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Abstract

Orange flavedo and its adsorption behavior towards catechol (Ctc) and resorcinol (Res) were studied. Adsorption experiments were con-
ducted in batch mode at room temperature. X-ray diffraction (XRD), Scanning electron microscopy (SEM), Energy-dispersive X-ray
spectroscopy (EDX), Brunauer—Emmett—Teller (BET) and Fourier transform infrared (FTIR) data were used to characterize the bio-
sorbent. The Effects of various parameters including equilibrium pH, sorbent dosage, initial adsorbate concentration and contact time
were investigated. The optimum contact time and pH for the removal of Ctc and Res were 35 min and pH 2 respectively. The adsorption
isotherms fitted well with Freundlich model, the adsorption of Ctc and Res being multilayer and the surface of orange flavedo heteroge-
neous; the pseudo-second order kinetic model better reflects the adsorption phenomena. An adsorption mechanism based on the mole-
cules grafted to the surface of the orange flavedo is proposed in this study. 0.2 gram of the biosorbent was sufficient to completely elimi-
nate 2.2 milligrams of resorcinol and catechol from solution. Therefore, non-modified orange flavedo is a promising candidate, as a low-
cost biosorbent, for the removal of Ctc and Res from aqueous solution.
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1. Introduction

Orange is one of the most consumed fruits in the world. 50 million
tons are produced annually, Brazil being leader with over 18 mil-
lion tons. After extracting the juice, orange peels are discarded.
Estimated at 25 million tons per year, the orange peels are a per-
fect example of lost resource. Yet, they contain more ascorbic acid
(vitamin C) and more active compounds (D-limonene, hesperidin,
naringin, auraptene ...) than the juice and the pulp [1]. The citrus
peel consists of the white albedo which contains the primary vas-
cular system of the fruit, the colored outer flavedo which contains
oil glands and pigments, and the epidermal layer which contains
stomatal guard cells and is covered by the cuticle [2], a thin “3 pm
for citrus fruit” continuous polymer that plays a pivotal role in the
growth and storage of citrus fruit [3,4]. Stomatal pores and flavedo
components (ascorbates, flavonoids, terpenoids, pectines etc) give
the orange peels interesting surface properties. The stomatal pores
also act as a site for penetration of organisms and chemicals into
the fruit. Many of these pores become plugged with wax but many
remain functional [3]. In this study we focus on the external part
of the orange peels (flavedo) whose cuticle is the main barrier
through which exchanges are made between the orange and water,
gases and various pollutants including Catechol (Ctc) and resor-
cinol (Res).

Ctc and Res are found in the effluents of industries such as textile,
paper and pulp, steel, petrochemical, petroleum refinery, pharma-
ceutical, cosmetic, dye etc and in the wastewater of synthetic coal
fuel conversion process [5], [6]. The toxicity of Ctc towards mi-
croorganisms, animals and human cell lines has been reported [7-
9]. Although Ctc is more toxic than Res [7], [10], both are consid-
ered as the primary pollutants in wastewater due to their low bio-
degradability, high oxygen demand, and high toxicity [5], [9].

In this study, the orange flavedo is applied to the removal of Ctc
and Res in solution. Before this, spectroscopic and micrographic
analyzes of the biosorbent were made to offer an adsorption
mechanism that takes into account the functional chemical groups
of the outer orange peels.

2. Materials and method

2.1. Preparation and characterization of the biosorbent

2.1.1. Adsorbent from orange peel (flavedo)

Fresh oranges from Nigeria (improved variety) were purchased
from Mokolo market in Yaoundé city, Cameroon, washed with
running water to remove the soluble impurities, peeled with a
sharp knife, ensuring that the flavedo was not harvested alongside
the albedo. Peelings (flavedo), once washed and rinsed with dis-
tilled water were dried under the sun, then in an oven at 60 °C for
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48 h before being crushed in a grinding mill and sieved. Orange
peels of particle size less than 250 um designated EVACSO were
stored in plastic bags for subsequent analyzes. The chemical
treatment of EVACSO with sodium hydroxide, nitric acid, metha-
nol and acetone leads to less satisfactory yields. For this reason,
the biomaterial was used in its natural state to remove Ctc and Res
in solution.

2.1.2. Characterization of orange flavedo (EVACSO)
2.1.2.1. Determination of pHpzc

The point of zero charge (pHpzc) is the pH at which the adsorbent
is neutral in aqueous suspension. It was determined following the
procedure given by Lopez-Ramon [11].

2.1.2.2. BET analysis

The Brunauer—Emmett—Teller (BET) specific surface area of the
samples was determined by nitrogen adsorption at 77 K with a
Micromeritics instrument, Gemini Model 2380.

2.1.2.3. SEM analysis

Scanning Electron Microscopy (Phillips XL 30, Netherlands) im-
ages were taken to know the surface morphology of EVACSO.

2.1.2.4. EDX analysis

Energy dispersive X-ray spectroscopy (EDX) helped to determine
the elementary composition of the orange flavedo.

2.1.2.5. XRD analysis

X-ray powder profiles were collected using a Bruker D5005 X-ray
diffractometer equipped with sealed Cu-Ko radiation source (A =
1.54184 A).

2.1.2.6. FTIR analysis

Fourier Transform Infrared (FTIR) spectroscopy is a helpful tool
in identifying the presence of certain functional groups on the
surface of a solid. The biosorbent was analyzed using a FTIR
Bruker Alpha-P spectrophotometer.

2.2. Preparation of Ctc and Res

Stock solutions of Ctc and Res (500 mg.Lt) were obtained by
dissolving known amounts of Ctc and Res in hydrogen peroxide-
water mixture (1/5 v/v). Several dilutions were made later in the
same conditions.

2.3. Optimization of Ctc and Res adsorption on
EVACSO

The adsorption experiments were conducted in batch mode by
mechanical agitation at room temperature. 50 mg of EVACSO of
particle size less than 250um were introduced into a flask contain-
ing 15 mL of Ctc or Res at the concentration 150 mg.L. The
mixture was stirred for 35 min and after filtration, Ctc and Res
were analyzed using a UV/Vis spectrophotometer Jenway 6715, at
the wavelengths 279 nm and 269 nm respectively. Similar assays
were performed by varying the contact time, pH, adsorbent dosage
and the initial concentrations of Ctc and Res. Adsorption percent-
age (%R) and amount (Qe) adsorbed were obtained from equa-
tions (1) and (2) respectively.
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Co (mg.L1) and Ce (mg.LY) are respectively the initial concentra-
tion and the equilibrium concentration of Ctc and Res, m (mg) is
the mass of the adsorbent and V (L) is the volume of the solution.

2.3.1. Effect of contact time

In ten bottles of 25 mL each were introduced 0.050 g of EVACSO
and 15 mL of 150 mg.L"! sorbate. The mixtures were shaken at a
constant speed and filtered at regular time intervals: 5-120 min.
The filtrate was then analyzed by UV-Vis spectrophotometry to
determine the residual concentration of Ctc and Res. The equilib-
rium time is obtained graphically by plotting quantity adsorbed at
time t (Q) against time (t).

2.3.2. Effect of pH

The approach is the same as previously but at variable pH in the
range from 2-11 and after a contact time of 35 min. The pH of the
medium is adjusted using nitric acid 0.1M or sodium hydroxide
0.1M. The optimum pH is obtained graphically by plotting quanti-
ty adsorbed (Qads) against pH.

2.3.3. Effect of initial concentration

50 mg of EVACSO were added to various solutions of Ctc and
Res (50 — 210 mg.L™"), the pH of the medium adjusted to 2 for an
optimal contact time of 35 min.

2.3.4. Effect of the absorbent dosage

The optimal dosage of EVACSO at a given concentration of Ctc
or Res is obtained by keeping constant the previously optimized
parameters and by varying the mass of EVACSO (0.06 — 0.18 g).

2.4. Kinetics adsorption studies

Kinetic studies were carried out at constant concentration of Ctc
and Res (150 mg.L?) and constant mass of EVACSO (50 mg).
The mixture was stirred vigorously at increasing time interval, and
then filtered and the adsorbate residue determined. To fit experi-
mental data, a number of kinetic models were used. These are:

2.4.1. Pseudo-first order kinetic model

The Lagergren pseudo-first order model [12] is the earliest known
equation describing the adsorption rate based on the adsorption
capacity. The differential equation is generally expressed a fol-
lows:

4Q _ _
L -K.(Q. Q) ®)
Qe (mg.gt) and Q: (mg.g) being the adsorption capacity at equi-
librium and at time t respectively and K1 (min) the rate constant
of pseudo-first order adsorption. After integration, equation (3)
becomes equation (4):

In(Q.-Q,)=INQ, —K¢ &)
2.4.2. Pseudo-second order kinetic model

The characteristic equation of this model [13] is given by equation

(5):

dQ, AV
dT_Kz(QE Qt) (5)

Better expressed as:
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K2 being the rate constant for the pseudo-second order adsorption
(9.mgt.min").

2.4.3. The Elovich kinetic model

The Elovich kinetic equation is expressed as equation (7):

dd% = exp™ (7

Where a (mg.gt.mint) and B (g.min) are the initial adsorption
rate and the desorption constant respectively. Once integrated,
equation (7) becomes equation (8):

Q, :%In(aﬂ)+%lnt (8)

2.4.4. Intraparticle diffusion model

The intraparticle diffusion has often been regarded as the limiting
step of most adsorption processes. The equation that better reflects
the phenomenon is the following:

Q =K, t*+C ©)

Where Q: (mg.g™) and Ky are the instantaneous amount of adsorb-
ate per unit gram of adsorbent and the diffusion constant respec-
tively. C is a constant giving an idea about the thickness of the
boundary layer.

2.5. Batch equilibrium experiments (adsorption experi-
ments)

The adsorption isotherms derived from empirical models help to
determine the type of interaction (chemisorption or physisorption)
which leads to the adsorption of a molecule on the surface of a
solid. Models commonly used are that of Langmuir, Freundlich
and Temkin.

2.5.1. The Langmuir isotherm

The Langmuir isotherm model ensures a fixation of the adsorbate
in a single layer on uniform sites and in a limited number of the
adsorbent, without the possibility of transmigration of the adsorb-
ate in the plane of the surface [14]. Equation (10) gives the linear
form of the characteristic equation of this model:

C
C._ C. 10
Q. QK. Q (10

Where Qe (mg.g?) is the amount of adsorbate (Ctc or Res) ad-
sorbed per unit mass of adsorbent (EVACSO), Ce (mg.L?) the
equilibrium concentration of the adsorbate, Qm (mg.g™?) and K.
(L.mg1) are the monolayer adsorption capacity and the Langmuir
adsorption constant respectively.

2.5.2. The freundlich isotherm
The Freundlich isotherm, based on adsorption on a heterogeneous

surface [15] is characterized by the following equation

InQ. =InK, +£InCE (11)
n

Where Kk is a constant related to the adsorption capacity and % is

an empirical parameter related to the adsorption intensity, which
varies with the heterogeneity of the material [16]. If the value of

1. L .
= is below one, it indicates a normal adsorption.
n

2.5.3. The temkin isotherm

The following equation is a fundamental characteristic of the
Temkin model [17]:

Q. -Q. %In K.C, (12)

Where Qe is the amount adsorbed at equilibrium, Kr the equilibri-
um constant and AQ the heat of adsorption. The linear form of this
equation is:

RT RT
Q. *QWE”‘KT *QmEmCE (13)

By plotting Qe = f (InCe), one obtains a straight line whose slope
and intercept make it possible to determine the heat of adsorption
AQ and the equilibrium constant Kr.

3. Results and discussion

3.1. Characterization of the adsorbent material

(EVACSO)

3.1.1. The point of zero charge (pHpzc)

The pH of zero charge EVACSO is 4.72. Thus, when the pH of
the medium is less than 4.72, the surface charge of the biomaterial
is generally positive. Under these conditions, the EVACSO-Ctc
and EVACSO-Res interactions are attractive through hydrogen
bond formation or covalent bond formation.

When the pH is higher than 4.72, the surface charge is negative
and interactions become repulsive.

3.1.2. BET analysis

Table 1 indicated the BET surface area of some natural bio-
sorbents. It should be noted that the surface area of orange flavedo
(0.72 m2.g%) is the same as that of the sawdust, but significantly
higher than that of the rice husk.

Table 1: Specific Surface Area of Some Natural Sorbents

Sorbent BET surface area (m%.g?) Reference
Peat 1.02 [18]
Sawdust 0.72 [18]
Bagasse 1.67 [18]
Rice husk 0.24 [18]
Orange flavedo 0.72 This study

3.1.3. SEM analysis

The morphology of EVACSO was characterized using scanning
electron microscopy (SEM). Fig. 1 shows the SEM micrograph of
EVACSO, revealing the irregular and porous surface of the sam-
ple used. This confirms similar observations by Arami et al. [19]
and Mafra et al. [20].
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3.1.4. EDX analysis

The bulk composition of EVACSO was investigated by energy
dispersive X-ray (EDX) measurements. The EDX spectrum ob-
tained is shown in Fig. 2. The atomic and weight percentages of
the agricultural waste material are summarized in table 2, with
carbon and oxygen being the most abundant elements by weight.

2 4 GkelV

Cursor=
ert=205 Windowr 0,005 - 40.955= 11,293 ent

Fig. 2: EDX Spectrum of EVACSO.

Table 2: Elemental Analysis of EVACSO

Element wWt% At%

K 12.867 26.834
(0] 20.585 17.568
C 55.788 35.741
Al 2.035 2.928
Si 2.693 4.034
Ca 6.032 12.895

3.1.5. XRD analysis

EVACSO was further characterized by powder X-ray diffraction
(XRD). The diffractogram obtained is depicted by Fig. 3. The
diffused diffraction peaks around 20° corresponds to the amor-
phous structures of carbon [21]. The absence of any ordered crys-
talline structure is confirmed.

Ww

* Fig. 3: XRD Spectrum of EVACSO.
3.1.6. FTIR analysis

Fourier transform infrared (FTIR) spectroscopy was used to iden-
tify the functional groups present in EVACSO. The FTIR spec-
trum obtained in the 4000-400 cm™ spectral region is shown in
Fig. 4 and the band assignments summarized in table 3. The broad
band at the high energy region centered around 3293.32 cm™ is
assigned to O-H stretching vibrations (flavanone aglycones and
their respective glycosides, vitamin C, hydroxycinnamic acids).
The peak at 2923.33 cm corresponds to the C-H stretching of
methyl (limonene...) and methylene moieties (aglycones and gly-
cosides) while the band at 1736.75 cm® can be assigned to C=0
stretching vibrations (flavanone aglycones and glycosides, vitamin
C, hydroxycinnamic acids). The adsorption bands around 529 cm-!
can be attributed to Si-O bending vibrations.

0.30+
0.25-
0.20
0.154
0.10-
0.05
0.00+

4000

Absorbance units

3000 2000 1000
Wavenumber (cm™)

Fig. 4: FTIR Spectrum of EVACSO.

Table 3: Characteristic Infrared Bands of EVACSO

Wavenumber (cm™?) Assignment
3293.32 vO-H
2923.33 vC-H
1736.75 vC=0
1605.42 vC=C
1415.58 8asC-H
1367.52 3,C-H
1330.86 & CH,
1264.29 vAryl-OH
1011.70 vC-O
613.86 5 C=0
529.00 5 Si-O

v: stretching, 8: bending, 3,5: asymmetrical bending, &s: symmetrical bend-
ing

3.2. Adsorption experiments
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3.2.1. Effect of contact time

The adsorption of Res and Ctc occurs in two steps (Fig. 5). The
first step which is rapid occurs in less than 10 min and the quantity
adsorbed for both was 15 mg.g. Indeed, the adsorbent adsorption
sites are uncongested at this stage: no obstacles that may hinder
the diffusion of molecules Ctc and Res. After 35 min, the second
step occurs with a maximum adsorbed quantity of 25 mg.g™. At
this stage, the repulsive forces between the adsorbed molecules
and molecules in solution become important. This phenomenon
has been described by many authors [22], [23].

25 kKR kK *
s =—m—m—N ]
* ././.
20 */l/
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£ L0 / —+— Ctc
o
5-
0 T T T T T T
0 10 20 30 40 50 60
t (min)

Fig. 5: Effect of the Contact Time on the Adsorption of Res and Ctc by
EVACSO. Test Conditions: 15 Ml of 150 Mg.L *analyte, 50 Mg of Adsor-
bent, Stirring Speed 125 Rev/Min, Room Temperature.

3.2.2. Effect of pH on Ctc and Res adsorption

The pH is an important parameter in the adsorption because it acts
both on the surface charge of the adsorbent and on the adsorption
medium; it significantly influences the interactions (repul-
sive/attractive) that take place between adsorbate and adsorbent,
and between adsorbate molecules [24]. It is at pH 2 (very acidic
pH) that the adsorption of Ctc and Res is optimal (Fig. 6). Indeed,
when the pH increases, while the adsorbent surface charge be-
comes negative (pH > pHzec), Ctc and Res become phenolates
(catecholate, resorcinolate). Electrostatic repulsion between ad-
sorbent and adsorbate then become paramount.

30 =
25- 4 e
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Fig. 6: Effect of Ph on the Adsorption of Res and Ctc by EVACSO. Ex-
perimental Conditions: 15 Ml of 150 Mg.L* Analyte, 50 Mg of Adsorbent,
Stirring Speed 125 Rev/Min, Contact Time 35 Min, Room Temperature.

3.2.3. Effect of adsorbent dosage

At a given concentration of analyte, the adsorption efficiency in-
creases with the adsorbent dosage (Fig. 7). The more the mass of

adsorbent increases, the more the binding sites of the adsorbate
become important, and the best is adsorption efficiency. However,
100 mg of EVACSO are enough to completely eliminate the Res
in solution. It takes more (160 mg) to adsorb catechol at about
93%. Fig.7 shows that below 60 mg of adsorbent added, Ctc is
more adsorbed than Res but above, Res is more adsorbed than Ctc.

100' ./.“.“.“.‘.
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Fig.7: Effect of the Adsorbent Dosage on the Adsorption of Res and Ctc
by EVACSO. Experimental Conditions: 15 MI Of 150 Mg.L? Analyte, Ph
2, Stirring Speed 125 Rev/Min, Contact Time 35 Min, Room Temperature.

3.2.4. Effect of initial adsorbate concentration

The adsorption of Ctc and Res on orange flavedo increases with
the concentration (Fig. 8). In the range of concentrations studied,
the maximum adsorption capacity of the biosorbent is 27.5 mg.g™!
for Ctc and 34.4 mg.g™* for Res.

354 "
30 _/
- ®
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: S
o 101 '/
34
5- e
—9
o4=2, : : :
0 50 100 150 200
Conc (ppm)

Fig.8: Effect of the Initial Concentration on the Adsorption of Res and Ctc
by EVACSO. Experimental Conditions: 15 Ml of Analyte, 50 Mg of Ad-
sorbent, Ph 2, Stirring Speed 125 Rev/Min, Contact Time 35 Min, Room
Temperature.

3.2.5. Adsorption isotherms

Linear plots of the models of Langmuir, Freundlich and Temkin
are represented in Figs. 9-11. The values of correlation coeffi-
cients are significant for all models studied (R? > 0.9, table 4).
However, the Freundlich isotherm (R? = 0.993) and that of Lang-
muir (R? = 0.977) better reveal the adsorption phenomena of Res
on the surface of the orange flavedo (EVACSO). This is also the
case with Ctc (Langmuir, R? = 0.997; Freundlich, R? = 0.9896).
However the Freundlich model is to be consider as Langmuir Qm
values (16 mg.g-tfor Ctc and 4.47 mg.g-*for Res) are well below
the experimental values (34.4 mg.g* for Res and 27.5mg.g* for
Ctc). On the other hand, the n value of Freundlich is less than 1 in
both cases, indicating the physisorption of Ctc and Res. Since the
experimental data better obey the Freundlich isotherm and adsorp-
tion being physisorption type, it is probable that the adsorption of
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Ctc and Res is multilayer and the surface of flavedo heterogene-
ous. Other authors have argued in the same vein with orange peels
applied to chrome removal [25].

0.351 Q./C, = 0.01097 Q, + 0.04907)
R’ =0.9771
0.301
r.'; 0251 = Res .
= 0.204 e (Ctc
Uw QE/CE = 0.00351 QE + 0.0562)
;u 0.157 m  R>=0.9971 e
0.05 . i ' ' '
Q. (mg/g)

Fig. 9: Langmuir Isotherm Sorption Model. Experimental Conditions: 15
Ml of (60-180 Mg.L™) Analyte, 50 Mg of Adsorbent, Ph 2, Stirring Speed
125 Rev/Min, Contact Time 35 Min, Room Temperature.

3.5 InQ_= 1.79966 InC_ - 5.91258
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Fig. 10: Freundlich Isotherm Sorption Model. Experimental Conditions:
15 Ml of (60-180 Mg.L) Analyte, 50 Mg of Adsorbent, Ph 2, Stirring
Speed 125 Rev/Min, Contact Time 35 Min, Room Temperature.
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Fig. 11: Temkin Isotherm Sorption Model. Experimental Conditions: 15

MI of (60-180 Mg.L) Analyte, 50 Mg of Adsorbent, Ph 2, Stirring Speed
125 Rev/Min, Contact Time 35 Min, Room Temperature.

Table 4: Langmuir, Freundlich and Temkin Constants and Adsorption
Parameters

Adsorbent EVACSO
Isotherm Parameters Res Ctc
K. (L/mg) 0,01097 0,00361
. Qm (Mg/g) 4,473 16,011
Langmuir isotherm R, 0.3629 0.64
R? 0,9771 0,9971
Kr (L/mg) 0,00271 0,006
Freundlich isotherm 1/n 1,79966 1,59252
R? 0,9931 0,9896
Kt (L/g) 0,0178 0,250
Temkin isotherm AQ (J/mol) 107,163 205.047
R? 0,9489 0,8468

3.2.6. Adsorption mechanism

It appears that several barriers are erected during the development
of orange: cuticle (consisting of matrix and waxes) the outermost
part of the flavedo is the primary barrier; then the epidermal layer
that contains the stomatal guard cells (penetration sites of chemi-
cals and so forth), then the albedo, and finally the pulp that con-
tains the juice. Exchanges take place by crossing all these barriers.
In our case, Ctc and Res cross the barrier erected by the flavedo
cuticule, weakened in very acidic medium (pH = 2). These phe-
nols are then adsorbed in the pores of the stomata. Their chemi-
sorption is facilitated by the hydrogen and covalent bonds for-
mation with the molecules of flavedo which are phenolics (e.g.
flavonone glycosides, hydroxycinnamic acids), ascorbates (vita-
mine C), carotenoids [26-28], flavonoids Naringin and hesperidin
[29] and D-limonene, a major constituent in several citrus oils
(orange, lemon, mandarin, lime, and grapefruit) [30]. The adsorp-
tion of catechol and resorcinol could not be done without the con-
tribution of these surface molecules, adsorption which is usually
done in three steps: the transfer of the adsorbate to the outer sur-
face of the adsorbent (diffusion layer), the migration of the ad-
sorbate from the outer surface to the inner surface of the adsor-
bent, and the sorption of the adsorbate to the internal surface of
the pores of the adsorbent. The mechanisms we propose below
reflect the molecules on the surface of flavedo.

3.2.6.1. Mechanism involving limonene, main sensitizer of or-
ange peels

The outer layer of orange peel consists of numerous oil-containing
cells from which an oil of limonene, other terpenes, linalool, and a
resinous residue can be expressed [31]. The terpene, limonene, is
probably the principal sensitizer of orange peels. Its chemistry is
vast. Its action on the acids, bases, alcohols and other reagents is
described [32]. The reaction of limonene with phenols dates from
1922 [33], and the products have been patented as resins and lac-
quers. Products derived from this reaction could arise either by
aromatic substitution (Fig. 12), formation of phenol ether [34],
aromatic substitution followed by epoxidation if one refers to o-
cresol [35], further reaction giving polymers [36-37].

OH (3) R=Me R'=iPr
(4) R=iPr R'=Me
1) 2
Fig. 12: Terpene-Phenol Monomers (Aromatic Substitution (1), Formation
of Phenol Ether (2), Aromatic Substitution followed by Epoxidation (3)
and (4).
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3.2.6.1.1. Probable adsorption mechanism of Ctc and Res in-
volving limonene

Non-activated orange flavedo has the advantage of keeping all
functional groups present at its surface including limonene. The
action of acids on this terpene leads to a carbocation [34] which
rearranges as shown in Fig. 13. With this carbocation formed, the
attractive electrostatic forces between adsorbent-adsorbate are
prevailing. At this stage and by similarity to the phenol [34], there
would be aromatic substitution of Ctc/Res (6) and even limonene-
phenol ether formation (5) (Fig. 13). By analogy with o-cresol
[37] the compounds (7) and (8) are possible. One can also think of
the condensation of a hydroxy phenol (Ctc/Res) with 2 limonene
molecules (9). It appears that limonene is involved in the chemi-
sorption process of Ctc and Res by covalent bond formation (C-C

and C-O bonds).
OH
Acidic +2
medium OH
& aromatic substitution

limonene
\ phenol ether

“ OH
/
formation
+
HO OH

aromatic substitution
(0}
©)

and epoxidation
N ?
/\ .
limonene / O

(rearrangement of
Fig. 13: Likely Reactions of Limonene on Ctc and Res.

limonene carbons)

OH

R

(7) R=Me R'=iPr
) R=iPr R'=Me

3.2.6.2. Mechanism involving flavedo molecules having an OH
group (vitamin C, phenolic compounds, flavonoids, hy-
droxycinnamic acid): hydrogen bond formation

The common point of flavonoids, hydroxycinnamic acids and
ascorbic acid (vitamin C) contained in orange flavedo is that they
all have hydroxylated groups in impressive numbers (Fig. 14).

These form hydrogen bonds with the hydroxyl groups of Ctc and
Res (Fig. 15).
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Rz
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Fig. 14: Main Flavedo Components.

3.2.6.3. Mechanism involving the electron rich constituents of
flavedo (carotenoids, flavonoids, hydroxycinnamic acids): n-n
interactions.

Because Res and Ctc have benzene rings, it could be speculated
that the main intermolecular force between these two molecules
and the molecules of flavedo (flavonoids such as naringin and
hesperidin, carotenoids like p-Carotene, ascorbates as vitamin C,
and hydroxycinnamic acids) should be the n—= interaction (Fig.
15). The & electrons of benzene ring of Res and Ctc interact with
C=C double bonds or the n electrons of benzene rings of flavedo
molecules by means of n—n electron coupling. Jing et al. [38]
thought the same thing about the adsorption of bisphenol A by
graphene.
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Fig. 15: Schematic of Hydrogen Bonding and IT-I1 Interactions between Ctc and Flavedo Components.

Thus, we can expect that tree kinds of adsorbent—adsorbate inter-
actions might be responsible for the adsorption of Ctc and Res on
orange flavedo. One of the tree interactions is the n—x interaction
between the benzene rings of Ctc/ Res and the flavedo molecules.
The other is the attractive electrostatic interactions involving D-
limonene in acidic medium. The last but not the least is hydrogen
bonding between the oxygen containing groups contained in both
Ctc/Res and flavedo.

3.2.7. Kinetic modeling of Ctc and Res adsorption

Four kinetic models involved in this study are summarized in Figs.
16-19. Table 5 shows the values of the corresponding kinetic pa-
rameters. The pseudo-second order kinetic model perfectly de-

scribes the adsorption of Ctc on EVACSO (R? = 0.9980 and Qe =
27.2 mg.gY), very close to the experimental value (25.3 mg.g). It
is also the case of resorcinol (R? = 0.9985) although showing a
low Qe value (5.05 mg.g') compared to the experimental value
(23.8 mg.g1). The Elovich kinetic model (R? = 0.96) provides for
Res an adsorption coefficient significantly higher (o = 24.743
mg.gt.min"?) than the desorption coefficient (8 = 0.02322 mg.g"
L.min-1), indicating an attractive interaction between adsorbent and
adsorbate.

It should be noted that the factor which limits the adsorption of
Res is essentially the intraparticle diffusion, which is not the case
of Ctc (Fig. 19). All the above considerations are in favor of a
chemisorption of Res and Ctc in the inner surface of orange
flavedo [13].
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19: Linearized Intraparticle Diffusion Model Plots.

Table 5: Kinetic Constants and Parameters of Four Adsorption Kinetic
Models Involved in the Sorption of Ctc and Res Using EVACSO.

Adsorbent EVACSO
Kinetic models Parameters Res Ctc
K; (min?) 0.7541 0.16909
7 Qe (mg.g™h) 13.62 29.24
Pseudo-first order model R? 0.9794 0.9662
Kz (g.mint.mg™) 1.0165  0.0115
Qe (mg.g™h) 5.038 27.20
Pseudo-second order model ’ U el
h (mg.min™.g™) 25.80 8.524
a (mg.gt.min?) 24.743  41.905
. A B (g.mg?) 0.02322  0.2344
Elovich kinetic model R? 0.9569 0.8652
Kq (mg.gtmin®?) 18009  1.60872
. e C1 (mg) 11.8001 14.8969
Intraparticle diffusion model R? 0.8698 0.6663

4. Conclusion

Orange peels, a major source of nutrient-rich residues also have
important surface properties. In this study it is shown that they can
be applied to the removal of catechol and resorcinol in solution.
Surface molecules responsible for the adsorption of the two phe-
nols are mainly limonene, carotenoids, flavonoids and hy-
droxycinnamic acids. They are responsible for the sorption of
catechol and resorcinol by formation of hydrogen bonds and n- &
interactions, and by covalent bond formation with the limonene.
The adsorption is multilayer and the surface of flavedo heteroge-
neous. The kinetics are second order. The intraparticle diffusion is
the limiting factor for the adsorption of resorcinol, which is not the
case for catechol where other factors, in addition to the internal
diffusion are to be considered. These results revealed that orange
flavedo could be used as alternative low cost biosorbent for cate-
chol and resorcinol removal from aqueous solution.
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