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ABSTRACT

An iron-activated carbon catalyst was prepared by calcination of an activated carbon derived from
banana spike previously impregnated with iron sulphate, and then characterized by N, and CO,
adsorption—desorption experiments and scanning electron microscopy coupled to energy dispersive
spectroscopy. The presence of iron-based nanoparticles highly dispersed in the porosity was demon-
strated and the nanoparticles were identified as wiistite (FeO) by X-ray photoelectron spectroscopy.
The performances of this catalyst were investigated for the treatment of actual textile wastewater from
Bamako handicraft loincloths dyeing by the heterogeneous Fenton process. The response surface
methodology was used to optimize the effects of three independent parameters (catalyst dose, H,O,
concentration, and initial total organic carbon (TOC) concentration) on the efficiency of wastewater
treatment assessed by the rate of TOC reduction. The optimal conditions are found for 2 g/L catalyst,
16.73 mmol/L H,0, and 99.83 mg/L initial TOC corresponding to a prediction of 90.2% reduction of
TOC. In these experimental conditions, the measured rate of degradation of 90.4% is in agreement with
the proposed model. This high level of mineralization demonstrates that the Fenton process using the
prepared catalyst is a viable treatment for the waste water from Bamako handicraft textile dyeing.
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1. Introduction shops in Bamako, capital city of Mali), which are discharged
directly into the environment without any treatment.
This represents a threat of environmental pollution due to
the low biodegradability of textile effluents by biological
processes [1,2].

Therefore, these textile effluents must be treated though
several treatment processes have run up against the removal
of dyes which are highly resistant macromolecules. Among
the efficient processes, the adsorption on porous materials,

Handicraft textile dyeing undoubtedly represents an eco-
nomic sector in the South Saharan countries, notably Mali,
because the “Bazin” loincloths resulting from this activity
defy any competition on the regional market. This process
requires the use of synthetic dyes dissolved in water for the
impregnation of white fabric. It thus generates large amounts
of wastewater (estimated at 360,000 m?/year from the dyeing
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coagulation, chlorination and ultrafiltration can be men-
tioned [3,4]. However, for these methods, pollutants have
only been transferred from the aqueous phase to the solid
one, thus creating a secondary contamination.

Thus, advanced oxidation processes (AOP) such as pho-
tocatalytic degradation, catalytic ozonation, electrochemical
oxidation and Fenton processes [5] have been successfully
developed to degrade compounds of different and com-
plex chemical structures [6]. Although these AOP are effec-
tive to degrade refractory pollutants in textile wastewater,
they remain limited for the treatment of heavily loaded
effluents with chemical oxygen demand (COD) between 10
and 100 g/L, due to clogging of active sites generating rad-
ical species [7]. In addition, a high pollutant concentration
reduces the penetration of ultraviolet radiation and hinders
the processing of heterogeneous photocatalysis. Despite wet
air oxidation (catalyzed or not) is very promising for the
treatment of such effluents [8], this process is carried out at
temperatures up to 300°C and at extremely high pressures up
to 20 MPa in the presence of pure dioxygen [7,8], implying
prohibitive investment and operating costs. In addition, as
the mineralization remains partial in this process, the refrac-
tory compounds need to be further biologically degraded [9].

Otherwise, these highly charged effluents can be treated
with environmentally friendly processes such as the Fenton
process with a prior dilution [10,11] to avoid the clogging
of active sites. Indeed, the heterogeneous Fenton process
has proved its high efficiency in degrading the recalcitrant
compounds under mild conditions with the hydroxyl radi-
cals generated through the reaction between the iron active
species at the catalyst surface and hydrogen peroxide. The
high reactivity of the heterogeneous Fenton process has been
reported at reaction temperatures around 30°C and in a wide
range of pH values, overcoming one of the main limitations
of the classical homogeneous process [12,13].

Besides, if supported catalysts are used, the surface of
the support materials is also capable of fixing the target
pollutants by adsorption at the vicinity of the active sites
generating hydroxyl radicals. Thus, efforts are increasingly
carried out to develop porous materials [14] (referred to
“I1”) with iron oxide nanoparticles well dispersed and
strongly tied to the support. For this purpose, several porous
materials, such as silica [15], zeolite [16], bentonite [17], acti-
vated carbon [18], have been used to disperse the iron oxide
nanoparticles within the pores. In these kinds of iron oxide
supported catalysts, the reaction mechanism of the hetero-
geneous Fenton degradation of dye is known to occur for
instance, as follows [19-21]:

[T@Fe" +dye — [@Fe"dye : Adsorption 1)
[T@Fe"dye+H,0, —» [I@Fe"dye +HO" + HO™ )

After an adsorption stage of the dye on the porous
support (Eq. (1)) and the generation of hydroxyl radicals at
the surface of the catalyst (Eq. (2)), the radicals HO® attack
primarily the chromophoric groups responsible for the color
of the dyes to transform them into intermediate compounds

(Eq. )

[1@Fe"dye + HO® — [[@Fe™
+intermediate products: Decolorization

®)

Fe(Ill) is reduced by H,O, to highly reactive Fe(Il) fol-
lowed by the production of hydroxyl radicals (Eq. (4)). Fe(II)
is also oxidized by H,O, to Fe(IlI) followed by the production
of hydroxyl radicals (Eq. (5)):

[TeFe™ +H,0, — [I@Fe" +HO; + H" 4)

[T@Fe" +H,0, - [I@Fe™ + HO® + HO" (5)

The mineralization of intermediate compounds in CO,
and H,O is much slower because of the presence of very
resistant aromatic rings [19] (Eq. (6)).

Intermediate products + HO" — CO, + H,O : Mineralization
(6)

Activated carbon has properties such as high surface
area, wide porosity range and surface functional groups
making it a favorite catalytic support in the Fenton oxida-
tion process [22,23]. The presence of micropores and meso-
pores promotes a good dispersion of the nanoparticles of iron
oxide and prevents their agglomeration during their growth
[24]. In fact, the iron oxide nanoparticles” agglomeration in
the pores might also hinder the adsorption of the target pol-
lutants on the active sites where the hydroxyl radicals oper-
ate [25]. Thus, for operating Fenton oxidation processes, the
importance of dispersion of the iron nanoparticles within
the pores of micro-mesoporous activated carbons has been
reported by several studies [26,27]. Such a catalytic support
with wide pore distribution is generally obtained by the
chemical activation of lignocellulosic biomasses from abun-
dant agricultural waste [28].

Despite their catalytic potential, the iron oxide nanopar-
ticles supported on activated carbon are very rarely used for
the treatment of real wastewater. However, some authors
have achieved very efficient wastewater treatment as the
optimal conditions were found [27,29]. These results have
been obtained according to a conventional multifactorial
experimental approach which has proved to be time consum-
ing and expensive. This classical experiment does not allow
to evaluate the interaction effects between the different inde-
pendent variables involved in wastewater treatment and thus
usually leads to a partial conclusion [30]. Thus, the response
surface methodology (RSM) can be used to search for opti-
mal conditions for treating real wastewater [31,32]. RSM is a
statistical tool for designing experiments, evaluating the indi-
vidual effects of independent variables and their interactions,
statistical modeling and process optimization with a limited
number of experiments [33]. RSM often uses the central com-
posite design (CCD) as an experimental model to build a
model which can be fitted by the least squares technique [34].

To our knowledge, the statistical optimization for the
search of optimal treatment conditions of a real textile
wastewater by the heterogeneous Fenton process using iron
nanoparticles supported on activated carbon has not yet been
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reported. In this work, RSM was used to design, model and
optimize the effects of three main independent parameters
(catalyst dose, H,O, concentration and initial total organic
carbon (TOC) concentration) on the degradation of refrac-
tory organic compounds present in a real textile effluent
from Bamako. For this purpose, a heterogeneous catalyst
consisting of iron oxide nanoparticles supported on a micro
and mesoporous activated carbon was prepared from banana
spike. The prepared supported catalyst has been used for the
treatment of a dyeing wastewater by using the heterogeneous
Fenton process in batch reactors. The degradation of organic
compounds has been studied in terms of TOC removal effi-
ciency. In addition, the TOC removal kinetics as well as the
stability and reusability of the catalyst have been studied.

2. Materials and methods
2.1. Chemicals

The reagents used were all of analytical grade: H,0, (35
wt%, Sigma-Aldrich, Saint-Quentin-Fallavier, France); iron
sulfate FeSO,.7H,O (99.5%, Merck, Saint Quentin-Fallavier,
France); NaOH (0.1 mol/L, Sigma-Aldrich), Na,SO,(>99%,
Sigma-Aldrich), HCI (37 wt%, Sigma-Aldrich) and H,PO,
(85 wt%, Sigma-Aldrich).

2.2. Preparation and characterization of the heterogeneous catalyst

The spike of banana is a lignocellulosic biomass feedstock
that can be used to produce activated carbon because it con-
tains about 21.23 wt% hemicellulose, 19.06 wt% lignin, and
then 41.75 wt% carbon [35]. First of all, spikes of the banana
bunch from Ivory Coast were washed with distilled water to
eliminate the impurities and dried at 105°C for 24 h prior to
their activation. Dried and crushed precursor was chemically
activated by impregnation with phosphoric acid at a ratio of
3.34/1 (Myy po, [ M ecunsor)- After impregnation, the mixture was
filtered to recover the solid residue which was dried in an
oven at 50°C for 72 h. Then, a weighted amount of impreg-
nated precursor was heated in a muffle furnace (heating rate
of 10°C/min) at 480°C for 2 h. The obtained activated carbon
was washed several times with distilled water to eliminate
the excess of acid and then dried in a desiccator.

The heterogeneous catalyst was subsequently prepared
by wet impregnation of 4 g of activated carbon (impregnation
ratio of 11% Fe mass/mass) carried out in 200 mL of distilled
water containing 2.215 g Fe/L from iron sulphate (FeSO,,
7H,0). After magnetic stirring for 2 h at 300 rpm to adsorb
the iron ions, the solid was dried using a rotavapor, calcined
for 2 h at 350°C and cooled in a desiccator before being finely
crushed and sieved to produce catalyst particles of sizes
smaller than 125 pm and labeled AC@Fe.

The textural characteristics of the catalyst have been
determined by using an automatic sorptometer (ASAP2020,
Micromeritics, Merignac, France) and compared with the ones
of the activated carbon. Prior to measurements, samples have
been degassed for 12 h at 523 K under vacuum. N, adsorption—
desorption isotherms and CO, adsorption isotherms have
been measured at 77 and 273 K, respectively. BET (Brunauer—
Emmett-Teller) specific surface areas have been calculated
from the N, isotherms in the relative pressure range 0.01-0.05.
The pore size distributions (PSD) have been determined by

using NLDFT (non-local density functional theory) slit pore
models applied on both the N, and CO, isotherms.

The chemical elements have been mapped using a ZEISS
ULTRA 55 Gemini field emission gun scanning electron micro-
scope (FEG-SEM) coupled to an EDAX-type energy dispersive
spectrometer (EDS). The iron dose in AC@Fe was determined
by calcining and etching the ash in a solution of 5 mL con-
centrated HCI (37% wt). Then 20 mL of distilled water were
added to the mixture and boiled up to 1/3 of the volume. After
cooling, the solution was filtered on paper and its volume was
extended to 50 mL with distilled water and then analyzed with
the Varian SpectrA A20 spectrometer using the atomic absorp-
tion method. The Fe2p spectra and the mass content of the
chemical elements have been determined by X-ray photoelec-
tron spectroscopy (XPS) using an ESCALab 220i-XL spectrom-
eter (Fisons Instruments, Arcueil, France), equipped with an
Al Ka monochromatic source and a hemispherical analyzer.

2.3. Textile wastewater and analytical procedures

The wastewater sample was collected in a tank receiving
the effluents from a textile dyeing craft firm in Bamako. This
effluent is composed of a mixture of organic dyes (indigo,
turquoise blue, etc.) used to dye multicolored loincloths,
sodium hydroxide (NaOH), sodium hydrosulfite (Na,S,0,),
copper sulfate (CuSO,) and starch.

The COD (mg O,/L) was determined by titration of the
excess of potassium dichromate with an ammonium iron sul-
fate solution in the presence of ferroin after hot oxidation of
the organic matter in sulfuric acid medium. The biochemical
oxygen demand (BOD, mgO,/L)) was determined according to
the respirometric BOD OxiTop method [36]. The TOC (mgC/L)
concentration was determined by a “Shimadzu TOC-V .~
analyzing instrument using a potassium phthalate solution
as calibration standard. TOC was determined by subtracting
the total inorganic carbon (TIC) from the total carbon (TC).
Indeed, the sample is introduced into the combustion reac-
tor at 680°C using a syringe. In the presence of dioxygen and
platinum catalyst, the carbon fraction is completely converted
to CO,. After cooling, drying and purification, the CO, is mea-
sured by the non-dispersive infra red (NDIR) in peak form. TC
is obtained by comparison with a calibration performed under
the same conditions. Finally, a new test portion is subjected to
HCI (2 N) acid attack to eventually convert the carbonate or
bicarbonate ions into CO, which is sent to the NDIR detec-
tor to determine the sample TIC. The spectral variation of the
dissolved organic compounds in the raw and in the treated
effluents was obtained by a UV-visible absorption spectrom-
eter (Cary scan 50 mark). The characteristics of the collected
effluent are COD = 24,210 mgO,/L; BOD = 3,748 mgO,/L;
TOC = 10,720 mgC/L and pH = 11.7. BOD/COD ratio lower
than 0.2, confirms that this textile effluent is not biodegrad-
able [29]. The UV-visible spectrum of the effluent has shown
three peaks of maximum absorption at 283, 260 and 227 nm,
revealing the presence of benzene rings [37].

2.4. Experimental procedures for treatment of textile wastewater

The degradation tests were carried out in 100 mL stop-
pered Pyrex vials, each containing 50 mL of textile waste-
water. The pH of the samples diluted according to a given
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TOC dose (53.25-214.4 mgC/L) corresponding to the exper-
imental design were reduced to 4.02 + 0.01 by addition of
0.1 mol/L HCI. After addition of a weighted amount of
catalyst (0.4-2.0 g/L), the mixtures were agitated for 2 min
at 250 rpm in an orbital shaker for a homogeneous disper-
sion. The vials were maintained in the shaker for 30 min at
32°C to match the working temperature conditions (sim-
ilar to average ambient temperature expected in Mali).
Then, the Fenton reaction was initiated by addition of H,0,
(8.1-30.3 mmol/L) in the vials further shaked at 250 rpm for
15 h. After this reaction time, 0.3 mL of a 0.1 M NaOH/0.25 M
Na_SO, solution was added to each flask to stop the Fenton
reaction by deactivation of the hydroxyl radicals and to
precipitate the dissolved iron ions. The reaction mixtures
were filtered using a syringe filter (HVLP-type Millipore fil-
ter ¢ = 0.45 um) and the TOC concentrations of the filtrates
were measured. The efficiency of the degradation process
has been evaluated by the determination of the TOC reduc-
tion rate (Y %), according to Eq. (7):

o) =1-C |«
Y(A)_(l CJ 100 @)

0

where C; and C represent the TOC concentration of the
wastewater sample measured initially and after 15 h of
Fenton reaction, respectively.

All these TOC reduction tests were realized according
to the RSM to find the optimal treatment conditions. After
validation of the optimal conditions predicted by the model,
the stability of the AC@Fe catalyst was studied. Finally, the
biodegradability potential of this textile wastewater treated
by the heterogeneous Fenton process using AC@Fe under
optimal conditions was evaluated by BOD/COD ratio, aver-
age oxidation state (AOS) and carbon oxidation state (COS)
indices.

2.5. Experimental design

The response surface methodology (RSM) using the
CCD was used to search for the optimal degradation condi-
tions of the organic pollutants contained in this wastewater.
The RSM is a set of mathematical and statistical techniques
for the design of experiments, the modeling and the eval-
uation of the effects of experimental factors [38]. This
approach allows evaluating the factors that affect the TOC
concentration abatement and the interactions between them.
According to the literature, five independent variables
namely the pH, the temperature, the amount of hydrogen
peroxide, the concentration of the pollutant and the amount
of catalyst, influence the Fenton process [39]. Previous works
have shown that the heterogeneous Fenton reaction is effec-
tive at pH = 4, and at a temperature of 30°C [37]. Actually, at
pH values lower than 4, the process is very effective, but gen-
erates a leaching of iron in the solution [40]. It should also be
noted that the average temperature of the textile effluents in
Bamako is close to 30°C. Thus, three variables, which are the
amount of AC@Fe, the H,O, dose and the initial TOC con-
centration have been chosen to search for the optimal condi-
tions. The H,O, dose has been varied in the 8.1-30.3 mmol/L
range and the TOC rate in the 53.25-214.4 mg/L range, in

agreement with the stoichiometry of the reduction of the
COD (1 g COD = 0.03125 mol dioxygen corresponding to
0.0625 mol H,0,) [41].

The number of tests to be performed defined by the CCD
consists of 2* factorial tests, 2k axial tests and 1, central tests.
The central tests are useful to determine the experimental
error and the reproducibility of the data. As “k” is the num-
ber of factors or independent variables (i.e., 3, see above),
20 tests have been carried out, including six central tests.
The independent variables are coded in the (-1, 1) interval.
Low and high previously defined levels are coded -1 and +1,
respectively. The axial points are located at (+a, 0, 0), (0, +a, 0)
and (0, 0, =) where a represents the distance from each point
to the axial center and acts for the rotary design. In this study,
the a value was set at 1.682 (rotary) [42]. The ranges and the
levels of the studied variables are given in Table 1.

To compare different variables of various units and for
statistical calculations, the variables x, were coded as X;
according to the following equation (Eq. (8)):

X =—t-0 (8)

where x is the value of x, at the center point and dx represents
the step change [43].

The degradation of the organic compounds during the
Fenton treatment has been assessed by the TOC rate reduc-
tion representing the Y response in percentage.

The results of the different tests (i.e., the response) have
been modeled by a second degree polynomial equation as
follows:

Y=b,+ ) bX, +>bX +> > b XX, )
i i i

where Y is the predicted response; b, is a constant coefficient;
b, are linear coefficients; b_ are interaction coefficients; b, are
quadratic coefficients and X; and X; are the coded values of
the variables.

The “Statgraphics Centurion XVI” software [44] was
used to establish the quadratic regression equation using the
ordinary least squares method to plot the curves of response
surface and curves of isoresponse, and then, to optimize the
treatment conditions. The quality of the fit was judged by
the R? coefficient of determination and adjusted R%. The R?
coefficient gives the proportion of the total variation of the
response predicted by the model, indicating the ratio between
the sum of squares due to the regression and the total sum of

Table 1
Levels of the independent variables in the CCD statistical
experiment

Actual Units Coded variables levels X,

variables (x,) -1.682 -1 0 1 1.682
AC@Fe:x, g/L 0.4 0.72 1.2 1.68 2
H,0, x, mmol/L 81 126 192 258 303
TOC: X, mg/L 53.25 83.69 135.7 179.25 2144
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squares. A high R? coefficient ensures a satisfactory fit of the
quadratic model to the experimental data. The coefficient of
variation (CV), which represents the percentage ratio of the
standard deviation to the mean value, was used to assess the
reliability and reproducibility of the model. The results were
analyzed statistically by the analysis of variance (ANOVA).
To judge the significance of the model as well as each model
term, Fisher value (F-value) and probability value (p-value)
were applied.

3. Results and discussion
3.1. Characteristics of AC@Fe catalyst

Inset of Fig. 1 shows that the adsorption-desorption
isotherms of nitrogen at 77 K are type IV according to the
IUPAC classification [45]. They are typical of both micro-
porous (pore diameter < 2 nm) and mesoporous (2 nm <
pore diameter < 50 nm) materials. In addition, the presence
of hysteresis loop confirms the mesoporosity of these two
materials. Indeed, at relative pressures greater than 0.1, the
progressive filling of the mesopores is marked by an evo-
lutionary slope up to 0.995. The hysteresis loop formed by
the desorption curve of the nitrogen condensed by capillary
action and the curve of adsorption is of H3 type according
to the classification of IUPAC suggesting the occurrence of
slit-like meso pores [45].

Comparison of the PSD of AC@Fe to the AC one (Fig. 1)
confirms that particles might be located in the pores of the

254

——AC

——AC@Fe
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8
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0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p°)

Differential pore volume (cm?/g/nm)

]gore width (nm;5 20 3
Fig. 1. N, pore size distributions of the AC activated carbon
(diamond) and the AC@Fe catalyst (triangle). Inset shows N,
adsorption—desorption isotherm at 77 K of the AC activated
carbon and the AC@Fe catalyst.
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catalyst. The pores have not been fully blocked by the iron-
based nanoparticles as micropores and mesopores are still
observed in AC@Fe. As a consequence, the total porous vol-
ume of the AC support (i.e., 0.886 cm?/g) was reduced to
0.509 cm?®/g after impregnation (Table 2). Moreover, the pres-
ence of iron particles in the pores of the AC support has con-
tributed to the reduction of the specific surface area from 896
to 532 m?/g. However, this specific surface area (532 m?/g) of
the catalyst is relatively high to promote the degradation of
pollutants by the hydroxyl radicals after being adsorbed near
the active sites.

The SEM images and the EDS mappings (Fig. 2) have
indicated the presence of iron and sulfur on the surface of
the supported catalyst already containing carbon, oxygen
and phosphorus. These EDS maps indicate that iron atoms
(Fig. 2(c)) and sulphur atoms (Fig. 2(d)), are dispersed
homogeneously. These iron-based and sulphur-based
particles are certainly responsible for the decrease in the
specific surface area and the pore volume. In addition,
Figs. 2(b) and (c), reveal that the iron and oxygen atoms
coexist. This sustains that the iron oxide nanoparticles are
formed on the AC support inside the porosity after impreg-
nation and calcination. The formation of iron oxides is due
to the nucleophilic nature of oxygen which can easily give
electron doublets to the iron ions to form chemical bonds
[46,47].

The XPS has allowed quantifying the mass composition
of these chemical elements (Table 2) on the external surface
of the catalyst. The carbon and phosphorus contents have
decreased slightly from 78.61% to 71.25%, and 6.89% to
5.29%, respectively, in the catalyst compared with raw acti-
vated carbon due to the presence of iron sulfate decompo-
sition products. Only 2.45% of iron was detected by XPS.
This content is relatively lower than the 3.3% iron content
obtained by the atomic absorption spectrometry after cal-
cination of AC@Fe. This result agrees with the work of
Maneechakr and Karnjanakom [48] who reported that the
activated carbon has a low adsorption capacity of iron ions
and that part of iron has been occluded in the pores of the
activated carbon. Previous works have also shown that the
decrease in the porosity and specific surface area of the mate-
rial was related to the formation of iron nanoparticles (Fe,O,,
Fe,O,, Fe(OOH), FeO) [49,50] during the thermal decomposi-
tion of the precursor in an inert atmosphere. The Fe2p, ,and
Fe2p, , peaks (located at 711.7 and 724.76 eV, respectively)
have been analyzed to identify the nature of the iron oxide
in the catalyst matrix (Fig. 3). The Fe2p,, signal exhibits a
satellite peak centered at 715.72 eV, indicating the presence
of wiistite (FeO) in agreement with the literature [51,52].

Characterization of the activated carbon (AC) and the supported catalyst (AC@Fe)

Sample Textural characteristics Chemical elements (%wt) detected by XPS
ultramicro supermicro meso Vtotal SBET C O P Fe S
(cm%/g) (cm%g) (cm’/g) (cm’/g) (m?*/g)
AC 0.159 0.195 0.691 0.886 896 78.61 14.51 6.89 = -
AC@Fe 0.135 0.083 0.426 0.509 532 71.25 15.46 5.29 2.45 5.55
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Fig. 2. SEM image of catalyst AC@Fe (a) and corresponding EDS maps of the chemical elements: oxygen (b), iron (c), sulfur (d)
and phosphorus (e).
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Fig. 3. Fe2p spectrum XPS of the AC@Fe catalyst.

3.2. Development of regression model equation and statistical
analysis

The experiments carried out on the basis of the three
independent variables (catalyst dose: X, dose of H,0,: X, and
initial concentration of TOC: X,) made it possible to obtain
different responses according to the experimental condi-
tions defined by the matrix of the central composite design
(Table 3). These experimental conditions and their responses
(removal of TOC referred to as Y) are reported in Table 3.

Using multiple regression analysis, the elimination of
TOC (Y) was correlated with the three independent variables.
This quadratic regression model chosen for the removal of
TOC is represented by the second order polynomial equation

(Eq. (10)):

Y =77.27 +11.41X, +3.74X, - 634X, —2.79X>

10
~251X,X, +1.32X X, —1.54X2 +0.88X,X, — 2.97X> (10)

where X, X, and X, are the coded values of the catalyst dose,
the H,O, dose and the initial TOC concentration, respectively.

The coefficients of the model equation and their statistical
significance were evaluated using the Statgraphics Centurion
XVI software. A positive sign in front of the terms indicates
a synergistic effect, while a negative sign indicates an antag-
onistic effect.

Fitting parameter values: R* = 0.9751 and adj-R* = 0.9528
indicate that predicted values and experimental values are
in good agreement. Indeed, the model was considered valid
because the criteria R>> 0.8 was satisfied [53]. Moreover,
97.51% of the TOC abatement variations are justified by the
independent variables, and the low value of the coefficient of
variation (CV = 3.67%) reflects the reliability and reproduc-
ibility of the experiments as a model is assumed to be reason-
ably repeatable if its CV value is less than 10% [54]. Variables
such as the catalyst dose and the H,0, dose have a synergistic
effect while the initial TOC concentration has an antagonistic
effect on the response.

The statistical test of the model has been achieved by
analysis of variance (ANOVA, Table 4). F-value was defined
as the ratio of the mean squares of the model and mean
square of residual errors. The F-value calculated is 43.60,
which is significantly higher than the tabulated value of
Fisher-Snedecor (Fp = 3.13) at the 5% significant level. This
result demonstrates that the model is valid and robust [55].
The independent variables and the interaction effects are
assumed to be statistically significant if the critical probabil-
ity of each of them is less than 0.05 (p-value < 0.05). Thus,

in this study, the variables referred to: X ,X,,X,, X}, X,X,, X}
are significant while X? X X,,X,X, are insignificant on the
TOC concentration abatement (Y). This shows that the X, X,
and X, factors have an established influence on the degra-

dation performance of the organic pollutants in the studied



192 B.G.H. Briton et al. / Desalination and Water Treatment 136 (2018) 186—198

Table 3
Results of the central composite design of the TOC reduction
Runs  Coded variables AC@Fe H,O, TOC Yexp Ypred
X X, X, (8/L) (mmol/L)  (mg/L) (%) (%)
1 -1 -1 -1 0.72 12.6 83.69 59.21 60.86
2 1 -1 -1 1.68 12.6 83.69 84.8 86.06
3 -1 1 -1 0.72 25.8 83.69 68.94 71.60
4 1 1 -1 1.68 25.8 83.69 87.62 86.74
5 -1 -1 1 0.72 12.6 179.25 43.57 43.77
6 1 -1 1 1.68 12.6 179.25 77.6 74.26
7 -1 1 1 0.72 25.8 179.25 59.97 58.03
8 1 1 1 1.68 25.8 179.25 80.8 78.47
9 -1.682 0 0 04 19.2 135.7 52.06 50.20
10 1.682 0 0 2 19.2 135.7 85.75 88.57
11 0 -1.682 0 1.2 8.1 135.7 66.82 66.63
12 0 1.682 0 1.2 30.3 135.7 78.05 79.20
13 0 0 -1.682 1.2 19.2 53.25 82.65 79.53
14 0 0 1.682 1.2 19.2 2144 54.13 58.21
15 0 0 0 1.2 19.2 135.7 77.58 77.27
16 0 0 0 1.2 19.2 135.7 77.44 77.27
17 0 0 0 1.2 19.2 135.7 77.15 77.27
18 0 0 0 1.2 19.2 135.7 77.39 77.27
19 0 0 0 1.2 19.2 135.7 77.22 77.27
20 0 0 0 12 19.2 135.7 76.98 7727
Table 4
ANOVA of the quadratic model for TOC reduction
Source Sum of squares Degree of freedom Mean square F -value P-value Remark
Model 2,820.26 9 313.36 43.60 <0.0001 Significant
X,: AC@Fe 1,777.16 1 1,777.16 247.24 <0.0001 Significant
X,:H0, 190.73 1 190.73 26.53 0.0004 Significant
X,: TOC 549.08 1 549.08 76.39 <0.0001 Significant
X2 111.86 1 111.86 15.56 0.0028 Significant
XX, 50.55 1 50.55 7.03 0.0242 Significant
XX, 14.02 1 14.02 1.95 0.1928
X2, 34.09 1 34.09 4.74 0.0545
XX, 6.21 1 6.21 0.86 0.3744
X2, 126.96 1 126.96 17.66 0.0018 Significant
Total error 71.88 10 7.19
Total (corr.) 2,892.13 19

wastewater. Therefore, this regression model can be used to
predict the treatment of this effluent.

Moreover, the importance of all these factors (variables)
observed through ANOVA, as well as their interactions, was
highlighted using graphical Pareto analysis. The contribution
(P)) of each factor or variable was calculated according to the
following relation [56]:

2
P

)*100 (i;tO) (11)

where b, represents the coefficients of each principal variable
i, their interaction and quadratic effect in Eq. (10).

The Pareto plot (Fig. 4) revealed that the main factors
such as the catalyst dose (X,), the dose of H,O, (X,) and the
initial concentration TOC (X,) contributed 61.36%, 6.59% and
18.94%, respectively, for the TOC reduction rate. For qua-
dratic effects, relatively small contributions were found for
X? (3.67%) and X2 (4.16%), while that of X2 (1.12%) is very
negligible. These negligible contributions were also obtained
for the interaction factors X X, (0.82%), X,X, (0.36%) and a
little more for X X, (2.97%). As can be seen, catalyst dose is



B.G.H. Briton et al. / Desalination and Water Treatment 136 (2018) 186—-198

the most influential factor on the TOC removal efficiency of
the textile effluent.

3.2.1. Effect of variables and search for optimal conditions

According to Eq. (10) of the regression model, the rate
of reduction of TOC increases together with the amounts of
AC@Fe (X)) and H,O, (X,). On the other hand, an increase in
the initial concentration of TOC (X,) decreases the efficiency
of the heterogeneous Fenton process. In addition to the indi-
vidual effects of these three factors, the interactive and qua-
dratic effects have to be taken into account in the TOC rate
reduction process. A better interpretation requires the analy-
sis of the curves of isoresponses and response surfaces which
can locate the optimal areas of the TOC rate reduction.

Fig. 5 shows that the rate of TOC reduction is rapidly
evolving with the amount of catalyst to reach more than 80%,
whatever the H O, concentration. According to the contour
plot, low amounts of H,0, (X, <0, less than 19.2 mM) must
be offset by high amounts of catalyst. This will provide the
H,O, molecules an easy access to the active sites consisting of
iron nanoparticles, in order to generate the HO® radicals. By
increasing the amounts of H,O,, the process is less efficient
when the X, coded value of the catalyst dose is less than 1
(<1.68 g/L). Indeed, a low dose of AC@Fe causes a low pro-
duction of hydroxyl radicals despite a significant amount
of H,O, is added. While the number of active sites is insuf-
ficient to produce the hydroxyl radicals, the H,O, molecules
react directly with the organic compounds in an incomplete
oxidation process. Furthermore, for H,O, doses close to the

70 1
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18.94
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Fig. 4. Pareto graphical analysis of the effects of factors on TOC

removal.
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optimum, the removal efficiency of the TOC remains virtu-
ally constant despite the increase in the catalyst dose. This has
been described by several authors as part of the H,0, mole-
cules adsorbed on the surface of AC@Fe dispersed nanopar-
ticles produces HO® radicals while other part is catalyzed
by dissolved Fe* ions [25,57]. These adsorbed or HO* free
radicals degrade and mineralize the organic pollutants also
adsorbed or in solution up to their conversion into CO, and
H,O. Otherwise, an overdose of H O, (X,> 1, that is, greater
than 25.2 mM) in the presence of a large amount of catalyst
(X,> 1, that is, greater than 1.68 g/L) tends to reduce the effi-
ciency of the process according to the HO" radicals trapping
phenomenon by AC@Fe solid particles [58]. Another reason
that could also explain this slow evolution of the TOC reduc-
tion rate is the production of hydroperoxyl radicals (HO,") on
the one hand from the reaction between H,0, and HO" (Egs.
(12) and (13)) [20,27] and on the other hand from the reaction
between H,0, and Fe*(Eq. (14)) or AC@Fe™ (Eq. (4)). Indeed,
this production of HO,* (E, = 1.7 V) less oxidizing than the
hydroxyl radicals (E, = 2.8 V) is unfavorable to the oxidation
of organic compounds.

H,0, + HO® —» HO; +H,0 (12)
HO; + HO" - O, + H,0 (13)
Fe*+H,0, - Fe*+HO; + H" (14)

The optimal conditions would be in the range [1; 1.682]
for X, and [-1, 0] for X, because the curves of isoresponse
show that a reduction of 87.89% is possible for X =1.493 and
X,=-0.347.

A closer look at Fig. 6 shows a variety of responses
reflecting the influence of the catalyst dose and initial TOC
on the treatment process. For low TOC amounts, the TOC
reduction rate increases gradually to high values reaching
90%. One of the reasons that may explain the ineffectiveness
of the heterogeneous Fenton process for high TOC doses is
the accessibility to the active sites of the catalyst by H,O,. In
fact, the significant number of organic compounds or dyes
present in the solution partially may obstruct the active sites
of the catalyst. Therefore, the production of OH* radicals
could be slowed down, thus affecting the catalytic perfor-
mance of the Fenton process. For the catalyst, the value of
X, close to 1.682 undoubtedly yields to rates beyond 85%.

K \\
2 —“M 00 N
-2 -1 0 1

X1 (AC@Fe)

X3=0

X2 (H202)
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Fig. 5. Response surface (a) and contour plots (b) for TOC removal: effects of catalyst dosage and H,O, concentration.
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Exceeding the lowest concentrations (i.e., for X, in the range
-1.682 to -0.5) is better to yield to approximately 90% of TOC
reduction rate.

The analysis of Fig. 7 shows that the best TOC reduction
rates are obtained for decreasing amounts of initial TOC and
increasing amounts of H,O,. Indeed, high amounts of H,O,
accelerate the production of hydroxyl radicals, capable to
degrade organic compounds. However, a reasonable amount
must be used to rationalize the reagents consumption and
also for economic reasons. Thus, taking into consideration
the isoresponse curves, the coded variable X,, representing
the amount of H,0,, must be between —0.5 and 0 for the opti-
mal treatment conditions. As X is in the range -1 to —0.5,
high abatement rates may be achieved for the initial TOC
rate. In order to maximize the TOC concentration reduction,
the initial conditions can be chosen within a limited experi-
mental field having coded values in the range: [1, 1.682] for
the amount of catalytic converter (X)), [-1, 0] for the amount
of H,0, (X,), and [-1, -0.5] for initial TOC rate (X).

Finally, using the “Statgraphics Centurion XVI” software
[44], which integrates optimization mathematical functions,
a 90.2% reduction in TOC is plausible under the following
optimal experimental conditions:

. X,=1.682 or 2 g/L of AC@Fe,
° X,=-0.374 or 16.73 mmol/L of H,0,,
° X,=-0.749 or 99.83 mg/L of TOC initial.

3.2.2. Validation of the optimized conditions

Confirmatory tests were performed three times to con-
firm the optimized conditions predicting a 90.2% TOC rate

TOC reduction (%)

;2 -1 x3(T0oC)

X1 (AC@Fe)

(b

X3 (TOC)
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abatement (Table 5). Fenton degradation was studied at 32°C
for 15 h in 50 mL of wastewater at 99.83 mg/L initial TOC
containing 2 g/L of catalyst and 16.73 mmol/L of H,O,. Thus
(90.40 £ 1.04)% TOC removal was obtained for the confirma-
tory test. This result is consistent with the rate of TOC removal
under optimal conditions predicted by the model. At the same
time, two tests were conducted, namely the adsorption on AC@
Fe (in the absence of H,O,) and the oxidation with only H,0,,
in the same concentration, temperature and duration condi-
tions as given above. The two reference tests have yielded TOC
reduction rates of 53.2% for the adsorption on AC@Fe and 5.8%
for the oxidation with H,0,, respectively. In light of the results,
the heterogeneous Fenton process produces a sharp reduction
in TOC concentration through the degradation of the organic
compounds. The performance of the process depends on the
adsorption capacity of the pollutants on the catalyst because
the degradation happens at the external surface [59,60].

3.3. Kinetics of TOC degradation and spectral variation

Moreover, the UV-visible spectra of the residual solu-
tions resulting from the different treatment processes under
the optimal conditions have confirmed the dyes degrada-
tion (Fig. 8). The spectrum of the raw effluent presents three
peaks at 227, 260 and 280 nm which reveal the presence of
aromatic rings [37]. All these peaks have disappeared after
Fenton treatment while their intensities have decreased after
the reference tests. UV-visible spectral variations have con-
firmed the dyes degradation.

The kinetics of the different reactions studied by analyz-
ing the TOC abatement rate (Fig. 9) shows two stages in the
evolution of the degradation of the organic compounds of

) 2
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Fig. 6. Response surface (a) and contour plots (b) for TOC removal: effects of catalyst dosage and initial TOC.
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Fig. 7. Response surface (a) and contour plots (b) for TOC removal: effects of H,O, concentration and initial TOC.
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Table 5
Validation experiments at optimal operational conditions

Optimum conditions Responses
Catalyst dosage (g/L) H,O, concentration (mM) Initial TOC (mg/L) Predicted (%) Observed (%)
Heterogeneous Fenton =~ 2 16.73 99.83 90.2 90.4
Adsorption 2 99.83 53.2
Oxidation 16.73 99.83 5.8
the effluent. The first step is characterized by a rapid TOC 18 -
abatement rate (about 76%) after 2 h as previously reported Textile wastewater
for the heterogeneous Fenton process [61,62]. At the same 15 1 — with 202
time, 37.6% reduction of TOC was achieved by the adsorption o 124 with AC@Fe
process (AC@Fe) against 3.6% by direct oxidation with H,0,. § weemms with AC@Fe + H202
The low oxidation potential of organic compounds by H,0, £ 97
alone and the ability of AC@Fe to adsorb pollutants have ﬁ 6
shown that the success of AC@Fe/H,0, is due to adsorbed
or free OH". These results confirm the synergy between the 3
iron oxide nanoparticles on the surface of the AC@Fe catalyst
and H,O, for the improvement of TOC reduction over time. 0 T T T T '
200 250 300 350 400 450 500

Indeed, the organic pollutants and H,O, are easily adsorbed
on the AC@Fe active sites to initiate the heterogeneous cat-
alytic oxidation reaction in order to accelerate the degrada-
tion process [57]. After this step, the degradation kinetics of
organic compounds consisting mainly of intermediate com-
pounds is very slow [63]. Indeed, Ramirez et al. [40] have
argued that intermediate compounds are very resistant. In
addition, the deactivation of the active sites could prevent the
production of hydroxyl radicals which could be trapped in
the degradation sludge.

3.4. Reusability and stability of catalyst

The AC@Fe catalytic performance was determined on five
cycles of use by measuring the TOC reduction of the textile
effluent and the iron leaching. Indeed, after each cycle, the
reaction mixture was placed in an oven at 40°C for 10 h to
accelerate the regeneration of the catalyst active sites and
was then filtered to recover the catalyst. The catalyst parti-
cles were further washed with distilled water and dried in an
oven for 2 h at 105°C. According to Fig. 10, a decrease in the
efficiency of the TOC reduction rate was observed from the
first cycle to the fifth cycle. Specifically, after the first cycle, a
decrease in the catalytic efficiency of about 5% was observed
in the second cycle. This could be explained by the loss of
iron nanoparticles estimated at 0.53 mg/L after the first cycle.
This loss is attributed to the dissolution of iron nanoparticles
weakly bonded to the activated carbon surface. From the
2nd cycle, the efficiency turns from 84.6% to 78.7%, proving
that the catalyst can be used up to the 5th cycle. This stabil-
ity is attributed to the presence of iron nanoparticles accom-
modated and in the pores of the activated carbon (AC) and
chemically bonded to the AC surface because only a low iron
leaching (<0.15 mg Fe/L) was observed on all last four cycles.
In addition, this amount of iron dissolved in the treated efflu-
ent would not be a source of surface water pollution because
the cumulative iron ion content over all five cycles does not
exceed 3 mg/L [64]. Finally, the use of AC@Fe could be worth-
while and effective for the depollution of real textile wastewa-
ter by Fenton process due to its catalytic stability.

Wavelength (nm)

Fig. 8. Evaluation of the textile effluent spectra before and after
15 h of treatment.
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Fig. 9. TOC reduction kinetics of the textile effluent for different
treatments.
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Fig. 10. Reuse of AC@Fe for the reduction of TOC of the textile
effluent by the heterogeneous Fenton process under optimal
conditions (H,0,: 16.73 mM; AC@Fe: 2 g/L; initial TOC:
99.83 mgC/L; pH: 4.0; temperature: 30°C; reaction time: 15 h).
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3.5. Biodegradability of wastewater treated

Although the reduction of TOC is remarkable under opti-
mal conditions, it is important to understand the subsequent
biodegradation of the intermediate organic compounds con-
tained in the treated effluent. For this purpose, three factors
such as the BOD/COD ratio, the AOS and the COS were used
as biodegradability indicators. AOS and COS can take values
between +4 for CO,, the most oxidized state of C, and —4 for
CH,, the lowest state of C. Indeed, AOS and COS are defined
to evaluate the degree of oxidation and the efficiency of the
oxidative process according to the equations proposed by
Ahmadi et al. [64] (Egs. (15) and (16)):

A0S =415 P (15)
TOC
COD

COS=4-15 ——

where COD is the chemical oxygen demand (mg O,/L) at
time ¢ (h), TOC is total organic carbon (mg/L) at time ¢ (h) and
TOC, is initial total organic carbon (mg/L). Before the COD

®BOD/COD
HAOS
L COS

Raw effluent Treated effluent

Fig. 11. Main biodegradability indices before and after treatment

of the textile effluent by the heterogeneous Fenton process (15 h)
under optimal conditions.

Table 6

analysis, the pH of the water sample was adjusted to the basic
pH to avoid the overestimation of COD by the residual H,O,
in solution.

Thus, after 15 h of treatment under optimal conditions,
these biodegradability indicators are reported in Fig. 11.
The BOD/COD ratio of the raw effluent, which was 0.15, has
reached 0.38 for the treated effluent, showing a significant
improvement in the biodegradability of the effluent. This has
demonstrated the presence of simple organic compounds in
the treated effluent that are easy to biodegrade. In addition,
the higher AOS and COS values of the treated effluent than
those of the raw one have confirmed its high level of biode-
gradability. Indeed, Souza et al. [65], then Ahmadi et al. [64]
reported that the increase in AOS and COS values indicates
the efficiency of the oxidation process. Thus, the use of the
AC@Fe catalyst for the treatment of this textile effluent by
the heterogeneous Fenton process under optimal conditions
made it possible to degrade the refractory organic com-
pounds into highly biodegradable intermediate compounds.

3.6. Comparison of the depollution efficiency

Our study was compared with previous works on the treat-
ment of real wastewater by the heterogeneous Fenton process
using iron nanoparticles supported on activated carbon. Thus,
under optimal experimental conditions (Table 6), Kakavandi
and Babaei [27] removed 86% of COD from the petrochemical
wastewater; Wang et al. [29] obtained 74.6% COD removal of
landfill leachate, and Dantas et al. [63] removed 70% of COD
from the textile wastewater. The degradation efficiency was
evaluated in terms of COD whereas this parameter takes into
account only the oxidizable organic compounds by potassium
dichromate. In this present study, depollution has been mea-
sured by the TOC reduction rate, which is a parameter evaluat-
ing all organic matter. Therefore, this study appears satisfactory.

4. Conclusion

The efficiency of the RSM based on the central compos-
ite design has been demonstrated for the optimization of the
treatment conditions of a real textile wastewater from Bamako
handicraft loincloths dyeing by the heterogeneous Fenton
process. The results of the analysis of variance showed that the
regression model can be used to predict the TOC concentration

Efficiency of the AC@Fe catalyst from present study compared with other works on the depollution of real wastewater by the

heterogeneous Fenton process

Catalyst dose pH H,0, COD TOC Time Efficiency References
(/L) (mM) (mg/L) (mg/L) (h) (%)
Textile AC/Fe: 300 3 14.7 1,000 24 70 [63]
wastewater
Landfill Fe-C: 55.7 3 157.6 4,980 60 74.6 [29]
leachate
Petrochemical MNPs@C: 1 3 50 50-1,000 250-300 4 86 [27]
wastewater
Textile AC@Fe: 2 4 16.73 2254 99.8 15 90.4 Present study

wastewater
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reduction of a textile effluent from initial experimental con-
ditions. Thus, using the predicted optimal conditions such
as catalyst dose (2 g/L), H,O,dose (16.73 mmol/L) and initial
TOC concentration (99.83 mgC/L), a 90.4% experimental TOC
reduction has been measured, while the model predicted a
90.2% TOC rate reduction. This high abatement yield is partly
attributed to the heterogeneous Fenton process using iron
oxide (FeO) nanoparticles supported on an activated carbon
prepared from a banana spike. Their homogeneous dispersion
on the surface of the activated carbon and their location inside
the internal porosity of AC, strongly contributed to the reduc-
tion of TOC as revealed by the Pareto analysis.
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