of the
layers that make up the fruit, is used in the manufacture of
handicrafts [21-28]. However, the amount of raw material
generated is larger than the one used in commercial appli-
cations and it is often discarded, causing an environmental
problem. Therefore, it is important to investigate alternative
applications of this biomass. In particular, this study pro-
poses the biochar production from the ouricuri endocarp to
reduce the environmental impact and use it as an adsorbent
in water treatment.

In summary, this paper reports the application of the
ouricuri endocarp biochar for the removal of the methylene
blue from aqueous solution and the Fenton reaction as a
process to regenerate and recover the adsorbent.

2. Material and methods
2.1. Adsorbent

The biochar used as adsorbent was obtained from the
ouricuri (Syagrus coronata) endocarp pyrolysis. The cassava
strain was cut into smaller pieces of different sizes. Pyrolysis
was carried out in a pyrolysis unit, the sample was inserted
in the cylindrical vertical reactor (D =70 mm, H = 370 mm).
The reactor was made of carbon steel. A heating system,
tube furnace (Jung/LT6 2010) with temperature control
system was used to provide the required temperature. The
gases (condensables and not condensables) formed in the
pyrolysis were suctioned by a vacuum pump (FANEM/089-
Cal, maximum volumetric flow rate of 0.024 m?® min™ and
power rating of 550 W) at 100 mmHg. A thermostatic bath
(TECNAL/TE184) allowed the circulation of water in two
series columns of condensation with 2 Allihn condens-
ers each, where the condensable volatiles were obtained.
The pyrolitic oils were collected and stored in kitassatos.
The conditions used for pyrolysis of cassava stump were
as follows: initial temperature of 30°C; final tempera-
tures of 400°C and 800°C; heating rate of 20°C min™ and
residence time of 2 h. The adsorbent was washed, ground
and separated for its further use in dye adsorption and
regeneration studies.

2.2. Experimental design for testing the dye adsorption

A 2? factorial experimental design was carried out to
evaluate the influence of adsorbent mass m (2.4 and 4.8 g),
particle diameter D (<0.149 and average particle diame-
ter of 0.993 mm) and pyrolysis temperature T (400°C and

800°C) on the dye adsorption in order to determine the best
working conditions. Experimental tests were performed
in random order and replicate to guarantee the reproduc-
ibility of the experimental data resulting in 8 adsorption
experiments. The variable response used to determine the
efficicacy of the adsorption process was the dye adsorption
capacity (g, mg g™). Batch adsorption tests were performed
with 250 mL beakers containing 60 mL of the 100 mg L™
dye solution. These experiments were carried out at
27°C + 2°C, without pH adjustment and 500 rpm using a
magnetic stirrer (SPLABOR SP-10003/S) with a contact time
adsorbent - dye solution of 180 min and the samples were
centrifuged at the end of each test. Dye concentrations were
quantified by UV-Visible spectrometer (SHIMADZU multi-
pesc-1501, Japan) at the maximum absorbance wavelength
of the methylene blue dye (665 nm) [27,29]. The amount
of dye adsorbed per mass of adsorbent at equilibrium
was calculated using Eq. (2)

C -C
g, =——2Lxv )
m

where C, is the initial dye concentration used in adsorption
test (mg L), C,is the final dye concentration in the adsorption
test (mg L7) and V is the solution volume (L). Biochar
obtained with the best experimental condition from the fac-
torial design was characterized and used in dye adsorption

kinetic and equilibrium studies and Fenton regeneration.

2.3. Adsorbent characterization

The characterization of the biochar was performed using
thermal gravimetry (TG)/derivative thermal gravimetry (DTG)
analysis and X-ray diffraction (XRD). Thermal analyzes
were performed on a Shimadzu-TG-50 (Japan) equipment in
the range of 25°C-900°C. XRD patterns of the biochar were
obtained with a Cu-Ka source, which operated at a voltage of
40 KV with 30 mA of current using a Shimadzu XRD-6000 dif-
fractometer (Japan). These characterization analyzes were per-
formed for the adsorbent before contact with the dye solution.

2.4. Dye kinetic studies

Samples were collected to obtain the kinetic curve at
the pre-defined times of 0, 5, 10, 15, 30, 60, 120 and 180 min,
without pH adjustment, at 27°C + 2°C for different dye con-
centrations (50, 100 and 200 mg L™) with magnetic stirring
of 500 rpm. In this study, the pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetic models were applied.
[29-32] expressed in Egs. (3) and (4).

g,=q.(1-¢"") ®)

k, xtxq;
=— 2 @ Te 4
ql (1+k2><t><qg) )
where k, and k, are first and second order adsorption kinetics
(min™ and g mg™h™) respectively, g, and g, are the adsorbed
adsorbent (mg g™) in time respectively.
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2.5. Dye equilibrium studies

Adsorption isotherms were performed for dye solutions
with concentrations of 25, 50, 100, 150, 200 and 300 mg L7,
without pH adjustment, at 27°C + 2°C. Heterogeneous
system adsorbent-dye solution was kept under constant
stirring (500 rpm) for 180 min, as determined by kinetics.
After this period, the samples were centrifuged and the dye
concentration was quantified. For adsorption equilibrium
modeling, Langmuir [33], Freundlich [34], Sips [35] and
Redlich-Peterson [36] were used, according to Egs. (5)—(8),
respectively.

— qmax X KL X CL’

5
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where q__ represents the maximum adsorption capacity
(mg g™), K, is the adsorption equilibrium constant that is
usually related to the affinity between adsorbent and adsor-
bate (L g7), K, and n are Freundlich parameters, K, is the
equilibrium constant of the Sips model (L mg™), m, is the
exponent of the Sips model, K|, is the Redlich-Peterson iso-
therm model constant (L mg™), a, is the Redlich-Peterson
isotherm constant (L mg™) and 3 is the Redlich-Peterson
isotherm model exponent, respectively. Parameters of all iso-
therm models were determined with a nonlinear regression
approach.

2.6. Fenton reactions for the biochar regeneration

This study was carried out to analyze the influence of
the Fenton reagents on the biochar regeneration efficiency
and the advantageous of a hybrid adsorption/oxidation
process for methylene blue removal. Before initiating
the regeneration tests, the saturation of the biochar was
carried out with 60 mL of methylene blue dye solution
at 300 mg L and using different contact times (0, 5, 10,
15 and 30 min) under constant stirring at 27°C + 2°C and
without pH adjustment. Dye-loaded biochar was mixed
with 50 mL of distilled water at 27°C + 2°C under constant
stirring of 500 rpm. pH of the adsorbent-water system was
adjusted to 3.0 and the Fenton reagents were added at dif-
ferent concentrations of Fe* (0.5-1.0 mmol L) and H,0,
(100-2,400 mmol L). The reaction time was 30 min for
these regeneration studies. Biochar was separated from the
solution and rinsed with distilled water. This adsorbent was
used to carry out the next adsorption cycle under the same
operating conditions to verify the efficiency of the Fenton
process in the regeneration of the biochar. The concentra-
tion of the dye in the solution was determined by UV-Visible
spectrophotometry.

3. Results
3.1. Experimental design

The evaluation of 2° factorial design revealed that the
endocarp of ouricuri can retain the methylene blue dye.
The calculations of the effects of the variables and the inter-
actions between them showed that the most influential
variable in the adsorption process was the mass of the adsor-
bent, followed by the particle diameter and the interaction
effects of the adsorbent and particle diameter. These results
are shown in the Pareto diagram in Fig. 1.

The mass effect was positive, that is, the highest value of
the adsorption capacity was obtained for the highest mass
level. By decreasing the mass of the adsorbent from 4.8 to
2.4 g, there was a mean decrease in the removal capacity of
43%. Therefore, it can be concluded that the highest amount
of adsorbed dye is reached when the mass effect is at its upper
level, for the range studied in this experimental design. The
response surfaces for the interactions of two factors that were
statistically significant are shown in Fig. 2.

As depicted in Fig. 2a, the highest removal capacity was
obtained for the smaller particle diameter and higher mass of
the adsorbent. Fig. 2b shows that the best removal capacity
results can be obtained for the higher pyrolysis temperature
and lower particle diameter. Besinella Junior et al. [37] also
evaluated the effect of the coconut shell particles sizes used
to produce activated carbon for the adsorption of the reactant
dye Remazol Golden Yellow RNL. It was observed a greater
adsorption capacity for samples of smaller size, which could
be explained by the increase of the superficial area of parti-
cles that are in contact with the fluid phase. The efficiency
increase as a function of the pyrolysis temperature is also
associated to the increment of the surface area of the biochar
[38]. The highest percentage of adsorbed dye removal was
99.4%, obtained with 4.8 g of adsorbent, 800°C as pyrolysis
temperature and particle diameter <0.149 mm.

From the data achieved by the linear regression, an
empirical model was obtained to predict the removal capacity
of methylene blue by the ouricuri endocarp biochar (Eq. (9)):

Removal % = 76.92 + 19.44x,, — 4.93x,, +
3.59x,, +1.22x,, + 1.72x,, — 217x,,  (9)

(1)Mass i« 45,93849

(2)Granulometry 71 -11,6445

1by3

(3)Temperature

p=,05

Fig. 1. Pareto diagram.
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Fig. 2. Response surfaces for % of removal: (a) adsorbent mass vs. particle diameter and (b) particle diameter vs. pyrolysis temperature.

where x,, = mass; x, = diameter; x,,, = mass vs. diameter;
Xy = Mass vs. temperature; x,, = diameter vs. temperature;
X,pr = Mass vs. diameter vs. temperature, encoded.

Table 1 shows the analysis of variance for the linear model
proposed to explain the response of the removal capac-
ity according to the studied parameters. Considering the
data presented in Table 1, the regression is significant to
describe the experimental results and the linear model can
be used to predict the behavior of the process. For 95%
of confidence interval, the calculated F (F_, ) was 102.75,
greater than the tabulated F value (F_) of 3.37, then the
model can be used to estimate the removal capacity effi-
ciency in relation to the evaluated parameters. In addition
to the result of the F test, it can be seen in Table 1 that the
correlation coefficient (R?) was equal to 0.99, close to unity,
and that all main effects and interactions were significant,
indicating that the model was well adjusted to the exper-
imental data.

3.2. Adsorbent characterization

Fig. 3a and b shows the X-ray diffractogram for the
biochar produced at 800°C. This technique can be applied
to evaluate the crystallinity and structure of the biochar,
consisting of a powerful identification tool for the sam-
ples. The diffractogram shows two peasks around 22°,
characteristic of Cellulose type I, which suggests that

Table 1
Analysis of variance (ANOVA)

the crystalline structure of the cellulose was not altered
during the production. The crystalline arrangements in the
cellulose appear due to the formation of inter- and intra-
molecular H-bonding by the hydroxyl groups. H-bonding
restricts the free movement of the cellulosic chains, which
align with each other in an ordered manner, which tends to
have crystallinity [39,40]. It is possible to observe in Fig. 3b
that the material did not show the presence of the dyestuff.
It is possible to infer that the dye disappeared and the integ-
rity of the material was maintained [19]. Then, the decrease
in the efficiency (see section 3.4) could be related to the com-
petition of the active sites by the resultant ions from Fenton
reactants, hampering the dye access to these sites.

The thermogravimetric analysis (TGA) aimed to obtain
information about the structure stability of the adsorbent
material. The biochar TG curve is shown in Fig. 4. The
biochar thermogram showed a mass loss from room tem-
perature (25°C) to approximately 100°C due to the loss
of water from the material. Between 150°C to approxi-
mately 500°C, the mass loss becomes linear. The material
presented a relative thermal stability. The second mass
loss corresponds to the degradation of volatile products
derived from lignin, including phenolics, alcohols, acids,
aldehydes, along with the formation of gaseous products
being removed [41]. It can also be verified by the TGA that
at the temperature of approximately 500°C is related to the
release of volatile compounds, constituted by oxygen and

Source of variation Sum of the squares (5Q) Degrees of freedom Mean of the squares (MQ)
Regression 6,710.04 6 1,118.34

Residues 97.95 9 10.88

Total 6,807.99 15 -

R? 0.99 - -
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Fig. 3. XRD for biochar (a) produced at 800°C and (b) regenerated
by Fenton (Fe** 1.0 mmol L™ and H,0, 600 mmol L™).
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Fig. 4. Thermogravimetry analysis of biochar produced at 800°C:
(—) TGA and (—) DTG.

hydrogen, as the remaining carboxyl compounds of the
pyrolysis process [42].

3.3. Adsorption studies

The kinetic study plays an important role when using an
adsorbent to treat effluents, since it is possible to define the
equilibrium time and the velocity of the adsorption process.
Therefore, it is necessary to evaluate models that can describe
and predict the behavior of the studied process. The kinetic
evolution of the methylene blue dye adsorption using the
ouricuri endocarp biochar in shown in Fig. 5.

The kinetics were rapid in the first 5 min and after
60 min the equilibrium occurred. According to Wang and
Zhu, the adsorption of dyes is fast at the initial contact time
and then slows down and stagnates with increasing contact
time. The high adsorption capacity of the methylene blue
dye in the first instants of the assay was already reported
by Al-Ghouti et al. [44] and Deng et al. [45], which justifies
this fact with the presence of acidic functional groups found

22
2,0
1.8
161
14 ff
L2
10 ff
0.8
0,6 [*+e* . - »

® 50 mgL?

0.4 u 100mgL?!
+ 200mgl’
0,2

PFO
0.0
0

q. (mg.g™h)

------ PSO
20 40 60 80 100 120 140 160 180 200
t (min)

Fig. 5. Kinetic evaluation of adsorption of methylene blue onto
ouricuri endocarp biochar. C,=50, 100 and 150 mg L7, T=800°C,
D =<0.149 mm and M = 4.8 g for 60 mL of solution.

on the surface of the adsorbent, and which have a certain
affinity with the methylene blue molecules. Thus, it is likely
that the adsorption of the dye has occurred first on the sur-
face and then, through diffusion into the sites present in the
adsorbent material, becoming slower.

The results obtained are shown in Table 2. The pseudo-
second-order model presented the best fit with R? correlation
coefficient equal to 0.99, a mean value of k, of 1.09 g mg™ min™'
and a calculated value of 1.23 mg g™. The value of g, cal-
culated by the model was close to the experimental data,
1.20 mg g, as expected for a well-adjusted model.

Considering the correlation coefficients obtained in each
equation, as well as the values of 4 and estimated from these
equations, the most appropriated mechanism to the obtained
experimental values refers to the one of pseudo-second-
order, which describes the involvement of two consecutive
steps in the process of adsorption: external diffusion and
diffusion through the pores of the solid [46].

The result of the adsorption isotherm of the methylene
blue dye on the biochar is shown in Fig. 6. The adsorption
capacity increases according to the equilibrium concentra-
tion of the dye in the medium until it reaches a complete
saturation of the surface at higher concentrations. The
isotherms can often be represented by theoretical models,
with Langmuir, Freundlich, Sips and Redlich-Peterson
models being the most used. The adsorption isotherm model
describes how the adsorbate interacts with the adsorbent
allowing to find the most efficient application of the adsor-
bent. In this particular case, the experimental results were
more consistent with the Sips model. These results are
summarized in Table 3 and the application of the models are
depicted in Fig. 6.

The models were compared using the R? value as
reference. The results of Table 3 show that both Sips and
Langmuir models represent well the experimental data
obtained in this study. However, with the evaluation of the
average relative error, ARE, the Sips model presented a
smaller value of the error function, indicating that this model
was better fitted to the experimental data. It is also observed,
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Table 2
Kinetic parameters

Model 50 mg L™ 100 mg L 200 mg L
experimental 0.6225 1.2438 2.0738
PFO
g, (mg g™) 0.6152 1.1955 1.9454
k, (min™) 5.7873 0.4961 0.3954
R? 0.9967 0.9934 0.9851
ARE (%) 1.48 2.37 3.86
PSO
q,(mg g™ 0.6169 1.2230 2.0149
k, (min™) 37.5993 1.3269 0.4781
R? 0.9970 0.9985 0.9959
ARE (%) 1.46 1.23 2.16
"o
oh
g
S~
<
# Experimental data
Langmmir
,,,,,, Freundlich
--=---- Redlich-Peterson
— — — Sips
40 60 80 100 120
-1
¢ (mg.L.7)

Fig. 6. Isotherm of adsorption of methylene blue onto ouricuri
endocarp biochar with equilibrium models fits. T = 800°C,
D =<0.149 mm and M = 4.8 g for 60 mL of solution.

in Table 3, that the function adsorption error decreases in the
order Sips > Langmuir > Redlich-Peterson > Freundlich for
the dye studied.

Sips model combines elements of the Langmuir and
Freundlich equations and predicts that at low concentrations
of adsorbate, it reduces the Freundlich isotherm, while at
high concentrations, the Langmuir isotherm is reduced, char-
acterizing a monolayer adsorption [47]. From the economic
point of view, these results are highly satisfactory. Moreover,
a short time is required for the process to be fully effective
(kinetic results can prove this).

3.4. Regeneration study

The results obtained for the biocarbon regeneration
study are shown in Fig. 7. The untreated biocarbon is sat-
urated and in its reuse a reduction of only 7% of the dye
concentration was obtained. After the Fenton reaction, it
was observed that the iron concentration has negligenciable

Table 3
Isotherm parameters for the adsorption of methylene blue onto
ouricuri endocarp biochar

Models Parameters 27°C +2°C
9. (Mg ™) 2.2956
K (L -1 2.4578
Langmuir L (Lmg™)
R? 0.9768
ARE (%) 9.11
N 7.7253
. K. ([mg LML g1 1.3382
F lich r
reundlic R 0.8894
ARE (%) 21.39
K, 5.1131
a, (L mg) 2.0641
Redlich-Peterson B 1.0196
R? 0.9778
ARE (%) 8.25
9o (Mg g7 2.2482
K (Lmg™) 3.5989
Sips mg 1.4125
R? 0.9865
ARE (%) 4.84

influence on the efficiency of the Fenton reaction in the
regeneration of the biochar. From the Fenton conditions in
which the Fe* concentration was fixed at 1.0 mmol L™ and
the concentration of H,0, was increased to 600 mmol L7,
the highest regeneration efficiency, 19.31%, was obtained.
However, when the concentration of H,O, was increased to
1,200 and 2,400 mmol L, there was a decrease in the adsorp-
tion capacity of the biochar, indicating that the excess of
H,0, decreases the regeneration efficiency.

Therefore, a positive effect on dye removal was expected
by increasing the concentrations of Fenton reagents.
However, it was observed that an excess of H,0O, may preju-
dice the performance of the process, since these species can
subsequently react with the hydroxyl radical (Egs. (10)-(12)),
resulting in a competition with the organic compounds to
be degraded [48]. With the excess of hydroxyl radical, the
radicals can react with each other (Eq. (13)) and decrease the
efficiency of the process.
HO +Fe®* — Fe® + OH~

k,=43x10°M" s (10)

HO"+H,0, > HO; +H,0 k,= (1.2-45) x 10°'M's" (11)

1x10° M7's™

HO'+HO; »0,+H,0 & (12)

HO'+*OH - H,0, k,= 53x10°Ms™ (13)
Removal efficiency after the Fenton treatment increased

in the initial 5 min, probably due to the desorption of both
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Fig. 7. Regeneration of ouricuri endocarp biochar saturated with
methylene blue dye.

the dye and the oxidation intermediates during the reaction,
and after that reaction time, it slowed down and stagnated
when increasing the contact time. The decrease in the effi-
ciency of the combined adsorption-Fenton regeneration
process could suggests that an interaction occurs between
the methylene blue dye and the oxygen groups present on
the surface of the biochar through a chemical adsorption
mechanism, making dye desorption difficult.

4. Conclusions

From the results of experimental design, it was possi-
ble to analyze that the variable of greater influence in the
adsorption process was the mass of the adsorbent, followed
by the particle diameter. The best conditions to obtain the
maximum removal capacity of the methylene blue dye
were the adsorbent mass of 4.8 g, the pyrolysis temperature
of 800°C and the particle diameter <0.149 mm, conditions
used in the kinetic study of balance and regeneration.

The kinetic behavior showed that the adsorption was
very fast in the first 5 min and the equilibrium was reached
after 60 min; The pseudo-second-order model presented
the best fit, demonstrating that the adsorption mechanism
occurs in two steps, an external diffusion and a diffusion
through the pores of the solid. The equilibrium studies
indicated a favorable adsorption behavior and the Sips
model had the best fit with the experimental data. In the
regeneration study, it was observed a good recovery of the
adsorption capacity. The best regeneration conditions were
obtained with the Fenton reagents: Fe? 1.0 mmol L™ and
H,0, 600 mmol L.

In brief, it is possible to conclude that the biochar
obtained by the pyrolysis of the Syagrus coronata endocarp
is a great adsorbent to remove methylene blue from aqueous
media. Moreover, In addition, the use of ouricuri as a source
of biomass for the biochar production consists of an alterna-
tive application of this agricultural residue. Regarding the
desorption of the saturated adsorbent, Fenton reaction can be
a viable, simple and low-cost alternative used for the regen-
eration process.
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