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ABSTRACT

The adsorption of trimellitic and pyromellitic acids has been performed onto synthesized
polyaniline (PANi) by chemical oxidative polymerization. Different parameters that influence
the adsorption processes (pH, temperature, ratio solid/liquid, initial concentration, and
contact time) had been examined. Adsorption kinetic study indicates a great adjustment with
pseudo-second-order kinetic model. The equilibrium data were best fitted by Langmuir
isotherm model. The maximum monolayer adsorption capacities are 67.4 and 94.5 mg/g for
trimellitic and pyromellitic acids, respectively. Comparison of the adsorption capacities indi-
cates that increasing the number of carboxylic functional groups promotes adsorption on the
PANIi. Thermodynamic parameters (AH®, AS®, and AG®) indicate that the adsorption is sponta-
neous and endothermic in nature. The calculations of chemical quantum parameters were
performed for optimized molecular structures using the AM1 and MINDO semi-empirical

methods. The theoretical data were well correlated with the experimental results.

Keywords: ~ Adsorption; Polyaniline; Polycarboxy-benzoic acids; Quantum chemical

calculations

1. Introduction

The problem of wastewater contamination by
various pollutants, such as humic acids, dyes, pesti-
cides, heavy metals, etc., has become a major concern
for a number of years. The toxicity of these pollutants
presents significant risks to either of the ecosystem or
human health, which requires the effective use of
treatment processes capable of extracting harmful
elements [1,2].

*Corresponding author.

Humic substances constitute a major fraction of
natural organic matter (NOM); they exist in natural
water with high concentrations, giving the water a
yellow-brown color. Humic and fulvic acids have a
strong complexing power vis-a-vis metal ions [3-5].

NOM exist in aquatic ecosystems with concentra-
tions ranging of organic carbon between 0.5 and
100 mg/L. It undergoes biological, chemical, and
photochemical transformations and generally produces
carboxylic acids of low molecular weight, such as
benzene polycarboxylic acids and polyhydroxy
benzene polycarboxylic acids. These acids behave as
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surfactants due to their functional groups [6-9]. The
removal of such compounds in industrial wastewater
is important because they are widely produced and
used as intermediate reactants in the fabrication of
resins, plasticizers, dyes, printing inks, and polymers;
also, the elimination of this compound from natural
water in purification stations can be of interest
because they constitute model pollutants originating
from biodegradation of biomass [10]. In order to
remove these pollutants, several separation techniques
can be used to treat wastewater or polluted water:
chemical precipitation, ion exchange, biosorption,
adsorption [11-13]. In this work, we chose the adsorp-
tion as an effective decontamination technique.

The influence of chemical compounds molecular
structure on their reactivity is of great interest in vari-
ous fields of chemistry. For this, it is necessary to use
quantum chemistry calculations to study the electronic
structure and energy to interpret experimental results.
The adsorption of the organic compounds is the yield
of the molecular structure of the adsorbate and the
adsorbent; therefore, it is useful to confirm these
characteristics theoretically.

The objective of this study was the elimination of
two humic acid derivatives (Fig. 1): Trimellitic
(1,2,3-benzene tricarboxylic acid) and pyromellitic
(1,2,4,5-benzene tetracarboxylic acid) acids by adsorp-
tion, both compounds being known as toxic herbi-
cides. For this, we have made a systematic study of
the effect of different parameters that influence the
adsorption phenomenon on the polyaniline (PANi):
pH, temperature, contact time, adsorbent dose, and
adsorbate initial concentration.

To complete the experimental study, we performed
theoretical calculations using two semi-empirical
methods of quantum chemistry: Austin Model 1
(AM1) and Modified Neglect of Differential Overlap
(MNDO) methods implemented in the MOPAC 2012
software. We can also deduce the effect of structural
and energetic parameters of studied systems on their
chemical reactivity.

(a) COOH COOH

(b)

HOOC
COOH COOH

COOH COOH

Fig. 1. Chemical structure of adsorbates: (a) trimellitic acid
and (b) pyromellitic acid.
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2. Materials and methods
2.1. Reagents and solutions

Aniline (C¢H7N), the commercial product used, is
distilled before its polymerization. The oxidizing agent
is sodium persulfate hexahydrate (Na,5,0g-6H,0).

The solutions of the two trimellitic (CoHsO4) and
pyromellitic (C;0HgOg) acids with respective molar
masses of 210.14 and 254.16 g/mol are prepared from
solid trimellitic and pyromellitic acids dissolved in
distilled water.

2.2. Preparation of adsorbent

The chemical synthesis of the PANi is achieved by
using the oxidant (Na,OgS,-6H,0) in hydrochloric acid
(1 M), with a molar ratio of monomer/oxidant =1/2
(Fig. 2). The mixture was stirred magnetically for two
hours at room temperature. The obtained product
(dark green) was then washed with distilled water to
remove traces of monomer and oligomers, then with
ethanol to remove oxidant traces. Finally, the polymer
was oven-dried at 65°C for 3 h [14,15].

2.3. Method of analysis

The samples, collected after adsorption, are filtered
through filters of 0.45 um porosity. The concentrations
were measured using a UV/visible spectrometer
(JENWAY 6405). The absorption maximum wave-
lengths of trimellitic and pyromellitic acids are 210
and 215 nm, respectively. The adsorption efficiency
and adsorbed quantity are calculated by the following
Egs. (1) and (2):

The adsorbed quantity : Q. = (Co — Ce)V/m (mg/g)
M

The adsorption efficiency : R(%) = (Co — Ce)100/Co
()

Co and C. are, respectively, the initial and equilibrium
concentrations (mg/L). V/m: volume/support mass

(L/g).

2.4. Quantum chemical calculations

The theoretical approach carried out aims to
explain the experimentally observed phenomena dur-
ing adsorption of trimellitic and pyromellitic acids on
the PANi. It would also contribute to the establish-
ment of an adsorption mechanism.
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Fig. 2. Oxidative polymerization reaction of aniline.

Quantum chemical parameters and geometric
structures of the studied acids have been optimized
using the AM1 and MNDO methods implemented in
the MOPAC 2012 software and the Davidon Fletcher-
Powell algorithm with the “PRECISE” option [16-18].
The semi-empirical methods (AM1 and MNDO) were
chosen because they are well adapted to the calcula-
tion of the quantum parameters of medium or large
molecular systems [19].

The application of frontier molecular orbital theory
is an effective way to interpret the reactivity of mole-
cules based on information of the energies and coeffi-
cients of their molecular orbital [20-23]. In fact, the
reactivity of a system is based on the interaction
between its frontier molecular orbitals to know the
highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO). In this
regard, the stability of the formed systems (adsorbent-
adsorbate) depends essentially on the gap energy
AEg.p = Enomo—ErLumo.  The  interaction  energy
increases gradually as the energy difference between
the frontiers molecular orbital decreases.

3. Results and discussion

Elimination of trimellitic and pyromellitic acids by
adsorption on the PANI is achieved by evaluating the
effect of various parameters on the retention capacity,
such as pH, temperature, the ratio: mass of the sup-
port/volume of the solute, kinetics, and adsorption
isotherms.

3.1. Effect of adsorbent dose

To study the effect of the ratio: weight of the
PANi/volume of the solute, the initial concentration
of the adsorbate is set at 10 mg/L in a solution of a
volume of 150 mL. The mass of the PANi is varied
between 0.01 and 0.25 g for a contact time of 60 min.
Adsorption is based on the transfer of matter from the
liquid to the solid state. The adsorbent mass has a
substantial effect on the adsorption performance.
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Examination of Fig. 3 shows an increase in the adsorp-
tion efficiency with the mass of the PANi. This can be
explained by the increase of available adsorption sites
of trimellitic and pyromellitic acids. The optimal ratios
(m/V) are 0.67 g/L for trimellitic acid and 0.20 g/L
for pyromellitic acid. In the remainder of this work,
we use optimal (m/V) ratios for each system.

3.2. Kinetic study

The adsorption kinetics allows describing the reac-
tion rates and determines the contact time set to
achieve saturation of the support. Thus, we followed
trimellitic and pyromellitic acids adsorption kinetics to
an initial concentration of 10 mg/L, with ratios (mass
of support)/(volume of the solute) for trimellitic and
pyromellitic acids of 0.67 and 0.20 g/L, respectively.

To determine the optimal contact time and the
adsorbed quantities at equilibrium, an adsorption
study is performed by varying the contact time
between 5 and 360 min (Fig. 4).

100 _— -— s
80 -
c
K] —O— Trimellitic acid
e 60 ~ —— Pyromellitic acid
]
2
) 40 |
20
0 T T T T
0.0 0.5 1.0 1.5 2.0

Adsorbent dose (g/L)

Fig. 3. Effect of adsorbent dose on the adsorption of trimel-
litic and pyromellitic acids on the PANi. Experimental
conditions: Cy = 10 mg/L; t = 60 min; T = 25°C at pH 6.
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Fig. 4. Effect of contact time on the adsorption of trimellitic
and pyromellitic acids on the PANi. Experimental condi-
tions: Cp=10mg/L; Rpma =0.67 g/L; Rpma =020 g/L;
T =25°C at pH 6.

The results obtained show that the adsorption of
pollutants is performed in two stages:

(1) A rapid stage in which an increase in the
retention capacity of trimellitic and pyromel-
litic acids by PANi observed during the first
minutes of solid/liquid contact. This increase
is the result of the occupation of free active
sites. In fact, the transfer of the adsorbate mole-
cules to the outer surface of the adsorbent is
important as long as the solution concentration
is large.

(2) A second stage which shows saturation plateau
after contact of 60 min.

We also note that Q. (trimellitic acid) < Q.
(pyromellitic acid). This can be justified by the large
number of carboxylic groups substituted on the
aromatic ring in the case of pyromellitic acid.

Several kinetic models, namely pseudo-first-order,
pseudo-second-order, and intraparticle diffusion mod-
els have been used for their validity with the experi-
mental adsorption results for the trimellitic and
pyromellitic acids on the PANi.

Kinetic pseudo-first-order model with linear
expression (Fig. 5(a)) is expressed by the Eq. (3) [24]:

In(Qc— Q) = mQ.— Kyt 3)

Kinetic pseudo-second-order model with linear expres-
sion (Fig. 5(b)) is given by the following Eq. (4) [25]:

t/Qi = 1/KQ* + t/Qe @)
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Fig. 5. The pseudo-first-order (a), pseudo-second-order (b),

and intraparticle diffusion (c) kinetic plot for adsorption of
trimellitic and pyromellitic acids on the PANi.

Intraparticle diffusion model with linear expression
(Fig. 5(c)) is given by Weber Morris [26] (Eq. (5)):

Q= Kt'?+ C )
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where Kj, K, and K is the constant of pseudo-first-
order (min~"), pseudo-second-order, (g/mg min) and
intraparticle diffusion (mg/g min'/?), respectively.

The values of different kinetic parameters are
summarized in Table 1. The values of correlation
coefficients (R*) for the second-order kinetic model
were greater than 0.997 for trimellitic and pyromellitic
acids, indicating the applicability of the second-order
kinetic model to describe the adsorption process of
studied adsorbates on the PANi. Besides, the experi-
mental adsorbed quantities (Q. (trimellitic acid)
=147 mg/g and Q. (pyromellitic acid) =48.5m/g)
are close to the theoretical values obtained by the
pseudo-second-order model (Q. (trimellitic acid)
=16.39 mg/g and Q. (pyromellitic acid) = 52.63 mg/¢g).
Based on the values of the kinetic constants K, the
retention rate of the two adsorbates is quite fast.

3.3. Effect of initial pH

The investigation of the influence of solution pH
on the adsorption efficiency of trimellitic and pyromel-
litic acids on PANI is carried out in a pH range of
2-12. It is recalled that the pH of the solutions of the
two studied pollutants with the same initial concentra-
tion 10 mg/L was adjusted by NaOH or HCl (1 M).
The mass of the adsorbent is 0.1 g for trimellitic acid
and 0.03 g for pyromellitic acid in a solution volume
of 150 mL.

The experimental results in Fig. 6 highlight three
distinct areas:

(1) pH <5, where there is a low capacity of PANi
to fix adsorbates. This can be justified by the
partial deprotonation of the carboxylic func-
tions (Fig. 7). The functional groups which are
not deprotonated are not adsorbed by the
PANIi, thereby reducing the rate of adsorption.
The partial deprotonation occurs by the follow-
ing reactions [27,28].

Table 1
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Fig. 6. Effect of pH on the adsorption of trimellitic and
pyromellitic acids on the PANi. Experimental conditions:
CO =10 mg/L, RTMA =0.67 g/L, RPMA =0.2 g/L, t = 60 min
at T =25°C.

(2) 5<pH <9, wherein the adsorption efficiency
reaches a value of 94%, all the carboxylic func-
tions of the two pollutants are deprotonated
(Fig. 7).

pH > 9: adsorption efficiency decreases for the
two adsorbates. This is due to the relatively
significant competition between conjugate
bases of trimellitic and pyromellitic acids and
excessive OH™ ions on one hand. On the other
hand, it is due to the transformation of the
emeraldine salt (conductive form) to the emer-
aldine base (insulating form); in highly basic
conditions [29].

3)

3.4. Effect of temperature

For examining the temperature influence on the
adsorption of the trimellitic and pyromellitic acids
onto PANi, we vary the temperature of the solution

Kinetic parameters for the adsorption of trimellitic and pyromellitic acids on the PANi

Kinetic models Constants Trimellitic acid Pyromellitic acid
Kinetic pseudo-first-order R? 0.988 0.994

Qe (mg/g) 9.235 31.125

Ky (min™h) 0.095 0.072
Kinetic pseudo-second-order R? 0.998 0.997

Q. (mg/g) 16.39 52.63

K,(g/mg min) 0.0131 0.0036
Intraparticle diffusion R? 0.414 0.589

kp (mg/g min'/?) 0.24 0.949

C 11.24 34.92
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Fig. 7. Deprotonation reactions and pK, values of trimel-
litic and pyromellitic acids.

by means of a thermostatic bath keeping the other
parameters constant. The obtained results are shown
in Fig. 8. Adsorbed amounts are practically constant
when the thermal agitation increases in the tempera-
ture range studied.
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3.5. Adsorption isotherms

The adsorption isotherms were determined by
varying the initial concentrations from 10 to 200 mg/L
with a support dose of 0.67 g/L for trimellitic acid
and 0.2 g/L for the pyromellitic acid in room tempera-
ture for a contact time of 60 min. Fig. 9 shows the
variation of the adsorbed amount based on the initial
concentration of the two adsorbates studied. Accord-
ing to the results, we note that the adsorbed quantities
of the two adsorbates increase with the initial concen-
tration. This may be due to the increase of the amount
of adsorbate molecules in the vicinity of the support
which increases the probability of an adsorbent-adsorbate
encounter and also increases the attractive forces
between the positively charged active sites of the sup-
port and the negatively charged carboxylic functional
groups of the adsorbates. In addition, the intergranu-
lar diffusion of the adsorbate increases with initial
concentration. The variation of the adsorbed amount
depending on the initial concentration ends by a sat-
uration stage reflecting the almost full utilization of
the energy active sites.

The linear functions of models of adsorption
isotherms are expressed by the following Egs. (6)—(9):

The Langmuir isotherm model [30,31] expressed as
Eq. (6):

Ce/Qe = 1/I<LQm + Ce/Qm (6)

where Kj, is the constant of Langmuir; C. is residual
concentration in the solution at adsorption equilibrium
(mg/L); Q. and Q,, are equilibrium and maximum
adsorbed quantities (mg/g).

‘ Il Pyromellitic acid [_] Trimellitic acid

100

80 -

60 -

% Adsorption

40 -

20 -

25 30 35 40 45
Temperature (°C)

Fig. 8. Effect of temperature on the adsorption of trimellitic
and pyromellitic acids onto PANi. Experimental condi-
tions: Co=10mg/L; Rrma =0.67g/L; Rpma=02g/L;
t = 60 min at pH 6.



15182

100 -

G

=2

£

"; ] —m— Pyromellitic acid

9 40 —O— Trimellitic acid
20

0 T T T T T T T
0 10 20 30 40 50 60 70 80

C. (mglL)

Fig. 9. Effect of initial concentration on the adsorption of
trimellitic and pyromellitic acids on the PANi. Experimental
conditions: Rrypa =0.67 g/L; Rpma =0.20 g/L; t =60 min;
T =25°Cat pH6.

Ry (dimensionless) is the separation factor, with
RL = l/(l + KLCO)

The value of Ry, indicates the type of isotherm to
be irreversible (R; =0), favorable (0 <Ry <1), linear
(Rp = 1), or unfavorable (R, > 1).

The Freundlich isotherm equation [32] is given as:

InQ. = InK¢+ 1/n¢nC, @)

where K is the Freundlich constant represents the
relative adsorption capacity of the adsorbent and
represents the degree of dependence of adsorption on
the equilibrium concentration of adsorbates.

The linear expression of Temkin isotherm model
[33] is shown below:

Q.=BlnK;+BnC, ®)

where Kt and B are constants of Temkin.

The Generalized isotherm [33] is an empirical
model and can be linearized in logarithmic form as
follows:

In(Qm/Qe— 1) = InK =N, In C, 9)

where K and Ny, are constants of saturation and coor-
dination bond, respectively.

The linear plots of the models of Langmuir, Fre-
undlich, Temkin, and Generalized are presented by
Fig. 10.
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Fig. 10. The Langmuir (a), Freundlich (b), Temkin (c), and
Generalized (d) adsorption isotherms of trimellitic and
pyromellitic acids on the PANi.
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Table 2

15183

Langmuir, Freundlich, Temkin, and Generalized isotherm model parameters and correlation coefficients for adsorption of

trimellitic and pyromellitic acids on the PANi

Isotherms Constants Trimellitic acid Pyromellitic acid
Langmuir R? 0.999 0.998
K, 0.933 0.357
Om (mg/g) 71. 43 100
Ry, 0.005-0.096 0.027-0.218
Freundlich R? 0.574 0.941
K 37.554 54.707
ng 6.802 7.751
Temkin R? 0.634 0.919
Kr 229.9 450.3
B 7.135 9.054
Generalized R? 0.764 0.853
K 1.053 0.854
p 0.729 0.567
adsorption of two adsorbates on the PANi seems to
a5 ] follow the Langmuir model. This indicates that the
' ®m Pyromellitic acid adsorbent surface is energetically uniform and there
4.0 4 . O_Trimellitic acid are no interactions among adsorbed molecules. Also,
354 & ————=— =0 0 a each molecule occupies a specific site until the forma-
u .
0] | . tion of a monolayer [31]. Thus, we can see that the
Z 25 - maximum monolayer adsorption quantities obtained
5 ' © o by the Langmuir isotherm (Qp, theo (Trimellitic acid)
2.0 =7143mg/g and Qmrhéo (Pyromellitic acid)
1.5 =100 mg/g), are very close to those obtained experi-
10 mentally (Qmexp (Trimellitic acid) = 67.4 mg/g and
Qmexp (Pyromellitic acid) = 94.5 mg/g). Also the value
051 of the separation factor Ry is between 0 and 1 (validity
0.0 - - - - - range) for the two adsorbates. This strengthens the
0.00315  0.00320  0.00325  0.00330  0.00335 b .
AT (FK) validity of the Langmuir model.

Fig. 11. Arrhenius plots for adsorption of trimellitic and
pyromellitic acids on the PANi. Experimental conditions:
Co=10mg/L; Ratm = 0.67 g/L; Rapm = 0.2 g/L; t = 60 min
at pH 6.

Correlation coefficients (R?), the adsorbed quanti-
ties, and constants of the four models of adsorption
isotherms are summarized in Table 2.

Based on the results of Table 2, the correlation
coefficients are close to 1, and as a result, the

Table 3

3.6. Adsorption thermodynamics

Thermodynamic parameters (K4, AH®°, AS°, and
AG") related to the adsorption reaction of trimellitic

and pyromellitic acids at equilibrium are represented
by the Egs. (10)-(12) (Fig. 11) [34,35].

InKq = AS°/R — AH°/TR (10)

where R (8.314 ]/mol K) is the perfect gas constant,
and T is the absolute solution temperature (Kelvin).

Thermodynamic parameters for adsorption of trimellitic and pyromellitic acids on the PANi

AG® (K] /mol)

Adsorbates AH" (k] /mol) AS° (J/mol K) 298 K 303 K 308 K 313 K 318 K
Trimellitic acid 3.28 32.6 -6.33 -7.36 —6.06 —6.34 =7.72
Pyromellitic acid 9.89 61.4 —8.63 —8.36 —8.99 —-9.73 —9.48
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Fig. 12. Proposed mechanism for the adsorption of trimellitic and pyromellitic acids on the PANi.



M. Laabd et al. | Desalination and Water Treatment 57 (2016) 15176-15189 15185

o)
C
H

Fig. 13. Optimized molecular structures of (a) trimellitic and (b) pyromellitic acids.

Table 4

Net atomic charges of trimellitic and pyromellitic acids calculated by the AM1 and MNDO methods.

AM1 MNDO

Number Atom Trimellitic acid Pyromellitic acid Trimellitic acid Pyromellitic acid

1 C —-0.128 -0.038 —0.131 -0.021

2 C —0.075 —0.054 0.025 0.015

3 C —0.102 —0.038 —0.105 —0.023

4 C —0.051 —0.038 —0.010 -0.021

5 C —0.089 —0.054 —0.030 0.015

6 C —0.062 —0.038 0.009 —0.023

7 C 0.336 0.351 0.370 0.377

8 O —0.280 —0.298 —0.294 —-0.295

9 O —0.276 —0.333 —0.275 —0.331

10 C 0.342 0.351 0.364 0.378

11 O —0.287 -0.307 —0.289 —0.291

12 O —0.266 —0.332 —0.272 —0.338

13 C 0.343 0.351 0.375 0.378

14 O —0.326 -0.307 —0.329 —0.291

15 O —0.328 —0.332 —0.303 —0.338

16 C - 0.351 - 0.377

17 O - -0.298 - —0.295

18 O - —0.333 - —0.331

The distribution constant K is calculated using The standard free enthalpy is calculated by (12)

the equation : Ky = C,V/mC, (11) the equation : AG° = — RTInKjy

C; and C. are, respectively, the retained and equilib- From the results of Table 3, the positive values of the
rium concentrations of the adsorbate. standard enthalpy AH® show the endothermic nature
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The quantum chemical parameters (frontier molecular orbitals) of the trimellitic and pyromellitic acids calculated by the

AM1 and MNDO methods

Methods Acids Eriomo (eV) Erumo (eV) AErumo-tomo (eV)
AM1 Trimellitic -11.358 -1.875 9.483

Pyromellitic -11.768 —-2.404 9.364
MNDO Trimellitic -10.838 —1.497 9.341

Pyromellitic -10.736 —1.480 9.256

for both studied acids. The values of standard free
enthalpy at different temperatures are negative
(AG"<0) demonstrating a spontaneous adsorption
phenomenon. We also note that AG® (pyromellitic
acid) < AG” (trimellitic acid) at different temperatures.
This means that the adsorption of the pyromellitic
acid is more favorable than that of trimellitic acid. The
low positive values of adsorption entropy AS® of
trimellitic and pyromellitic acids indicate randomness
in the solid-liquid interface [36,37]. The values of AG®
range between —20 and 0 kJ/mol. This suggests that
the adsorption mechanism of trimellitic and pyromel-
litic acids on PAN] is a physisorption type [38]. Fig. 12
illustrates the proposed mechanism for this physical
adsorption. The intermolecular interactions between
the polycarboxy-benzoic acids and the PANi are elec-
trostatic attractions between polar functional groups of
the adsorbate (carboxylate functions) and the nitrogen
heteroatom of the PANi. Two adsorption modes are
possible:

(1) Horizontal adsorption when the lateral interac-
tions between molecules are low,

(2) Vertical adsorption when the adsorption com-
petition between the adsorbate and the solvent
is insignificant [39].

4. Theoretical study

In this study, quantum chemical calculations were
conducted by the AM1 and MNDO methods by opti-
mized geometries of the studied compound. This is to
support experimental data and to investigate the rela-
tionship between molecular structure of the polycar-
boxy-benzoic acids and their adsorption efficiency.
Fig. 13 represents the optimized structures of trimel-
litic and pyromellitic acids.

The distribution of the atomic charge is used as an
important index of the chemical reactivity of the
molecules. The electric charge of the molecules is
responsible for the electrostatic interactions between
the adsorbate and the adsorbent. The analysis of the
electronic data in Table 4 shows a very high charge

density on the oxygen atoms and electron deficiency in
carbon atoms in both studied molecules for AM1 and
MNDO methods. This explains that the adsorption on
the surface of the PANi (positively charged) occurs
through the oxygen atoms. The electronic density of the
pyromellitic acid is greater compared to that of trimel-
litic acid. This indicates that the increased number of
carboxylic functional groups results in an increase of
the total charge density of the molecule, therefore
increasing the adsorption efficiency.

Calculations of net charges of trimellitic acid show
negative charges of Oy4 and O;5 larger than that of the
other oxygen atoms. The corresponding carboxylic
group would be more favorable to adsorption com-
pared with other carboxylic groups. In the contrary,
pyromellitic acid (symmetric molecule) shows similar
carboxylic groups. This was taken into consideration in
the adsorption mechanism proposed above (Fig. 12).

Table 5 shows the calculated energetic parameters
for both studied benzene polycarboxylic acids by the
AM1 and MNDO methods. From the results of Table 5,
we note that the energy difference (AEgomo-rLumo)
between the HOMO and LUMO decreases from the
trimellitic acid to the pyromellitic acid. This leads to
the transfer of the electrons which becomes easier with
a decrease in the energy gap (AEpomo-Lumo); thus,
the adsorption efficiency increases. These results also
indicate that the charge transfer of the adsorbate to
the adsorbent has taken place during the adsorption
on the surface of the PANi.

Based on data of quantum parameters (HOMO,
LUMO, and AEpomo-Lumo), chemical reactivity of the
pyromellitic acid is greater than that of trimellitic acid.
So we can expect better adsorption performance of
pyromellitic acid. This is confirmed experimentally by
the retained quantities of the adsorbates: Qmax
(Pyromellitic acid) > Qmax (trimellitic acid).

5. Conclusions

The study of the adsorption of trimellitic and
pyromellitic acids in aqueous solution on the PANi in
static mode reveals the following conclusions:
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The retained amount of the adsorbates
increases with the adsorbent dose and gener-
ates an increase in active sites involved in the
adsorption process;

For a pH <5: The adsorption is weak; this is
due to the small amount of deprotonated car-
boxylic groups in accordance with pK, values;
For the pH range comprised between 5 and 9:
The adsorption is maximized, as a result car-
boxylic groups are completely deprotonated;
As for pH>9: There is a decrease in the
adsorption efficiency. The excess of OH™
ions enter in direct competition with the conju-
gate bases (trimellitates and pyromellitates);
The influence of temperature on the adsorption
of pollutants on PANi is practically negligible;
The kinetic models plots show that the adsorp-
tion kinetics respond better to the pseudo-
second-order model;

The thermodynamic study shows that the
adsorption processes are endothermic and
spontaneous in nature;

The study of the retention mechanism of the
two adsorbates shows a better fit to the model
of Langmuir;

The adsorption is promoted by the increase
number of functional carboxylic groups
involved in the adsorption process of the stud-
ied compounds (Q,, (trimellitic acid) < Qu
(pyromellitic acid));

The data obtained from quantum chemical
calculations (electronic charge density and
frontier molecular orbital) using the AM1 and
MNDO methods showed better agreement
with the experimental results.

List of Symbols

AM1

Co
Ce
AE

AG®

HOMO

AH®

K
Ky

K>

Kq

Austin Model 1

initial concentrations (mg/L)
equilibrium concentrations (mg/L)
energy gap (eV)

standard free enthalpy of adsorption
(KJ/mol)

highest occupied molecular orbital
standard enthalpy of adsorption
(KJ/mol)

constant of saturation

rate constant for pseudo-first-order
kinetic model (min™!)

rate constant of pseudo-second-order
kinetic model (g/mg min)
distribution constant (L/g)
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K¢ — Freundlich constant represents the
relative adsorption capacity of the
adsorbent (mg/g)

Ky — constant of Langmuir related with the
energy of the adsorption (L/mg)

Ky — rate constant of intraparticle diffusion
kinetic model (mg/g min'/?)

Kr and B — constants of Temkin

LUMO — lowest unoccupied molecular orbital

MNDO — modified neglect of differential overlap

Ny — constant of coordination bond

n¢ — constant of Freundlich represents the
degree of dependence of adsorption on
the equilibrium concentration of
adsorbates

NOM — natural organic matter

PANi — polyaniline

Pyromellitic =~ — 1,2,4,5-benzene tetracarboxylic acid

acid

Qe — amount adsorbed at equilibrium
(mg/g)

Om — maximum adsorbed quantity (mg/g)

Q: — amount adsorbed at any time ¢ (mg/g)

R (8.314 — perfect gas constant

J/mol K)

Ry — separation factor

Rema — ratio (m/V) for pyromellitic acid (g/L)

Rrma — ratio (m/V) for trimellitic acid (g/L)

AS® — entropy of adsorption (J/mol K)

Trimellitic — 1,2,3-benzene tricarboxylic acid

acid
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