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Study of the degradation of Bezaktiv Brilliant Blue by the Fenton process
using a prepared ferromagnetic activated carbon from rubber seed hull as
heterogeneous catalyst
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ABSTRACT

A ferromagnetic activated carbon, CA-HP@Fell was used as a heterogeneous catalyst in the Fenton
oxidation process for the removal of Bezaktiv Brilliant Blue dye from contaminated water. It was pre-
pared by optimizing the activation of rubber seed hull with phosphoric acid, modified with iron(II)
sulfate. The ferromagnetic activated carbon was characterized by Fourier-transform infrared spec-
troscopy, X-ray diffraction, scanning electron microscopy/energy-dispersive X-ray spectroscopy,
Brunauer-Emmett-Teller and pore-size distribution. The characterized activated carbon was used to
study the degradation of the Bezaktiv Brilliant Blue dye by varying several parameters, namely the
pH of the solution, the concentration of H,O, solution, the mass of the catalyst, and the concentra-
tion of the pollutant. The results of the characterization showed that ferromagnetite was deposited
on the activated carbon during the modification process and the obtained ferromagnetic activated
carbon have a cubic spinel structure and a specific area of 110.53 m*g™. The elimination of the dye
was favorable at the acid pH of 3. The removal of the pollutant was favorable when the concentra-
tion of H,O,, the mass of the catalyst and the concentration of the pollutant were increased. The final
elimination percentage was greater than 75%, whatever the condition and the parameter varied. The
second-order kinetic model better described the degradation of Bezaktiv Brilliant Blue pollutant on
CA-HP@Fell. An analysis of the ferromagnetic material after degradation showed that it had under-
gone very little changes, and hence could be reused several times. The change in the percentage of
carbon from 46.54% to 54.86% in the ferromagnetic activated after degradation can be attributed
to the mineralization of the carbon atoms of Bezaktiv Brilliant Blue.
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1. Introduction

One of the most used adsorbents in industrial processes
is activated carbon. It generally has high surface area with
microporous and heterogeneous structures. The produc-
tion of activated carbon with the highest adsorption prop-
erties has not been extensively investigated [1]. Nowadays,
the main objective for researchers is to produce activated
carbons with high adsorption properties using inexpen-
sive and effective alternatives to those used for commercial
ones [2,3]. Lignocellulosic materials are continually gaining
enormous attention as raw materials in the production of
adsorbents [4-6].

Generally, the mechanism of activating lignocellulosic
materials compromises three different stages: intense depo-
lymerisation of the activating carbon precursor at tempera-
tures between 0°C and 300°C; devolatilization and forma-
tion of the inner porosity between 300°C and 700°C; and
dehydrogenation of the fixed carbon structure above 700°C
[7]. During the synthesis of activated carbons, the most rel-
evant parameters that control the final properties are the
activating temperature, the impregnation ratio of the acti-
vating agent, and the calcination time [7].

Researchers have been using the Methodology of
Experimental Design to investigate the effect of the above
parameters on the production of activated carbons [8,9]. This
method is based on the deduction of equations or mathe-
matical models of the production process using the relevant
parameters, and then validating the models by statistical
techniques. In recent years, some authors have applied these
optimization methods to the production of activated car-
bons [1,8-10]. The resulting activated carbons due to their
structure and surface area have been proposed as suitable
options for the removal of organic contaminants from aque-
ous solutions. Unfortunately, using activated carbons on
large scales have had some limitations because of difficul-
ties associated with filtration, dispersion, turbidity and high
cost of its production [11].

Recently, magnetic separation methods have been widely
used due to their low cost, simplicity and high speed of
separation with high efficiency. Many adsorbents are mag-
netized [12], and the presence of magnetic iron oxide leads
to chemical stability, low toxicity, and excellent recyclability
of adsorbent. These have been some of the reasons for their
wide use in removing toxic ions and organic contaminants
from water and wastewater [13]. Conventional treatments
such as adsorption onto activated carbon, membrane pro-
cesses, coagulation—flocculation, chemical oxidations, have
the disadvantage of transferring pollutants from an aque-
ous phase to a new phase, leading in the most part to the
formation of concentrated sludge, thus creating a prob-
lem of secondary waste disposal, as well as giving rise to
very expensive regeneration of the adsorbent materials.

Among all the possible treatment techniques for con-
taminated aqueous effluents, advanced oxidation processes
(AOPs) using the Fenton process appear to be the processes
of choice. They lead to the total degradation of the pollutant
as well as a reduction in the overall toxicity of the effluent.
AOPs are essentially based on the production of active and
not very specific species such as hydroxyl radicals, which
on interacting with the toxic pollutant degrades them to

nontoxic species that can be freely disposed of [14]. In Fenton
processes, the catalyst supported on the solid matrices
have certain advantages. For example, because it is highly
conductive, ferromagnetic activated carbons allow the pol-
lutants to concentrate around the catalyst and decompose
effectively [15]. Studies also reveal that activated carbon is
a good support for iron species and the supported iron can
be used as a heterogeneous Fenton catalyst [16]. Due to
the need to search for optimal conditions to produce acti-
vated carbon with the desired properties, the response sur-
face methodology was chosen to do the modelling of the
production process. According to Aydar [17] many other
works found in the literature, the response surface meth-
odology investigates an appropriate approximate relation-
ship between input and output variables and identify the
optimal operating conditions for the system under study.

Therefore, it is hypothesized that optimisation of the pro-
cess of preparing activated carbon using response surface
methodology and its modification to ferromagnetic activated
carbon would give activated carbon with better characteris-
tics for the greater adsorption and degradation of contam-
inants relative to non-magnetic activated carbons [18]. The
specific objectives of this study are: (a) to prepare activated
carbon using the methodology of experimental design from
rubber seed hulls, (b) to modify the activated carbon to
ferromagnetic activated carbon (c) to characterize the pre-
pared and magnetic activated carbons by physico-chemical
techniques, and (d) to use the ferromagnetic activated car-
bon to study the Fenton degradation of Bezaktiv Brilliant
Blue in aqueous solution.

2. Materials and methods
2.1. Material and reagents

All chemicals used in this work are analytical grade.
Bezaktiv Brilliant Blue dye (its characteristics are given in
Table 1) was obtained from CICAM, a textile industry located
in Douala, Cameroon. H,O, (50% w/w) and FeSO,'7H,0
(Fisher Scientific), H,PO,, H,SO, and NaOH (Sigma-Aldrich)
were used as received. Bezaktiv Brilliant Blue dye was selected
because of its common use in the CICAM textile industry
to dye fabric and its negative impact on the environment.

Table 1
Characteristic of Bezaktiv Brilliant Blue

Parameter Amount
Chemical formula C,H,,0,N,S,Na,
Molecular weight 626.5 g/mol

m/z 443

Molecular structure NH

o 2
o] NH.

SO;Na

'S0,CH,CH,0S0;Na
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2.2. Preparation of activated carbon

The rubber seed shells used to prepare activated carbon
were harvested from the rubber plantations of SOCAPALM
(Cameroonian Society of Palm Groves). The collected rub-
ber seed shells were washed, dried in an oven set at 105°C
and then crushed to obtain particles of sizes between 1 and
2 mm.

The centered composite plan was used to optimize the
preparation of the activated carbon, in order to determine
the factors needed to obtain the most microporous activated
carbon. The factors investigated in this study are the concen-
tration of activating agents (X,), the calcination temperature
(X,) and the residence time (X,). The mathematical model
used to evaluate the interactions of the different factors
on the response is of the form:

Y=a,+ Zn:aiX,. + Zn:cx“Xf + anzn:aﬁXiX/ 1)
i=1 i=1

i=1 j=1

where Y is the predicted response, X, and X, are the coded
values of the factors, o, o, o, and o, are the constant, lin-
ear coefficients, quadratic coefficients and interaction coef-
ficients, respectively. The experimental data were analyzed
using Statgraphics Plus 5 software to run the regression
analysis to determine the constant and the coefficients of
the mathematical model fit the equations developed and
also to evaluate the statistical significance of the equations
obtained.

The following protocol was used for the preparation of
activated carbon impregnated with phosphoric acid as acti-
vating agent (CA-HP). 20 g of rubber seed hulls were mixed
with 50 mL solutions of phosphoric acid of different concen-
trations (0.5-2.0 mol/L) for 24 h and dried at 105°C in an oven
for 12 h. After impregnation, the mixtures were carbonized
between 400°C-600°C in the furnace Select-Horn. The acti-
vated carbons obtained were washed, dried and crushed.

2.3. Modification of the activated carbon

Ferromagnetic activated carbons were prepared as fol-
lows: 5 g of activated carbons (CA-HP) were introduced into
250 mL of an aqueous solution containing 5 g of NaOH and
10 g of FeSO,7H,O. The whole combination was stirred at
a temperature of 70°C for 1 h, filtered and the residue dried
in an oven at 110°C for 24 h.

2.4. Adsorption of iodine: adsorption capacity of the activated
carbons

Iodine was considered as probe molecule for determin-
ing the adsorption capacity of the adsorbents for solutes
of molecular sizes less than 10 A. The iodine number was
estimated by shaking a mixture of 0.1 g of activated carbon
with 0.02 N iodine solution for 3 h, and then titrating the
resulting solution against 0.005 M Na,S,O, solution [19].

2.5. Characterization of activated carbon and magnetic
activated carbon

The produced activated carbon and ferromagnetic acti-
vated carbon were characterized by using Fourier-transform

infrared spectroscopy (FTIR), X-ray diffraction (XRD),
energy-dispersive X-ray spectroscopy (EDX), specific sur-
face by the Brunauer-Emmett-Teller (BET) method and
pore-size distribution.

2.5.1. Fourier-transform infrared spectroscopy

FTIR spectra were obtained on a Genesis FTIR
Spectrometer (Bruker Optik GmbH, Rudolf-Plank-Str.
27, 76275 Ettlingen, Germany) (ATI Mattson) equipped
with a DTGS (deuterated triglycine sulfate) detector in the
transmission mode from 400 to 4,000 cm™ after 20 scans.

2.5.2. X-ray diffraction

Ex-situ XRD data was collected on a STOE STADI P pow-
der diffractometer (Stoe & CIE GmbH, Darmstadt, Germany)
with Cu-Kal radiation (A = 1.54056 A; Ge monochromator;
flat samples) in transmission geometry with a DECTRIS®
MYTHEN 1K detector (DECTRIS, Baden-Daettwil,
Switzerland).

2.5.3. Scanning electron microscopylenergy-dispersive X-ray
spectroscopy

Field-emission scanning electron microscopy coupled
with energy-dispersive X-ray microanalysis (FE-SEM/EDX)
were performed on the activated carbon and the ferromag-
netic activated carbons using a Magellan 400L Scanning
Electron Microscope.

2.5.4. Specific surface area by the BET method

The specific surface area of a sample of material rep-
resents the accessible surface per unit of mass. It corresponds
to the sum of the internal surface and the external surface
of the particles contained in the sample. Thus, it depends
on the shape of the particles but especially on their dimen-
sions. The determination of the specific surface is based on
the adsorption of the nitrogen molecule at 77 K. During the
analysis stage, the activated carbon was placed in a sample
holder bulb which was then immersed in a vase contain-
ing liquid nitrogen (at 77.13 K). A stream of nitrogen under
different pressures then circulated inside the bulb and was
adsorbed on the activated carbon. Sorption experiments were
recorded using a Bel Japan Inc. BELSORP MAX Apparatus.
Prior to the experiments, all samples were thermally treated
under reduced pressure (10 Pa) at 150°C for 16 h. The nitro-
gen sorption isotherms were measured at 77 K, and the
specific surface areas were determined by the BET method.
The Barrett-Joyner-Halenda (BJH) method was used to
obtain pore-size distribution from the desorption segment
of the nitrogen adsorption/desorption isotherms.

2.6. Fenton oxidation experiments using synthesized catalyst

The Fenton oxidation experiments were carried out at
room temperature in an Erlenmeyer flask with a volume of
1 L as a reactor. A stock solution of 1,000 mg/L of dye was
serially diluted to obtain the daughter solutions to be used.
The Fenton oxidation was carried out by varying the pH from
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2 to 4, the mass of activated carbon from 0.16-1 g/L, the con-
centration of H,O, from 4-17 mol/L, and the dye or pollutant
concentration from 50-150 mg/L. The residual concentra-
tion of the dye in the reaction mixture at different reaction
times were determined by measuring the absorption inten-
sityat A__ =610 nm and a calibration curve. The degradation
efficiency of Bezaktiv Brilliant Blue is defined as follows:

Degradation efficiency (%) =100 [1 (Cjtj (2)

0

where the C_ is the initial concentration of Bezaktiv Brilliant
Blue and C, is the concentration of Bezaktiv Brilliant Blue at
reaction time ¢ (min).

3. Results and discussion
3.1. Biomass analysis

After carrying out the experiments to determine the
dry matter and the organic matter of the rubber seed shells,
the results in Table 2 were obtained.

The dry matter was obtained as 97.82% of the biomass
used, and organic matter was 98.74% of dry matter. These
values are much higher than 50%, meaning that this biomass
could be subject to an additional test to determine the com-
position of the different types of organic fibers present in it.
According to Table 1 the quantities of cellulose, hemicellu-
lose and lignin in percentages of dry matter, respectively
29.64%, 21.51% and 41.07%. These high values show that this
biomass is rich in carbon and poor in inorganic elements.
Also, the small value of the observed ash content shows
that this biomass can be used for the production of activated
carbon [8].

3.2. Preparation of activated carbon

The runs from the experimental design and the respec-
tive responses are presented in Table 3, while Tables 4 and

Table 2
Percentages of dry matter, organic matter, ash and quantity of
lignin, cellulose and hemicellulose in Hevea fruit shells

Constituents (% MS)
DM 97.82
OM 98.74
Ash 1.26
GP 2.89
FAT 1.36
NDF 92.22
ADF 70.71
ADL 41.07
C 29.64
HMC 21.51

DM = dry matter; GP = gross protein; OM = organic matter;
NDF = neutral detergent fiber; ADF = acid detergent fiber; ADL =lig-
nin detergent acid; C = cellulose; HMC = hemicellulose.

5 show the analysis of variance (ANOVA) analysis and the
combinations of factors which give highest response val-
ues. Eq. (2) is the mathematical model of the parameters
of composite activated carbon that result from the experi-
mental runs.

A close observation of the results affirms that the yields
of activated carbons vary from 33.68% to 56.12% by mass of
the biomass. The yields obtained depend on the calcination
temperature and also on the duration of the calcination in
the furnace. The yield decreases with increasing calcination
time and with increasing temperature. The mass loss can
then be explained by the departure of oxygen and hydrogen
molecules in the forms of the gases H,0, CO, CO,, CH,, and
aldehydes [20,21]. As for the iodine index, values between
234.13 and 529.17 mg/g have been observed. Generally, the
higher the iodine number, the greater the adsorption capac-
ity, since it indicates the degree of porosity of the material.
The two factors that determine the high values of iodine
number are the activation temperature and the duration
of the calcination, because these factors play a major role
in the development of the pores of the activated carbon.
For example, the high iodine number of 529.17 mg/g was
obtained at the high temperature of 600°C for and the high
calcination time of 120 min.

The ANOVA of the optimization process shows that con-
centration of the activating agent and the temperature of
calcination have P-values less than 0.05. These values indi-
cate that the two factors increase the iodine number of the
activated carbon [22]. This can be explained by the fact that,
phosphoric acid catalyses the reaction of acid dehydration,
promotes depolymerisation reactions of lignocellulosic mat-
ter and facilities the loss of hydrogen, thereby favouring the
enrichment in carbon. They can also favour the formation of
aromatic rings of the activated carbon [1]. The results of the
ANOVA mentioned in Table 3, also indicate that the linear
effect and the quadratic effect of temperature significantly
influence the iodine number, with the former influencing
positively and the later influencing negatively. This means
that for low temperature values investigated (300°C-550°C),
temperature contributes to the development of micropo-
rosity, while at high temperature values (>600°C) there is
a decrease in the microporosity (Fig. 1). These results can
be explained by saying that initially, there is an increase in
the devolatilization and swelling of the biomass with tem-
perature rise. This is followed by a subsequent collapse of
the pore structure with further increase in the temperature
[23]. These results are similar to those of Tay et al. [24] who
showed that the volume of the micropores of the activated
carbon produced from soybean oil cake increased until the
carbonization temperature reaches 650°C and at a higher
temperature, the volume of micropores decreased. The
authors concluded that a temperature higher than 650°C
led to the passage from micropores to mesopores.

On the other hand, the high P-value in the case of time
may be due to the fact that as calcination time increases, the
amount of volatile matter increases, thereby reducing the
amount of micropores in the activated carbon. The combi-
nation between the concentration and temperature gives
synergetic effect while the combination of one of them with
time gives antagonist effect. In the mathematical equation a
positive sign in front of the coefficients indicates synergistic
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Experimental design and the corresponding experimental responses

Experiment X, X, X, Y,: Iodine number (mg/g) Y,: Yield
Observed value Predicted value Observed value Predicted value

1 1.25 600.00 82.50 382.60 374.14 39.30 42.92
2 1.25 500.00 82.50 350.24 379.04 51.70 49.05
3 1.25 400.00 82.50 234.13 252.70 61.80 56.12
4 1.25 500.00 82.50 394.02 379.04 44.08 49.05
5 2.00 400.00 45.00 331.21 321.19 53.24 54.42
6 0.50 400.00 120.00 302.65 292.44 45.70 46.84
7 2.00 500.00 82.50 340.73 357.39 52.50 50.26
8 0.50 600.00 45.00 493.00 495.54 37.12 35.38
9 2.00 400.00 120.00 317.88 312.81 49.70 51.96
10 0.50 600.00 120.00 529.17 536.66 34.35 33.68
11 1.25 500.00 45.00 403.54 396.60 45.94 46.02
12 0.50 500.00 82.50 441.61 435.05 44.62 44.80
13 0.50 400.00 45.00 249.36 256.10 47.81 48.91
14 2.00 600.00 45.00 312.17 319.85 41.80 41.18
15 2.00 600.00 120.00 325.50 316.24 39.67 39.08
16 1.25 500.00 82.50 413.06 379.04 47.25 49.04
17 1.25 500.00 120.00 395.93 412.97 46.07 43.93

X,: concentration (mol/L); X,: activation temperature (°C); X;: activation time (min).

Table 4

Analysis of variance for iodine number
Source Iodine number (mg/g) Yield %

Sum of squares df Mean square F-ratio P-value Sum of squares df Mean square F-ratio P-value

X : concentration 15,077.70 1 15,077.70 28.00 0.0011 74.58 1 7458 5.06 0.0592
X,: temperature  36,870.40 1 36,870.40 68.46  0.0001 435.73 1 435.73 29.58 0.0010
X,: time 669.94 1  669.94 1.24 0.3015 10.86 1 10.85 0.74 0.4190
X X, 791.33 1 79133 1.47 0.2648 6.17 1 617 0.42 0.5382
X X, 28,989.90 1 28,989.90 53.83  0.0002 0.04 1 0.04 0.00 0.9596
XX, 1,000.39 1 1,000.39 1.86 0.2151 0.08 1 0.08 0.01 0.9440
XX, 11,536.50 1 11,536.50 21.42  0.0024 0.60 1 0.60 0.04 0.8460
XX, 11.38 1 11.38 0.02 0.8885 0.07 1 0.07 0.00 0.9469
XX, 1,776.63 1 1,776.63 3.30 0.1122  44.44 1 4444 3.02 0.1260
Total error 3,769.81 7 538.54 103.12 7 14.73
Total (Corr.) 98,007.70 16 718.17 16

R-squared = 0.9615 R-adjusted = 0.9121

R-squared = 0.8564 R-adjusted = 0.6717

effects, whereas a negative sign indicates antagonistic effects.
The R-squared statistics obtained indicates that the model as
fitted explains 96.15% of the variability in iodine number. The
adjusted R-squared statistics, which is more suitable for com-
paring models with different numbers of independent vari-
ables, is 91.21% and therefore indicates a high significance
for the model [25,26]. The standard error of the estimate
shows the standard deviation of the residuals to be 7.42. The
low values of the coefficient of determination (R?) and the

adjusted coefficient of determination (R*-adj.) are an indica-
tion that the mathematical model chosen is not appropriate
to describe the results concerning the yield.

3.3. Mathematical modeling of responses

All responses were used to develop quadratic model
regression equations with second-order interaction that cor-
relates each response with the three coded variables. The
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polynomial model equation in terms of the coded factors

obtained after optimization is given by iodine number (Y,)
and yield (Y,) as responses:

Iodine number (Y, ) = -1,875.49 + 305.963X,
+8.14618X, — 2.46517X, +30.5527X X,
-0.802633X,X, - 0.3976X,X, —0.00656191X, X,
+ 0.000318X,X, +0.0183118X,X,

®)
Yield (Y,) = 68.9424+10.2006X, — 0.116506X,
+ 0.441946X, — 2.69784X X, + 0.00095X,X,
- 0.00351111X, X, + 0.0000472465X,X,
+0.000025X, X, — 0.00289603X,X,, 4)

Fig. 1 gives the curves of the three-dimensional response
surfaces which are the graphical representations of the
regression equation for the optimization of the three reaction
variables, namely the concentration (X)), the temperature
(X,), and the time of calcination (X,).

Regarding Fig. 1, it can be seen that the iodine number
increases with an increase in temperature. This is explained
by the fact that when the calcination temperature increases,
the volatile materials evaporated increase. Consequently,
some pores are dilated while more pores are created thereby
increasing the adsorption sites [27]. In addition, an increase
in the concentration of activating agents leads to an increase

in the iodine index. Amola et al. also reported similar results
[28]. For the activated carbon resulting from our work, the
results of Table 3 indicate that the X X,, that is, the concen-
tration-temperature interaction is significant with a proba-
bility P = 0.0002 for the iodine number. It can also be seen
from the same table that the concentration and temperature
interaction with P of 0.0011 and 0.0001 have a significant
influence on the iodine number.

D
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3.4. Characterizations

3.4.1. FTIR spectrums

The FTIR spectroscopy was used to determine the vari-
ous functional groups present in the raw material and both
activated carbons. The spectra obtained are shown in Fig. 2.

Rubber seed shells exhibit hydroxyl functional groups,
including hydrogen bonding (3,600-3,200 cm™), which is
much less prevalent in both activated carbons. Hydrogen
bonds are reduced in the presence of phosphoric acid,
which shows that phosphoric acid acts as a dehydrating
agent by reacting with the raw material. The intense band
at approximately 2,900 cm™ is assigned to C-H stretching,
which is reduced in the activated carbons indicating that
the activation process reduces significantly the hydrogen

1.00 . . .
090" A
. T N
8 085 | e
ef | N
8 0% ‘ i ‘ "
o ] OH C-H C= \
B 075 \
¥
0.70 - ; !
’ —— Raw Material cO
- ~ CAHP
Raa CA-HP-Fell
0.60 T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 2. Fourier-transform infrared spectra: raw rubber seed

shells, activated carbon (CA-HP) and magnetic activated
carbon (CA-HP@FellI).

Fig. 1. Contours of the 3-dimensional response surface in the case of iodine number and carbon yield.
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amount [29]. The stretching absorption band between 1,550
1,680 cm™ can be attributed to —C=C vibration while the one
at 1,300-1,050 cm™ can be attributed to —C-O vibration in
carboxylic acids and —-C-O vibration in lactones. The last
stretching absorption band between 900-600 cm™ can be
attributed to vibration of aromatic polynuclear systems [19].
Furthermore, there is clearly a decrease in the intensity of
the bands between 1,700-1,500 cm™. This may indicate that
iron is being bound to these functional groups. It may also
be an oxygen-metal bond, since a band around 770 cm™ is
present [30]. This shows that during activation, there was
a breakdown of C-H bonds to form new C-R bonds. The
peaks at 1,650 and 1,031 cm™ assigned to the aromatic rings
and alcohols, respectively disappeared likewise in the acti-
vated carbons. However, new peaks recorded in the region
1,150-750 cm™, were observed for carbons activated with
phosphoric acid and they are attributed to the presence
of phosphorus-containing groups such as P=O bonds in a
phosphoric ester, O—C in P-O-C or P=OOH [31].

3.4.2. XRD patterns

XRD was used to determine the crystallinity of the raw
material and both activated carbons. The patterns obtained
are shown in Fig. 3.

In the case of the raw material one peak is observed at
20 =26°. This can be attributed to the different planar crystal
structure of carbon [32]. The absence of peaks on the pattern
of the activated carbon indicates amorphous carbon with
a chaotic layer due to the breaking of ester bonds between
lignin and other components during H,PO, pretreatment
and carbonization of the rubber seed husks. This can be
attributed to the activation temperature which is less than
600°C; a temperature at with crystallinity is well developed
[7]. Furthermore, the pattern from the magnetic activated
carbon shows many peaks. The ones around 20 = 30° and
20 = 43° can also be attributed to the planar crystal structure
of activated carbon [32]. The diffractogram clearly reveals the
presence of several peaks, thereby indicating the existence of
different crystalline phases containing iron within the carbon
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Fig. 3. X-ray diffraction patterns of raw material and both acti-
vated carbons.

matrix of the modified activated carbon. The presence of
crystalline phases of iron confirms the insertion of iron ions
in the carbon. These crystalline phases consist essentially of
magnetite (Fe,O,) and maghemite (y-Fe,O,) at 20 = 35°. Only
magnetite (Fe,O,) has a ferromagnetic character, the other
phase is paramagnetic. The peak of activated carbon-Fe,O,
composite confirmed the existence of Fe,O, peak at 20 value
of 30°, 35°, 43°, 54° and 65° which indicate cubic spinel struc-
ture of peaks indexed as (220), (311), (400), (422) and (440).

3.4.3. Scanning electron microscopy/EDX analysis

Scanning electron microscopy coupled with energy-dis-
persive X-ray microanalysis (SEM/EDX) with its X-ray dis-
persion spectroscopy imaging in the chemical analysis
modes contribute to the morphological characterization and
chemical analysis of samples. Fig. 4A presents the results
of the EDX while that of 4B presents the SEM result of the
iron(Il) modified activated carbon.

It can be seen from the chromatogram in Fig. 4A that
iron is actually introduced into the material. The presence
of sulfur as well as sodium in this material can be attributed
to the reagents NaOH and FeSO, used. The elements

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 Energy (keV)

——— 10um

Fig. 4. Energy-dispersive X-ray spectroscopy analysis (A) and

scanning electron microscopy image (B) of CA-HP@Fell.
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encountered in the material are C (46.54%), Fe (27.57%), O
(18.05%), S (7%) and Na (0.85%). The absence of hydrogen
is justified by the fact that this technique only takes into
account atoms with atomic numbers greater than or equal
to 5. The morphology of the material does not present
pores because the latter have been modified by the reaction
of NaOH and FeSO, to obtain the new material that has a
magnetic character.

3.4.4. BET/Barrett—Joyner—Halenda analysis

Table 6 and Fig. 5 below show the results obtained
during the BET/Barrett-Joyner-Halenda (BHJ) analysis of
CA-HP@Fell.

The adsorption hysteresis obtained during the BET
analysis shows the formation of a monolayer due to the
adsorption of nitrogen by the micropores present in the fer-
romagnetic activated carbon followed by multilayer adsorp-
tion on the external surface [33]. The BET analysis revealed
that the specific surface area of CA-HP@Fell is 110.53 m*g™".
This low surface area is in agreement with the SEM analy-
sis which presented a material surface that did not have

Table 5
Factors which give highest iodine number

Concentration (mol/L) 0.5

Activation temperature (°C) 593.07

Activation time (min) 120.0

Iodine number (mg/g)

- Predicted 536.98

- Observed 544.40

Yield %

- Predicted 57.38

- Observed 34.06
Table 6

BET specific surface area, total volume and average pore
diameter of CA-HP@Fell

BET
. 25.40 (cm?® (STP) g™)
A e 110.53 (m>g™)
C 775.77
Total pore volume
(v/p, = 0.500) 0.05 (cm®g™)
Mean pore diameter 1.87 (nm)
BJH
Plot data Desorption branch
Standard t curve data Harkins—Jura-BEL-t
v, 0.09 (cm®g™)
dp,peak (Area V) 2.00 (nm)
S, 75.67 (m>g)
Average diameter of pores 5.02 (nm)
Middle diameter of pores 17.32 (nm)
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pores. This result therefore confirms that the iron oxide Fe O,
(magnetite) has occupied the active sites of the material. The
analysis of the pore size by the BHJ method highlights the
microporous character of the ferromagnetic activated car-
bon obtained. Similar results were obtained by Kpinsoton
[34] during his work on the development of catalysts based
on activated carbons and laterites for the degradation of
methylene blue by heterogeneous Fenton process.

3.5. Degradation of Bezaktiv Brilliant Blue dye in aqueous
solution

3.5.1. Influence of pH on the degradation process

The effect of pH on the degradation of Bezaktiv Brilliant
Blue by the Fenton process was studied at different pH
values; using Bezaktiv Brilliant Blue of initial concentration
100 mg/L. The results obtained are shown in Fig. 6.

The results presented in Fig. 6 show that the catalytic effi-
ciency increases with decreasing pH. The maximum degra-
dation of Bezaktiv Brilliant Blue is observed at pH = 2 after
240 min with a degradation rate of 96.46%. The effect of the
initial pH of the solution on the degradation is very import-
ant because it influences the surface electric charge of the
catalyst. Indeed, in acid medium, a strong adsorption of the
dye on the surface of the oxide is observed. This is probably
due to the electrostatic attraction of the positive charge of the

0.1

"

V,/cm¥(STP) g
dl;/ddp

10.0 — T
0.0
0.0 0
00 01 02 03 04 05 06 07 08 09 10 10 100
Plpy Afun

100.0 1000.0

Fig. 5. Adsorption hysteresis (A) and pore-size distribution (B)
of CA-HP@Fell material.
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Fig. 6. Influence of pH on the Fenton degradation of Bezaktiv
Brilliant Blue. Operating conditions: v = 150 mL, m = 50 mg,
C,=100 mg/L and [H,0,] =17 mol/L.
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ferromagnetic activated carbon and the negative charge of
the dye. This can be explained by the fact that Fe*" is more
stable at pH = 2 and formation of complexes start at pH = 4
[35,36]. The equation of the formation of complexes is:

Fe* +H,0 —[FeOH| +H’ ()

However, several works on the degradation by the
Fenton process have shown that pH values between 2 and
3 are optimal for the elimination of organic pollutants, since
at pH greater than or equal to 4, the degradation decreases
due to the precipitation of Fe* ions in the form of Fe(OH),.
In addition, the oxidation potential of hydroxyl radicals
decreases with increasing pH, which could be due to the dis-
sociation and self-decomposition of H,O, [37]. Therefore, the
presence of ferromagnetic activated carbon in the medium
ensures that there is continuous supply of Fe*, giving
rice to a significant percentage of degradation at a pH of 3.

3.5.2. Influence of the mass of ferromagnetic activated carbon

To highlight the influence of mass on the degradation
of Bezaktiv Brilliant Blue, experiments were run for masses
of ferromagnetic activated carbon varying from 0.16 to
1 g/L, but keeping the concentration of Bezaktiv Brilliant
Blue constant. The results obtained are shown in Fig. 7.

The results in Fig. 7 show that an increase in the mass of
the ferromagnetic activated carbon, CA-HP@Fell leads to an
increase in the amount of Bezaktiv Brilliant Blue degraded.
This is explained by the fact that the Fe*" acts as a catalyst
that initiates the decomposition of H O, to generate the OH
radical. However, at masses greater than 50 mg, the percent-
age removal of Bezaktiv Brilliant Blue begins to decrease
sharply after more than 120 min of contact time. This notice-
able decrease in the rate of degradation can be attributed to
the fact that the initial rate of formation of hydroxyl radicals
from the decomposition of H,O, was so high that a large
portion of the hydroxyl radicals were consumed by side
reactions before they could be used effectively to remove
Bezaktiv Brilliant Blue [37]. Therefore, we took into account
the mass of 50 mg (0.33 g/L) carbon for the degradation of
Bezaktiv Brilliant Blue.

1.2

1m —=—0.16g/L
0.33g/L
0.8 0.67 g/L
| lg/L
° |
<. 06 ||
S
04 ||m
|
g
02 e
0
0 50 100 150 200 250
Time (min)

Fig. 7. Influence of the mass of CA-HP@Fell on the degradation
of Bezaktiv Brilliant Blue; Operating conditions: v = 150 mL,
pH=3, C,=100 mg/L and [H,0,] =17 mol/L

3.5.3. Influence of the initial concentration of Bezaktiv
Brilliant Blue

To study the influence of dye concentration on the deg-
radation capacity of activated carbon, Bezaktiv Brilliant
Blue solutions were prepared with concentration varying
from 50 to 150 mg/L, while keeping the other parameters
constant. The results obtained are shown in Fig. 8.

The curves obtained in Fig. 8 show that the degrada-
tion of Bezaktiv Brilliant Blue dye on activated carbon
is influenced by the initial concentration of its solution.
The percentage degradation of Bezaktiv Brilliant Blue
increases gradually when increasing its initial concentra-
tion. However, a decrease in the percentage of degradation
is observed at initial concentrations greater than 100 ppm for
the same time of 240 min. This decrease is probably due to
the large number of Bezaktiv Brilliant Blue molecules pres-
ent in the solution for the same number of hydroxyl radicals
formed. The high initial concentration of the dye creates a
competitive adsorption on the surface of the ferromagnetic
activated carbon between the molecules of Bezaktiv Brilliant
Blue on the one hand and the adsorption of the intermedi-
ate degradation products or by-products on the other hand.
Degradation reduces the number of catalytic sites during
the reaction and hence the percentage of dye removed
[34]. For the removal of pollutants, it is critical to obtain
a contact time that is economical and enough to remove
pollutants in a conscionable condition [38].

3.5.4. Influence of H,O, concentration

The degradation of Bezaktiv Brilliant Blue by the Fenton
process was studied at different concentrations of H,O,
and the results obtained are illustrated in Fig. 9.

The curves in Fig. 9 show that increasing the concentra-
tion of hydrogen peroxide (H,0,) from 4 to 17 mol/L leads
to a corresponding increase in the degradation from 81%
to 90% at 240 min of the pollutant in solution and the dye
degradation rate depends on the H,O, concentration and
that the presence of H,0, improves the percentage of deg-
radation. Numerous studies have proposed that the addi-
tion of oxidants, such as H,O,, eliminates the recombination
process as the added oxidants rapidly react with conduction

1.2

—— 50 mg/L
0.8 100 mg/L
150 mg/L
s
L o6
o
04 ||
02 -'1.\.\_ ,
— e -
0
0 50 150 200 250

100Time (min)

Fig. 8. Influence of Bezaktiv Brilliant Blue concentration.
Operating conditions: v = 150 mL, pH = 3, m = 0.33 g/L and
[H,0,] =17 mol/L.
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band electrons, generating extremely reactive oxidizing
radicals, which increase the efficiency of Fe?" as a catalyst.
Consequently, an electron acceptor (H,0,) was used in this
investigation to inhibit the recombination of electron-hole
pairs and improve the photo-degradation efficiency of
UV/Fe*. Other transformations of H,O, generate the pro-
duction of HO® radicals [39]. The different mechanisms of
decomposition and production of hydroxyl radicals can be
described as follows [40,41]:

H,0,+e - OH"+OH" (6)
2H,0, +Energy — 20H" 7)
H,O0,+H" +e" > OH +H,0 8)
H,0,+0; - OH'+OH +0O, )

It appears from these equations that the addition of
hydrogen peroxide leads to the additional production of
HOr* radicals and therefore an increase in the rate of oxida-
tion. The results obtained confirmed those existing in the
literature [40,42,43]. During the process, regeneration of the
ferrous ion in presence of hydrogen peroxide and hydrop-
eroxyl radical takes place. The reactions are an advantage
for the Fenton process in terms of additional degradation by
ferrous ions, which allow the production of many more HO*
radicals that will lead to further degradation of organic mol-
ecules [44].

3.6. Kinetic approach during the Fenton process

Many processes can contribute to increase or decrease
the apparent rate of the Fenton reaction, hence the com-
plexity of extracting the kinetics of degradation of organic
pollutant and H,O, decomposition [45]. For the sake of
simplification, the degradation reaction of an organic
compound by the Fenton process has been described by a
pseudo-first-order kinetic law, which considers that the
concentration of hydroxyl radicals generated in the medium
is quasi-stationary:

1.2

0.8
—m— 4 mol/L
5} 8 mol/L
(8]
<06 13 mol/L
i \ 17 mol/L
)
0.4 \.‘,\
o 7\'“\ )
0.2 —f—p
0
0 50 100 150 200 250
Time (min)

Fig. 9. Influence of H,O, concentration on the degradation
of Bezaktiv Brilliant Blue. Operating conditions: v = 150 mL,
pH =3, m =50 mg and C, =100 mg/L.

E:—kC—>lr1%:kt

o (10)

t

where k the apparent rate constant, C, and C, the concentra-
tions of Bezaktiv Brilliant Blue at times t and f = 0, respectively.
The second-order kinetic model was also used to describe
the degradation of an organic dye by the Fenton process [46]:

€ et Loy
dt C, C

t 0

(11)

By monitoring the degradation of the pollutant as a
function of time, it is possible to estimate the kinetic con-
stant of the pseudo-first-order and pseudo-second-order
using the linear regression of the experimental points. The
determination of the kinetic parameters can only be car-
ried out at the start of the reaction, when the intermediates
have not yet been formed [47].

The results in Fig. 10 indicate that first-order and sec-
ond-order kinetic models are appropriate to describe the
degradation phenomenon. These results suggest that the
chromophore degradation step followed the same mech-
anism in these different media, probably involving -NH-
group reduction [48]. The second-order model has correla-
tion coefficients close to unity and involves a fast kinetics
right from the first minutes.

3.7. Proposal of the pollutant degradation mechanism

Fig. 10 below proposes a degradation mechanism of
Bezaktiv Brilliant Blue in the presence of *OH radicals.

From Fig. 11 it can be seen that the degradation
occurs in 6 stages, namely:

25

W4 mol/L
8 mol/L
13 mol/L
17 mol/L

0 50 100 150 200 250 300

Time (min)

1/Ct (L/mg)

[ ] W4 mol/L
. 8 mol/L
" 13 mol/L

17 mol/L

0 50 100 150 200 250
Time (min)

Fig. 10. Pseudo-first-order (A) and pseudo-second-order (B)
kinetic model of Bezaktiv Brilliant Blue degradation.
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Fig. 11. Major degradation pathways for Bezaktiv Brilliant Blue dyes based on the identification of by-products.

Step 1

Desulphonation of the Bezaktiv Brilliant Blue as starting
molecule which will give 2 major products among which
an amino anthraquinone and a sulphonated derivative.

Step 2

The 1,4-diaminoanthraquinone obtained will lose its
two amine groups which leads to 9,10-anthraquinone;

The sulfonated derivative will undergo desulfon-
ation and will lead to a molecule of benzene, and then
cyclohexane;

Step 3

The anthraquinone itself will undergo oxidation to give
phthalic anhydride and a molecule of benzene.

Step 4

Hydpration of the phthalic anhydride leads to a molecule
of phthalic acid.

Step 5

Under certain conditions, the phthalicanhydride itself will
lose its aromaticity to give 1,4-cyclohexanedicarboxylic acid.
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Fig. 12. Energy-dispersive X-ray spectroscopy analysis of
sample CA-HP@Fell (A) and CA-HP@Fell-D (B).

—— CA-HP@Fe(ll)-D
A — CA-HP@Fe(ll)

g

1]

g M

£ Y

E

1]

=

s

=

560 mloﬂ 15:3(] EDIOU 25:(!0 3';00 355& 4000

Wavenumber (cm™)

211
Step 6

The latter can lead to 2 products: a molecule of cyclo-
hexane or by controlled oxidation to molecules of CO,
and H,O.

3.8. Characterization of the material after
degradation

After degradation, we tried to analyze the material
again to find out if it had undergone any modification.
Fig. 12 presents the result of the EDX analysis.

It can be seen from these two figures that the per-
centages of the elements are not identical. The change in
the percentage of carbon from 46.54% to 54.86% can be
attributed to the mineralization of the carbon atoms of
Bezaktiv Brilliant Blue. We also observe the decrease in
the percentage of iron, and this is attributed to the reac-
tion between iron and hydrogen peroxide. The increase in
the percentage of sulfur is attributed to the degradation of
the pollutant from which the residual sulfur is adsorbed
by the material. FTIR analysis (Fig. 13A) shows that the
two materials, CA-HP@Fell and CA-HP@Fell-D have the
same functional groups on their surfaces. This shows that
the use of the ferromagnetic material for the treatment
of water does not affect these surface functions too much
although the percentage of elements is modified between
15%-32%. The same results are shown in the XRD curve
(Fig. 13B). The EDX analysis also shows that the same func-
tions are present on the material after degradation, which
confirms the fact that only iron participates in the Fenton
process, and not the rest of the constituents of the carbon
chain of the activated carbon. The increase in the percent-
age of sulfur in the material after degradation proves that
the degradation has indeed taken place. Another explana-
tion of the modification of the structure is by the phenome-
non of adsorption. Due to the presence of activated carbon
in the reaction medium the products resulting from the
degradation were adsorbed by it.

|l CA-HP@Fell-D
NW I|
W'..* A |
B
CA-HP@Fell

e

WS

Intensity (a.u)

Fe,Q,

N

40 45 50 55 &0 65 7O
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Fig. 13. Fourier-transform infrared spectroscopy (A) and X-ray diffraction (B) before and after pollutant degradation.
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4. Conclusion

The preparation of activated carbon based on the hulls
of rubber seeds by chemical activation with orthophosphoric
acid using the response surface methodology carried out.
This was followed by physico-chemical characterization
of the resulting activated carbon. The factors used in the
study include concentration of activating agent, the calcina-
tion temperature and the calcination time. Iodine number
and yield were chosen as responses. Given the fact that the
goal of this research was to prepare the most microporous
activated carbon, iodine number was chosen as the result
because it measures the microporosity of an activated car-
bon, which is the property that mainly gives the carbon its
adsorbent character.

The activated carbon obtained under optimal condi-
tions was modified by impregnation with iron sulphate
heptahydrate (FeSO,7H,O). The ferromagnetic activated
carbon obtained by modifying the activated carbon was
subsequently tested for the degradation of Bezaktiv Brilliant
Blue dye by the Fenton process. The study of parameters
such as pH of the dye solution, concentration of H,O,, the
initial concentration of the Bezaktiv Brilliant Blue dye and
the mass of the activated carbon were highlighted, lead-
ing to a study of the kinetics of degradation process. It
appears that the optimal conditions for the degradation of
Bezaktiv Brilliant Blue in aqueous solution were: pH = 3;
[H,0,] = 17 mol/L; [Bezaktiv Brilliant Blue] = 100 mg/L and
the mass of activated carbon = 0.33 g/L. The general reaction
mechanism for Bezaktiv Brilliant Blue mineralization by
oxidative reaction occurred in the presence of “OH radical
via the Fenton oxidation process. This was possibly due to
the regeneration of Fe? in the system that may have acted
as a scavenging-ions to react with *“OH. The characteriza-
tion by FTIR spectroscopy provided information on the
different characteristic functional groups on the surface of
the activated carbon. The SEM/EDX analysis highlighted
the presence of iron in the activated carbon, while the XRD
analysis showed that activated carbon is not only amor-
phous but also has a crystalline structure.
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