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Abstract

Activated carbons from borassus aethiopium and bamboo’s fibers were prepared by
chemical activation. The optimal conditions of preparation were studied according to an
Hadamard experimental design. From the results, only the chemical product has an
influence on the adsorption capacity of the activated carbons. Two activated carbons
(bpAC and ACB) showed better characteristics with iodine number and methylene blue
adsorption capacity of 655.5 - 627.7 mg.g™* and 329.5 - 474.7 mg.g™* respectively. These
activated carbons also have a fairly high percentage of carbon (65.78% and 52.42%).
Adsorption experiments were carried out on 2,4-dimethylphenol (2,4-DMP), a molecule
chosen as a model pollutant, to evaluate the adsorbent properties of these two activated
carbons. Kinetics data were well adapted to the pseudo-second order model with a
correlation coefficient R? = 1. The adsorption isotherms showed high equilibrium

adsorption capacities (227.3 and 169.5 mg.g respectively for bpAC and ACB). The
Freundlich model describes with good accuracy (R? = 0.99 with CAR and 0.98 with CAB)
the increase in the adsorbate concentration at the surface of the adsorbent compared to
the increase of the adsorbate concentration. in the aqueous solution.

1. Introduction

Phenolic derivatives are predominant in the various oil refinery effluents, including, 2,4-dimethylphenol
(2,4-DMP). The chosen compound as model pollutant in this study is representative of the problematic
molecules present in industrial wastewater refractory to conventional biological treatments [1]. This
compound also known under the name of 2,4-xylenol is a typical pollutant in petrochemical effluents. A
large number of products utilize 2,4-DMP as a feedstock or constituent for the production of phenolic
antioxidants, disinfectants, solvents, pharmaceuticals, insecticides, fungicides, plasticizers, rubber
chemicals, polyphenylene oxide, dyestuffs, wetting agents, and as an additive or constituent of gasoline,
lubricants, and cresylic acid [2]. 2,4-DMP is used in the manufacture of a wide range of commercial
products for industry and agriculture [3]. It is indicated as a very toxic product (R24/25, R34, R51/53)
according to the agency of American Environmental Protection [4]. Its presence in petroleum fractions
and coal tars, together with its use as a chemical feedstock or constituent for the manufacture of
numerous products, clearly indicates the potential source for water contamination. Hence, disposal of
chemical and industrial process wastes and distribution from normal product applications represent
feasible modes of entry of 2,4-DMP into the environment. Examples of the latter mode include pesticide
applications, asphalt and roadway runoff, and the washing of dyed materials [5].
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Several methods have been developed for the removal of this pollutant such as adsorption or
degradation by oxidation. Advanced oxidation processes (AOPs) appeared to be an adequate means to
remove this type of refractory compounds by producing highly oxidative species [6,7]. Studies have
shown the positive effect of the use of ozone or the combination of ozone with zeolites to remove 2,4-
DMP [1,7,8]. However, studies by Munter et al. [9] on the cost of AOPs for the removal of aromatic
compounds from water have shown that these processes are generally more expensive than the
adsorption. Adsorption is based on the property of materials (absorbents) to fix substances (gases, metal
ions, organic molecules, etc.) on their surface. In theory, all solids have adsorbent properties, but the
most commonly solids used are the activated carbons, followed by zeolites, silica gels and activated
[1,10]. The particularly high adsorption capacities of activated carbons are related to their highly
developed porous structures, their large available surfaces and their very specific interactions with many
organic and inorganic compounds [11]. In addition to their effectiveness in adsorbing multiple
molecules, activated carbons can also be used in many applications as a catalyst or catalytic support for
many reactions including hydrogenation, oxidation, halogenation, hydration, isomerization and
polymerization [12-14]. However, the demand of activated carbon is expected to dramatically increase
since the consumption is forecasted to triple by 2024 [15]. Raw materials commonly used for the
production of activated carbon are wood, coal, petroleum residues, peat, lignite and polymers, which are
very expensive and non-renewable [16-18]. Precursors conventionally used industrially could be
replaced by new precursors cheap, accessible and available in abundant quantities. It is in this context
that many authors try to valorize waste of all origins [15,19,20]. The growing global interest in
preserving the environment of solid waste resulting from various activities and human transformations,
has attracted the attention of industry to find techniques to reduce or otherwise enhance this waste. In
developing countries, landfilling is the commonly used waste treatment method compared to incineration
and composting [21,22]. However, this method does not seem to be the most rational approach, because
of the by-products generated during the decomposition of this waste. The use of this waste as a precursor
for the preparation of activated carbon not only produces an adsorbent useful for the purification of
contaminated environments, but also helps to minimize solid waste [23]. Many studies showed
comparable efficiency of activated carbon derived from waste to commercial adsorbents for wastewater
treatment: removal of dyes, metal ions, pharmaceuticals products, organic pollutants or natural organic
matter [15,19].

The aim of this study is to prepare and test efficiency of activated carbons based innovative low-
cost precursors. In the context of research on the valorization of biomass, it seemed wise to integrate
some abundant raw materials that are not use. Thus, borassus palm tree and bamboo’s canes are used as
precursors. 2,4-dimethylphenol (2,4-DMP) was selected as a model molecule as it is representative of
toxic biorefractory molecules detected in industrial rejections (disinfectants, solvents, insecticides,
pharmaceuticals...) [8]. The physical and chemical properties of activated carbons, as well as its
adsorption properties for 2,4-DMP elimination were determined.

2. Material and Methods

2.1. Reagents

Ethanol (EtOH) and methanol (MeOH) used for High Performance Liquid Chromatography (HPLC)
analyses are HPLC grade (Sigma Aldrich). 2,4-dimethylphenol CgH100 (2,4-DMP, 98% purity) was
purchased from Sigma Aldrich. 2,4-DMP properties are as followed: a molar mass of 122.17 g mol?, a
boiling temperature of 212 °C, a pKa of 10.6 and a kinetic diameter of 7.3 A. Synthetic solutions of 2,4-
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DMP were prepared with water purified by a Millipore Milli-Q UV. Ethanol (EtOH) and methanol
(MeOH) used for High Performance Liquid Chromatography (HPLC) analyses are HPLC grade and
were also purchased from Sigma Aldrich. Phosphoric acid (HsPO4) was purchased from Merck and the
other reagents (HCI, NaOH, Na>SO4, methylene blue, iodine) used in this study were also supplied by
Sigma Aldrich.

2.2. Production of activated carbon

In order to promote natural raw materials, the petioles of borassus palm and bamboo canes were used as
precursors. These raw materials (RM) were collected in the locality of Yamoussoukro (lvory Coast),
then cut into small pieces, washed with distilled water and sun-dried for three days (Figure 1).

Figure 1: Petioles of Borassus palm (A) and bamboo canes (B)

Preparation of the activated carbons was done according to the usual method [24,25] and the influence
of the parameters was studied, using the methodology of the experimental designs. For the synthesis of
activated carbons, the Hadamard plan was used. This type of plan allows having a first evaluation of the
factors’ influences on the desired response from a reduced number of tests, even for an important number
of factors. It is often used in first approach. The equation of the model is written in the following form:

n
y=by+ ) b, (1)

i=1
With, bo the average coefficient, bi the effect of factors Xi and y the result of the experiment.
Table 1 gives the experimental domain.

Table 1: Experimental domain.

Level -1 +1

Xi: Raw materials Bamboo canes Petioles of Borassus
Xo: Activating agent NaOH H3PO4

Xs: Concentration of activating agent 1M 3M

X4: Impregnation time 24 h 48 h

Xs: Carbonization temperature 400 °C 600 °C

Xe: Carbonization time 3h 5h

Table 2 gives the experimental design. Activation technique consisted to impregnate 200 g of raw
material in 250 ml of solution at the appropriate concentration for a given time at room temperature (30
1 2°C).
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Table 2: Experimental design.

Tests Raw Activating | Concentration Impregnation Carbonization | Carbonization
materials agent (mol.I") time (h) temperature (°C) time (h)
1 Borassus HsPO4 3 24 600 3
2 Bamboo HsPO4 3 48 400 5
3 Bamboo NaOH 3 48 600 3
4 Borassus NaOH 1 48 600 5
5 Bamboo H3PO, 1 24 600 5
6 Borassus NaOH 3 24 400 5
7 Borassus H3PO4 1 48 400 3
8 Bamboo NaOH 1 24 400 3

The substrate is recovered by filtration, dried at 105 °C for 24 h. The possible residues of carbonization
were eliminated by an abundant washing with distilled water. Activated carbons obtained are then dried
in an oven at 105°C for 24 h. After cooling to the desiccator, the dried carbons are crushed and then
sieved with a 100 um mesh screen. As factors of interest, the iodine number and the methylene blue
adsorption capacity were used. Given the qualitative parameters, test 1 was triplicated.

2.3. Determination of iodine number

lodine number determination is a simple and rapid test, giving an indication of the microporosity of
activated carbons [26,27]. The procedure used is an adaptation of the CEFIC method [28] and the
standard AWWA B 600-90 [29]. The method consists of treating 100 mL of a 0.1 N solution of iodine
with 0.1 g of activated carbon in hot and acidic conditions for 30 seconds. The treated solution is then
filtered and titrated with a 0.1 N solution of sodium thiosulfate with starch paste as an end of reaction
indicator. The iodine number (in mg.g™) is the capacity of iodine adsorbed by one gram of activated

carbon for a residual concentration of 0.02 N. It is calculated from the following formula:

12693N,, — 279,246N,,Vy, @
m

With, Ni2 (N), the normality of iodine solution =0,1 N; N (N) and Vi (ml) the normality and the volume
of the solution of sodium thiosulfate respectively; m (g), the mass of activated carbon.

lodine number(mg.g~?') =

2.4. Methylene blue (MB) adsorption capacity

Activated carbon to adsorb medium and large-sized molecules [25]. It can be measured to quantify
mesopores and macropores. It reflects a strong adsorption capacity for large molecules. The methylene
blue adsorption tests were carried out by mixing 0.3 g of AC with 100 ml of methylene blue solution at
1000 mg.It. After stirring for 24 h, the suspension was filtered and the residual MB concentration was
measured at 664 nm using a UV/VIS spectrophotometer. The adsorption capacity of MB is given by the
following equation:

_ (7D 9
m

MB(mg.g™") 4 (3)

Where T;is the initial concentration of MB solution (mg.I); T, the residual concentration of MB solution
(mg.I"); m,the activated carbon mass (g) and V, the MB solution volume (1).

2.5. Elemental analysis (C,H,N)
The contents of C, H and N (%) of activated carbons were measured using elemental analysis (PERKIN
ELMER 2400 Series II). The samples were finely ground (100 um) before using for C, H, N analysis.
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The method comprises burning a known mass sample at a high temperature (about 1000 °C) under an
oxygen atmosphere. In the presence of excess oxygen and combustion reagents, the samples were
completely burned and reduced to CO, elemental gases, H-O and N». The gases (CO2, H20, Ny)
produced were separated in a chromatographic column and detected by a thermal conductivity detector.

2.6. Nitrogen adsorption/desorption isotherm
The porous structure of the activated carbons was characterized by N adsorption/desorption at -193 °C
using an ASAP 2010M apparatus (Micromeritics, Norcross, Georgia).

2.7. Kinetic experiment
Kinetic experiment was carried out by agitating 500 mL of solution doped at 100 mg.I, and 0.05 g of
activated carbon at 25°C. At regular intervals, an amount of the sample was taken, then filtered through
a PTFE membrane of porosity equal to 0.45 um (Fisherbrand) before being analysed.
The amount of adsorption at time t, g: (mg.g™*) was calculated by:
(Co—C) XV

qe =" @)
Where Co and C; (mg.g™) are the liquid phase concentrations of the 2,4-DMP at initial and time t,
respectively. V is the volume of solution (I) and m is the mass of the activated carbon (g).

2.8. Adsorption isotherms

The experiments were carried out in 125 mL flasks containing 100 mL of 2,4-DMP solution at different
concentrations (0 to 1 g.I") and 0.1 g of activated carbon. These flasks were kept in a thermostat shaker
bath (rotary agitator located inside a thermo bath controlled at 25 °C). After equilibrium, the bottles were
withdrawn from the bath and the solutions were filtered using a PTFE membrane of porosity equal to
0.45 um before being analysed. To investigate the adsorption capacity of the activated carbon, Langmuir
[30] and Freundlich [31] isotherms were analysed. The Langmuir equation is given by the following
formula:

e = qm 1 -IIfLIf:’Ce (5)
Where, ge is the amount of solute adsorbed per unit weight of adsorbent at equilibrium (mg.g?), Ce is
the equilibrium concentration of the solute in the bulk solution (mg.I™%), gm is the maximum adsorption
capacity (mg.gt) giving the information about adsorption capacity for a complete monolayer (mg.g™?);
and K. the constant related to the adsorption energy (1.mg™?). A plot of 1/ge versus 1/Ce gives the
adsorption coefficients. The Freundlich isotherm is an empirical equation based on sorption on a
heterogeneous surface. It is commonly presented as:

1
de = KpCer (6)
Where Kr and n are the Freundlich constants. Kr indicates the relative adsorption capacity of the
adsorbent and 1/n the adsorption intensity, indicates the tendency of the adsorbate to be adsorbed [32,33].
This formula was exploited in its linear form.

2.9. Analytical technic

The concentration of 2,4-DMP in the solution was determined using HPLC. The column used was a C18
grafted silica (Zorbax Eclipse XDB-C18) having the following characteristics: 150 mm in length, 4.6
mm in diameter and 5 um in average provided by the silica particles. Isocratic elution with a solvent
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mixture containing 60% ethanol and 40% water was applied at a flow rate of 0.7 mL.min%. The volume
injected was 20 pL. The corresponding retention time of 2,4-DMP was 5 minutes under these conditions.
The wavelength used in the UV detector was 280 nm.

3. Results and discussion

3.1. Optimization of the conditions of the activated carbons preparation

The objective of this part is to screen the factors in order to identify those that have an effect on the
process of activated carbons preparation. Table 3 gives the results obtained for each experiment carried
out. The responses show that the chosen experimental domain is sensitive to the variations of the various
factors selected. Indeed, standard deviations on the responses are quite high (128.3 and 214.9
respectively for the MB adsorption capacity and the iodine number). Table 4 gives the coefficients
calculated using the linear regression of the Excel Solver.

Table 3: Experimental responses

Responses
Test| Raw |Activating | Concentration| Impregnation | Carbonization | Carbonization | lodine | MB adsorption
materials| agent (mol.I*?) time (h) temperature time (h) number capacity
(°C) (mg.g?) | (Mg
1 | Borassus | Hs3PO4 3 24 600 3 655.5 329.5
2 | Bamboo HsPO, 3 48 400 5 627.7 4747
3 | Bamboo NaOH 3 48 600 3 173.7 129.7
4 | Borassus NaOH 1 48 600 5 132.6 103.8
5 | Bamboo HsPO, 1 24 600 5 112.1 127.5
6 | Borassus NaOH 3 24 400 5 302.5 166.4
7 | Borassus HsPO4 1 48 400 3 425.8 269.1
8 | Bamboo NaOH 1 24 400 3 240.9 163.1

Table 4: Estimation and statistics of different coefficients

bo b1 b2 b3 b4 b5 be Experimental error (Se)
lodine number 338.8| 452 | 121.4 | 106.0 6.1 -65.3 | -40.1 57.15
MB adsorption capacity | 220.4 | -3.2 79.6 54.5 237 | 477 | -24 34.6

It appears that the different coefficients obtained range from -65.3 to 121.4 and -47.7 to 79.6 respectively
for the iodine number and the MB adsorption capacity. After repeating test 1, the respective experimental
errors are 57.15 (iodine number) and 34.6 (MB adsorption capacity). A coefficient is significant if in
absolute value, it is greater than twice the experimental error [34]. Thus, only the activating agent
influences the responses. From the results, it is clear that activation with orthophosphoric acid gives
values of iodine number and MB adsorption capacity higher than the activation with sodium hydroxide.
This chemical agent is known as the best activating agent. It allows the production activated carbon with
good qualities and developing important porous structures with large specific surface areas [35].

3.2. Carbon (C), hydrogen (H) and nitrogen (N) contents of activated carbons

Activated carbons with the best properties are those obtained with the tests 1 and 2. These two activated
carbons noted respectively bpAC and ACB were retained for this study. Table 5 gives the chemical
composition (C, H, N) of bpAC and ACB.

Table 5: Elemental composition of activated carbons.
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C H N
bpAC 65.78 1.04 0.44
ACB 52.42 1.36 0.56

The results show that the activated carbons prepared mainly contain carbon (52-65%) with small
amounts of hydrogen (1-1.3%) and nitrogen (0.4-0.5%). The hydrogen content of the studied activated
carbons is higher than the typical value of 0.5% [36]. This may be due to the presence of water in the
precursor (7-9%). These values are in agreement with those found by some authors which vary from
42.2 to 72.4% for carbon; 1.6 to 7.1% for hydrogen and 0.1 to 1.4 for nitrogen [37—41].

3.2. Carbon (C), hydrogen (H) and nitrogen (N) contents of activated carbons
The nitrogen adsorption/desorption isotherm at -193 °C for the adsorbents prepared are shown in figure
2.
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Figure 2: Nitrogen adsorption/desorption isotherm at -193 °C of bpAC and ACB

The plateau is not reached which indicates an enlargement of the pores [42]. Isotherms of those activated
carbons are a mixture of type Il and IV according to the classification of International Union of Pure and
Applied Chemistry (IUPAC) [43]. A hysteresis loop occurs in adsorption and desorption processes,
indicating a coexistence between micropores and mesopores. The loop being less marked on the level of
ACB compared to bpAC showed than the mesoporous volume of this last is more significant.

3.4. Carbon (C), hydrogen (H) and nitrogen (N) contents of activated carbons

Study of the adsorption kinetics is important because the adsorption rate which is one of the adsorbent
efficiency criteria and the adsorption mechanism can be obtained. This study was carried out with the
synthetic solution. Figure 3 shows the evolution of the amount of 2,4-DMP adsorbed over time.

The figure shows a rapid adsorption during the first 15 minutes, then a slow evolution to reach
equilibrium after 60 minutes of reaction. 75% and 68% of initial 2,4-DMP were removed by bpAC and
ACB, respectively. This rapidity is due to the availability of the large number of vacant adsorption sites
on the surface of activated carbons at the initial stage of adsorption and the particle size of the activated
carbon (< 100 um) [37,44]. This first phase constitutes the essential of the adsorption phenomenon
because the kinetics of fixation is limited by the low residual concentration. In the second step, the
occupation of the deep adsorption sites requires a diffusion of the adsorbate within the micropores of the
adsorbent [45]. According to some studies, the elimination of phenolic compounds with activated carbon
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is about 60-80% in the first hour of reaction, followed by a very slow approach to reach a maximum
value at equilibrium [46,47]. These data were modeled using the pseudo-first order and pseudo-second
order equations. Correlation coefficients and kinetic constants are given in Table 6.
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0
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Figure 3: Evolution of the amount of 2,4-DMP adsorbed as a function of time:
[2,4-DMP]o= 100 mg.I"}; V =500 ml; pH; =5.3; T=25 °C; mca=0.5 ¢

Table 6: Kinetic constants of pseudo first and second order models.

bpAC ACB
R? 0.7229 0.6065
ki (min?) 0.0621 0.0533
Pseudo-first order Qe.exp (MY.g™) 70.6596 64.1105
Qe.cal (MY.gY) 16.3987 11.1942
e 179.5423 250.1403
R? 0.9995 0.9998
Pseudo-second order | Kz (9-mg™.min) 0.01824 0.02734
ge exp (mg.g?) 70.6596 64.1105
Qe.cal (MY 70.9219 64.1025
1 0.00097 9.8872*10°

In the case of the pseudo-first order kinetics, equilibrium adsorption determined experimentally (Qe,exp)
is different from that calculated (ge ca). On the other hand, the equilibrium adsorbed quantity determined
experimentally is closer to the one calculated using the pseudo-second-order kinetic model, which
confirms that the modeling of the pseudo-second-order kinetics for the 2,4-DMP adsorption is
acceptable. In addition, the high values of the R? coefficient of determination obtained by the pseudo-
second-order model (R?=1) (Table 7) confirmed its applicability for the description of the experimental
data. Comparative statistical analyzes were performed between the two models (Table 3). In fact,
optimization practices require an error analysis to examine the compatibility of the proposed model with
the experimental results. Thus, chi-square (¥?) was used to illustrate the quality of the kinetic data
adjustment, expressed in equation 6 [48,49]. 2 measures the goodness of fit between the experimental
and calculated equilibrium adsorption capacity.
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Xz _ (Qe,exp - Qe,cal)z

Qe,cal

% values of the pseudo-second-order model should be the lowest. This model is able to describe
experimental data perfectly. Adsorption is therefore controlled by chemisorption [50,51]. Similar results

have been obtained by other authors [51-53].

3.5. 2,4-DMP adsorption isotherm on bpAC and ACB

Langmuir and Freundlich isotherm models have been chosen to describe equilibrium data. The
acceptability and adequacy of the isotherm equation to the equilibrium data were compared using the
correlation coefficient R2. Figure 4 presents experimental data and the representations of Langmuir and

Freundlich models of bpAC (A) and ACB (B).
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Figure 4: Experimental data and representations of Langmuir and Freundlich isotherms models of bpAC (A) and ACB (B)

in synthetic solution: [2,4-DMP]o = (0 to 1000 mg.I"%); V = 100 ml; pH; =5.3; T=25°C; mca=0.1¢g

The amount of adsorbed pollutant increases with the equilibrium concentration. In fact, the increase in
the concentration induces the elevation of the driving force of the concentration gradient, therefore the
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increase of the diffusion of the 2,4-DMP molecules in solution through the surface of the activated
carbons [45-47,50-53]. The adsorption isotherms of phenolic compounds do not show a plateau at a
high equilibrium concentration [54]. According to the IUPAC classification [43], isotherms can be
described, in the range of the concentrations studied, by a type Il isotherm. This isotherm is characteristic
of most activated carbons with a wide pore distribution, favoring multilayer adsorption. The study on
the adsorption of 2,4-DMP on zeolites, conducted by Aboussaoud indicated adsorption in monolayer
[1]. From the Langmuir and Freundlich linear transforms, maximum capacities values and adsorption
constants were deduced (Table 7). bpAC and ACB show good adsorption capacity of 2,4-DMP
comparable to other activated carbon results. The R? values obtained show that the Freundlich model,
typical of multilayer adsorptions, correctly represents the adsorption isotherm of 2,4-DMP at 25 °C,
which can be explained by the micro-mesoporous properties of activated carbons: several layers of
adsorbate can be superposed inside this type of pores. Concerning Freundlich constants, the high value
of n (2 < n < 10) indicates a stronger adsorption interactions between adsorbate and adsorbent [55,56].

Table 7: Constants of Langmuir and Freundlich adsorption isotherms of 2,4-DMP at 25 °C.

Synthetic solution | Wastewater spiked with 2,4-DMP

CAR CAB CAR CAB

R? 0.96 0.93 0.91 0.98

Langmuir | Ke(kmg?) 0.02 0.03 0.08 0.02

gm (Mg.g?Y) 227.3 169.5 192.3 238.1

R? 0.99 0.98 0.98 0.97

Freundlich | Kg(mg.g™(l.mg?1)¥") 26.8 19.7 323 17.9
n 2.9 2.8 2.9 2.2

3.6. Application to a wastewater spiked with 2,4-DMP

This study was carried out with a wastewater sampled from the domestic sewage treatment plant of
Nailloux (Occitanie, France). This effluent was spiked with 2,4-DMP to evaluate bpAC and ACB
efficiency in complex medium. The operating conditions were the same as those applied for the study
of the synthetic water and its characteristics are detailed in table 8.

Table 8: Characteristics of the effluent sampled from the domestic sewage treatment plant of Nailloux [8].

H 8
BOD?(mgo2I?) 2
CODb (mgoz,l'l) 30
Ammonium (mgn.I?) 0.9
Nitrogen kjeldahl (mgnI?) 2.1
Nitrates (mg.I") 15
Nitrites (mg.I"?) 0.5
Total phosphorus (mg.I?) 0.3
IC (mg.I"Y) 79

aBiochemical Oxygen Demand; "Chemical Oxygen Demand.
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Compare to the adsorption in synthetic solution, 2,4-DMP adsorption capacity seems higher in real
solution than in synthetic solution (Table 7). It is possible that this improvement in solute retention is
due to reactions with organic material adsorbed on the activated carbon. Some authors have already
noted similar phenomena [57]. Another explanation for this phenomenon could come from the fact that
the wastewater used in this study contains nitrite ions (Table 8). Patnaik and Khoury have shown that
the simple contact of nitrite ions with phenolic wastewater under ambient conditions, even at trace
concentrations, can form nitrophenols [58]. However, it has been shown that the adsorption of phenolic
compounds decreases in the following order: nitrophenol > chlorophenol > aminophenol > cresol >
phenol [59]. In fact, the higher the electron-attracting group in the aromatic ring, the greater the
adsorption capacity of the activated carbons. Electrostatic interactions and hydrogen bonding between
the activated carbon surface and solute molecules explain these adsorption data [59,60]. More the
withdrawing substituent electron is high in the aromatic ring, the greater the adsorption capacity of the
phenolic compound is large [59]. Experimental data and the representations of Langmuir and Freundlich
isotherms models are shown in Figure 5.
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Figure 5: Experimental data and representations of Langmuir and Freundlich isotherms models of bpAC (A) and ACB (B)
in wastewater spiked with 2,4-DMP: [2,4-DMP]o = (0 to 1000 mg.I"); V = 100 ml; pHi = 5.3; T=25 °C; mca=0.1g
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Conclusion

This study focused on the preparation of activated carbons made from agricultural waste: borassus palm
tree and bamboo stems. The technique for preparing these activated carbons has shown that only the
activating agent has an effect on their adsorption capacities. The performances of the two activated
carbons with the best iodine number and methylene blue adsorption (bpAC and ACB) were evaluated
through Kinetic studies and isotherm adsorption of 2,4-DMP, a molecule chosen as a model pollutant,
both in synthetic solution and in wastewater spiked with 2,4-DMP. These activated carbons showed
good adsorption performance of 2,4-DMP with maximum capacities ranging from 169 to 227 mg.g* in
a synthetic solution and from 192 to 238 mg.g™ in a wastewater spiked with 2,4-DMP. Kinetic data are
well represented by a pseudo-second-order model. The Freundlich model has described with good
precision.

References

1. W. Aboussaoud, M.-H. Manero, J.-S. Pic, H. Debellefontaine, Combined ozonation using alumino-
silica materials for the removal of 2,4-dimethylphenol from water, Ozone: Sci. Eng. 36(3) (2014)
221-228, https://doi.org/10.1080/01919512.2014.883273.

2. G.W. Holcombe, G.L. Phipps, J.T. Fiandt, Effects of phenol, 2,4-dimethylphenol, 24-
dichlorophenol, and pentachlorophenol on embryo, larval, and early-juvenile fathead minnows
(Pimephales promelas), Arch. Environ. Contam. Toxicol. 11(1) (1982) 73-78,
https://doi.org/10.1007/BF01055189.

3. J.P. Ghosh, K.E. Taylor, J.K. Bewtra, N. Biswas, Laccase-catalyzed removal of 2,4-dimethylphenol
from synthetic wastewater: Effect of polyethylene glycol and dissolved oxygen, Chemosphere,
71(9) (2008) 1709-1717, https://doi.org/10.1016/j.chemosphere.2008.01.002.

4. EPA, Ambient water quality criteria for 2,4-Dimethylphenol, Office of Water. Washington, DC.
EPA 440-5-80-044, (1980).

5. EPA, Identification of organic compounds in effluents from industrial sources, Prepared for U.S.
Environ. Prot. Agency. Versar, Inc., Springfield, Virginia, (1975).

6. D. Batabyal, A. Sahu, S. K. Chaudhuri, Kinetics and mechanism of removal of 2, 4-dimethylphenol
from aqueous solutions with coal fly ash, Sep. Technol. 5 (1995) 179-186,
https://doi.org/10.1016/0956-9618(95)00124-7.

7. M. Trapido, Y. Veressinina, R. Munter, Advanced oxidation processes for degradation of 2,4-dichlo-
and 2,4-dimethylphenol, J. Environ. Eng. 124(8) (1998) 690-694.

8. A.T.S. Konan, R. Richard, C. Andriantsiferana, B. Yao, M.-H. Manero, Low-cost activated carbon
for adsorption and heterogeneous ozonation of phenolic wastewater, Desalin. Water Treat. 163
(2019) 336346, https://doi.org/10.5004/dwt.2019.24479.

9. R. Munter, M. Trapido, Y. Veressinina, A. Goi, Cost Effectiveness of Ozonation and AOPs for
Aromatic Compound Removal from Water: A Preliminary Study, Ozone: Sci. Eng. 28(5) (2006)
287-293, https://doi.org/10.1080/01919510600893875.

10. E.F. Mohamed, C. Andriantsiferana, A.M. Wilhelm, H. Delmas, Competitive adsorption of
phenolic compounds from aqueous solution using sludge-based activated carbon, Environ. Technol.
32(11-12) (2011) 1325-1336, https://doi.org/10.1080/09593330.2010.536783.

11. N. Chaouch, Utilisation des sous-produits du palmier dattier dans le traitement physico-chimique
des eaux polluées, Université El Hadj Lakhdar de Batna, (2014).

12. R.W. Coughlin, F.S. Ezra, Role of surface acidity in the adsorption of organic pollutants on the
surface of carbon, Environ. Sci. Technol. 2(4) (1968) 291-297, doi.org/10.1021/es60016a002.

Konan et al., J. Mater. Environ. Sci., 2020, 11(X), pp. 1584-1598 1595



13. F. Rodriguez-reinoso, The role of carbon materials in heterogeneous catalysis, Carbon, 36(3)
(1998) 159-175, https://doi.org/10.1016/S0008-6223(97)00173-5.

14. H.-H. Tseng, M.-Y. Wey, Y.-S. Liang, K.-H. Chen, Catalytic removal of SO,, NO and HCI from
incineration flue gas over activated carbon-supported metal oxides, Carbon, 41(5) (2003) 1079—
1085, https://doi.org/10.1016/S0008-6223(03)00017-4.

15. S. Wong, N. Ngadi, I.M. Inuwa, O. Hassan, Recent advances in applications of activated carbon
from biowaste for wastewater treatment: A short review, J. Clean. Prod. 175 (2018) 361-375,
https://doi.org/10.1016/j.jclepro.2017.12.059.

16. Y. Chen, Y. Zhu, Z. Wang, Y. Li, L. Wang, L. Ding, X. Gao, Y. Ma, Y. Guo, Application studies
of activated carbon derived from rice husks produced by chemical-thermal process—A review, Adv.
Colloid Interface Sci. 163(1) (2011) 39-52, https://doi.org/10.1016/j.cis.2011.01.006.

17. M.A. Yahya, Z. Al-Qodah, C.W.Z. Ngah, Agricultural bio-waste materials as potential sustainable
precursors used for activated carbon production: A review, Renew. Sust. Energ. Rev. 46 (2015) 218—
235, https://doi.org/10.1016/j.rser.2015.02.051

18. X. Tan, S. Liu, Y. Liu, Y. Gu, G. Zeng, X. Hu, X. Wang, S. Liu, L. Jiang, Biochar as potential
sustainable precursors for activated carbon production: Multiple applications in environmental
protection and energy storage, Bioresour. Technol. 227  (2017) 359-372,
https://doi.org/10.1016/j.biortech.2016.12.083

19. Abdoulaye Demba N’diaye, Modeling of adsorption isotherms of dyes onto various adsorbents: A
Short, Review Arab. J. Chem. Environ. Res. 05 (2018) 42-51

20. P. Gonzalez-Garcia, Activated carbon from lignocellulosics precursors: A review of the synthesis
methods, characterization techniques and applications, Renew. Sust. Energ. Rev. 82 (2018) 1393
1414, https://doi.org/10.1016/j.rser.2017.04.117.

21. S. Renou, J.G. Givaudan, S. Poulain, F. Dirassouyan, P. Moulin, Landfill leachate treatment:
Review  and opportunity, J. Hazard. Mater. 150(3) (2008)  468-493,
https://doi.org/10.1016/j.jhazmat.2007.09.077.

22. M. Vaverkova, D. Adamcové, Can Vegetation Indicate a Municipal Solid Waste Landfill’s Impact
on the Environment?, Pol. J. Environ. Stud. 23(2) (2014) 501-5009.

23. K. Pyrzynska, Removal of cadmium from wastewaters with low-cost adsorbents, J. Environ. Chem.
Eng. 7(1) (2019) 102795, https://doi.org/10.1016/j.jece.2018.11.040.

24. A.A. Ahmad, B.H. Hameed, Effect of preparation conditions of activated carbon from bamboo
waste for real textile wastewater, J. Hazard. Mater. 173(1) (2010) 487-493,
https://doi.org/10.1016/j.jhazmat.2009.08.111.

25. A. Reffas, V. Bernardet, B. David, L. Reinert, M.B. Lehocine, M. Dubois, N. Batisse, L. Duclaux,
Carbons prepared from coffee grounds by H3POs activation: Characterization and adsorption of
methylene blue and Nylosan Red N-2RBL, J. Hazard. Mater. 175(1) (2010) 779-788,
https://doi.org/10.1016/j.jhazmat.2009.10.076.

26. ASTMD D4607-94, Standard test method for determination of iodine number of activated carbon,
(n.d.).

27. 0.S. Mamane, A. Zanguina, I. Daou, |. Natatou, Préparation et caractérisation de charbons actifs a
base de coques de noyaux de Balanites Eagyptiaca et de Zizyphus Mauritiana, J. Soc. Ouest-Afr.
Chim. 41 (2016) 59-67.

28. CEFIC, Test methods for activated carbon, (1989).

29. AWWA, Powdered Activated Carbon, (2010).

Konan et al., J. Mater. Environ. Sci., 2020, 11(X), pp. 1584-1598 1596



30. I. Langmuir, The adsorption of gases on plane surfaces of glass, mica and platinum., J. Am. Chem.
Soc. 40 (1918) 13611403, https://doi.org/10.1021/ja02242a004.

31. H. Freundlich, Over the adsorption in solution, J. Phys. Chem. 57 A (1906) 385-470.

32. P.L. Bishop, Pollution Prevention: Fundamentals and Practice, Waveland Pr Inc, (2004).

33. J. Goel, K. Kadirvelu, C. Rajagopal, V. Kumar Garg, Removal of lead (Il) by adsorption using
treated granular activated carbon: Batch and column studies, J. Hazard. Mater. 125(1-3) (2005)
211-220, https://doi.org/10.1016/j.jhazmat.2005.05.032.

34. E. Assidjo, B. Yao, E. Akou, G. Ado, Optimisation of the treatment conditions of cocoa butter in
order to reduce non-quality, J. Chemom. 19(10) (2005) 543-548, https://doi.org/10.1002/cem.953.

35. A. Kumar, H.M. Jena, Preparation and characterization of high surface area activated carbon from
Fox nut (Euryale ferox) shell by chemical activation with HsPOj4, Results in Phys. 6 (2016) 651—
658, https://doi.org/10.1016/j.rinp.2016.09.012.

36. R.C. Bansal, M. Goyal, Activated Carbon Adsorption, CRC Press, (2005).
https://www.crcpress.com/Activated-Carbon-Adsorption/Bansal-Goyal/p/book/9780824753443.
37. M. Kilic, E. Apaydin-Varol, A.E. Pitin, Adsorptive removal of phenol from aqueous solutions on
activated carbon prepared from tobacco residues: Equilibrium, kinetics and thermodynamics, J.

Hazard. Mater. 189(1) (2011) 397-403, https://doi.org/10.1016/j.jhazmat.2011.02.051.

38. M. Gueye, Y. Richardson, F.T. Kafack, J. Blin, High efficiency activated carbons from African
biomass residues for the removal of chromium (V1) from wastewater, J. Environ. Chem. Eng. 2(1)
(2014) 273-281, https://doi.org/10.1016/j.jece.2013.12.014.

39. J. Kazmierczak-Razna, B. Gralak-Podemska, P. Nowicki, R. Pietrzak, The use of microwave
radiation for obtaining activated carbons from sawdust and their potential application in removal of
NO: and HzS, Chem. Eng. J. 269 (2015) 352—358, https://doi.org/10.1016/j.cej.2015.01.057.

40. M. Smith, S. Ha, J.E. Amonette, I. Dallmeyer, M. Garcia-Perez, Enhancing cation exchange
capacity of chars through ozonation, Biomass Bioenerg. 81 (2015) 304-314,
https://doi.org/10.1016/j.biombioe.2015.07.012.

41. M. Danish, T. Ahmad, A review on utilization of wood biomass as a sustainable precursor for
activated carbon production and application, Renew. Sust. Energ. Rev. 87 (2018) 1-21,
https://doi.org/10.1016/j.rser.2018.02.003.

42. M. Benadjemia, L. Milliére, L. Reinert, N. Benderdouche, L. Duclaux, Preparation,
characterization and methylene blue adsorption of phosphoric acid activated carbons from globe
artichoke leaves, Fuel Process. Technol. 92(2011)1203-1212, doi.org/10.1016/j.fuproc.2011.01.014

43. K.S.W. Sing, D.H. Everett, RAW. Haul, L. Moscou, R.A. Pierotti, J. Rouquérol, T.
Siemieniewska, Reporting physisorption data for gas/solid systems with special reference to the
determination of surface area and porosity, Pure Appl. Chem. 57(4) (1985) 603-6109.

44.Y. Shi, K.J. Davis, C.J. Duffy, X. Yu, Development of a coupled land surface hydrologic model
and evaluation at a critical zone observatory, J. Hydrometeor. 14(5) (2013) 1401-1420,
https://doi.org/10.1175/JHM-D-12-0145.1.

45. N.-E. Fayoud, S. Younssi, S. Tahiri, A.A. Albizane, Etude cinétique et thermodynamique de
I’adsorption de bleu de méthyléne sur les cendres de bois (Kinetic and thermodynamic study of the
adsorption of methylene blue on wood ashes), J. Mater. Environ. Sci. 6 (2015) 3295-3306.

46. J.S. Zogorski, S.D. Faust, J.H. Haas, The kinetics of adsorption of phenols by granular activated
carbon, J. Colloid Interface. Sci. 55(2) (1976) 329-341, https://doi.org/10.1016/0021-
9797(76)90041-2

Konan et al., J. Mater. Environ. Sci., 2020, 11(X), pp. 1584-1598 1597



47. Md. Ahmaruzzaman, Adsorption of phenolic compounds on low-cost adsorbents: A review, Adv.
Colloid Interface Sci. 143(1-2) (2008) 48—67, https://doi.org/10.1016/j.cis.2008.07.002.

48. A.S. Assemian, K.E. Kouassi, K. Adouby, P. Drogui, D. Boa, Removal of Methylene Blue in
aqueous solutions by Electrocoagulation process: Adsorption, Kinetics, studies, Eur. J. Chem. 9(4)
(2018) 311-316, https://doi.org/10.5155/eurjchem.9.4.311-316.1736.

49. A.K. Nayak, A. Pal, Development and validation of an adsorption kinetic model at solid-liquid
interface using normalized Gudermannian function, J. Mol. Liq. 276 (2019) 67-77,
https://doi.org/10.1016/j.molliq.2018.11.089.

50. K.S. Low, C.K. Lee, S.C. Liew, Sorption of cadmium and lead from aqueous solutions by spent
grain, Process Biochem. 36(1) (2000) 5964, https://doi.org/10.1016/S0032-9592(00)00177-1.

51. M. Masomi, A.A. Ghoreyshi, G.D. Najafpour, A.R.B. Mohamed, Adsorption of phenolic
compounds onto the activated carbon synthesized from pulp and paper mill sludge: equilibrium
isotherm, Kinetics, thermodynamics and mechanism studies, 1JE Transactions A: Basics, 27(10)
(2014) 1485.

52. S. Larous, A.-H. Meniai, The use of sawdust as by product adsorbent of organic pollutant from
wastewater:  adsorption  of phenol, Energy Procedia, 18 (2012) 905-914,
https://doi.org/10.1016/j.egypro.2012.05.105.

53. W.P. Cheng, W. Gao, X. Cui, J.H. Ma, R.F. Li, Phenol adsorption equilibrium and kinetics on
zeolite X/activated carbon composite, J. Taiwan Inst. Chem. E. 62 (2016) 192-198,
https://doi.org/10.1016/j.jtice.2016.02.004.

54. F. Deniz, S.D. Saygideger, Investigation of adsorption characteristics of Basic Red 46 onto gypsum:
Equilibrium, kinetic and thermodynamic studies, Desalination, 262(1) (2010) 161-165.
https://doi.org/10.1016/j.desal.2010.05.062.

55. R.E. Treybal, Mass-transfer operations, Third Edition, (1981).

56. O. Hamdaoui, E. Naffrechoux, Modeling of adsorption isotherms of phenol and chlorophenols onto
granular  activated carbon, J. Hazard. Mater. 147(2) (2007) 381-39,
https://doi.org/10.1016/j.jhazmat.2007.01.021.

57. R. Guillossou, Elimination des micropolluants organiques dans les eaux résiduaires urbaines par
adsorption sur charbon actif : compréhension des processus et implications opérationnelles., (2019),
http://www.theses.fr/s164048.

58. P. Patnaik, J.N. Khoury, Reaction of phenol with nitrite ion: pathways of formation of nitrophenols
in environmental waters, Water Res. 38(1) (2004) 206-210,
https://doi.org/10.1016/j.watres.2003.08.022 .

59. 0. Adam, A. Al-Dujaili, Adsorption of phenolics from aqueous solution on activated carbon: effect
of  molecular  structure, J.  Al-Nahrain University, 10(2) (2008)  7-12,
https://doi.org/10.22401/JNUS.10.2.02

60. K. Sunil, K.S. Jayant, Adsorption for Phenol Removal-A Review, IJSER, 1(2) (2013) 2347-3878.

(2020) ; http://www.jmaterenvironsci.com

Konan et al., J. Mater. Environ. Sci., 2020, 11(X), pp. 1584-1598 1598


http://www.jmaterenvironsci.com/

