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Abstract: The kinetics of photocatalytic degradation of aniline, 2-chloroaniline, and 2,6-dichloroaniline
in the presence of halloysite-TiO, and halloysite-Fe,O3; nanocomposites, halloysite containing natu-
rally dispersed TiO, Fe,Os3, commercial TiO;, P25, and «-Fe;O3 photocatalysts, were investigated
with two approaches: the Langmuir-Hinshelwood and first-order equations. Adsorption equilibrium
constants and adsorption enthalpies, photodegradation rate constants, and activation energies for
photocatalytic degradation were calculated for all studied amines photodegradation. The photodegra-
dation mechanism was proposed according to organic intermediates identified by mass spectrometry
and electrophoresis methods. Based on experimental results, it can be concluded that after 300 min
of irradiation, aniline, 2-chloro-, and 2,6-dichloroaniline were completely degraded in the presence
of used photocatalysts. Research results allowed us to conclude that higher adsorption capacity
and immobilization of TiO, and Fe;O3 on the halloysite surface in the case of halloysite-TiO, and
halloysite-Fe; O3 nanocomposites significantly increases photocatalytic activity of these materials in
comparison to the commercial photocatalyst: TiO,, Fe,O3, and P25.

Keywords: photodegradation; TiO,-, Fe;O3-halloysite nanocomposites; aniline; chloroanilines kinetics

1. Introduction

Aniline and its derivatives are toxic and hardly degradable environmental pollu-
tants [1-3]. Their widespread use in the world industry causes them to be found frequently
in both effluents and surface water [2-4]. Hence, these compounds are considered to be
an increasing threat to both the environment and human health. Aniline is classified as a
persistent organic pollutant by the European Economic Community and US Environmental
Protection Agency [5]. Therefore, it is important to use appropriate methods of removing
these compounds from wastewater. There has been a great interest in technology based on
the oxidation of the hazardous and refractory organic pollutants, by the use of advanced ox-
idation processes (AOPs) [6]. Hydroxyl radicals (HO®) as the principal agents responsible
for the oxidation of numerous organic contaminants are generated in AOPs with various
combinations of hydrogen peroxide, ozone, and ultraviolet light. Technology utilizing
illuminated semiconductors is commonly known as the heterogeneous photocatalysis [7,8].

The photodegradation of several aniline derivatives with the use of TiO, was suc-
cessfully applied by researchers [9-12]. Irradiation of TiO,(anatase) with wavelengths
A <400 nm (irradiation with sufficient energy to equal or exceed the band-gap of the semi-
conductor) in the presence of HyO and O,, adsorbed on the TiO; surface illustrates that
there are a number of processes in which the oxidative species such as HO® and O;°,
HO,*, and HyO; are generated. The radicals are immediately involved in secondary pro-
cesses in which organic pollutants adsorbed on the TiO, surface are oxidized [12]. Organic
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pollutants, which include aniline and its derivatives, absorb UV radiation and may be
photodegraded in the environment to form some poisonous intermediate products. Thus, it
is important to investigate photodegradation mechanisms of organic compounds in detail.
Heterogeneous photocatalysis employing TiO, and UV light is a promising route for the
degradation of persistent organic pollutants. In addition, it produces more degradable and
less-toxic substances [10,11].

The use of TiO, nanopowders in a solution is difficult due to the possibility of agglom-
eration of the photocatalyst and the problem with its recovery. Despite the fact that TiO; is
considered a material of very low toxicity [13], studies of the risk of using this material are
beginning to emerge [14]. TiO, nanoparticles can be released into the environment during
the production and the use and/or storage of materials containing this material [15]. For
this reason, the use of nanocomposites containing properly comminuted and immobilized
TiO, nanoparticles on the surface of an appropriate carrier prevents the release of these
nanoparticles into the environment [16]. Natural clay minerals are sufficient as carrier
materials due to their high specific surface area, large pore volumes, chemical stability,
good mechanical properties, availability, and low cost [17]. Clay minerals, such as kaolin-
ite, rectorite, hectorite, saponite, montmorillonite, palygorskite, allophane and imogolite,
have found application as carriers of TiO, nanoparticles, which allow us to obtain com-
posites with high photocatalytic activity and offer the possibility of easy separation of
the photocatalyst from the aqueous solution [18]. In the field of environmental catalysis,
halloysite-based nanocomposites have many advantages, such as simple recovery, high
yields and selectivities, and working in mild experimental conditions [19,20].

In our previous work, we prepared TiO,- and Fe;Os- halloysite nanocomposites
using acid-treated halloysite from Poland [21]. Chemical and phase composition, particle
morphology, and physical properties of these nanocomposites were characterized. We
proved the photocatalytic activities of these nanocomposites for aniline, 2-chloro-, and
2,6-dichloroaniline degradation under UV irradiation. The TiO,- and Fe,O3-halloysite
nanocomposites showed significantly higher photocatalytic activity in decomposing aniline
and its chlorine derivatives than that of the commercial photocatalysts TiO, and P25.

The main objective of the present study is an analysis of photodegradation kinetics for
aniline and its chlorine derivatives in aqueous solutions using UV /halloysite- TiO; and
halloysite-Fe,O3 systems. Also, a degradation mechanism of aniline and its derivatives is
proposed according to identified organic intermediates.

2. Results and Discussions
2.1. Kinetics

The mechanism of organic compounds photodegradation in the presence of TiO,
consists of three steps: adsorption of compound on the surface of TiO,, photodegradation
of organic pollutant on the surface, and desorption of products of photodegradation
from this surface [22]. The determination of organic compound photodegradation rate
constants requires the knowledge of the adsorption constants of this compound on the
photocatalyst surface.

In general, the kinetics of photocatalytic reactions of most organic compounds, in-
cluding aniline and chloroanilines, are described by pseudo first-order decay kinetics
rationalized in terms of the Langmuir-Hinshelwood model [12,22,23]. In this study, two
assumptions were made for the course of the photocatalytic reaction kinetic for the pho-
todegradation of aniline, 2-chloro-, and 2,6-dichloroaniline.

The first approach takes photochemical reaction in the solution into account in addition
to the photocatalytic photodegradation reaction on the catalyst. It can be assumed that the
photocatalytic degradation of aniline, 2-chloroaniline, and 2,6-dichloroaniline is a pseudo
first-order reaction as a resultant process of these two reactions.

Pseudo first-order kinetic equation has the following form:

C —kt
= 1
Co ¢ @
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where: C-reagent concentration at time t (mg/dm?), Co—initial reagent concentration
(mg/ dm?), k-reaction rate constant (min~!), t-irradiation time (min).

The correlation of the experimental points with the curves, determined by fitting the
pseudo first-order equation by the least squares method to the results of measurements
of the photodegradation reaction of aniline, 2-chloroaniline and 2,6-dichloroaniline on all
used photocatalysts, is presented in Figure 1.
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Figure 1. Correlation of experimental points with the curves determined by fitting the pseudo first-order equation by
the least squares method to measurement results of the photodegradation reaction of aniline, 2-chloroaniline, and 2,6-
dichloroaniline on photocatalysts: e—P25; A-Hal-TiO,; M-Hal-Fe,O3; Y-Hal; ¢-TiO,; e—Fe;O3.

Tables 1 and 2 present the results of calculations of the reaction rate constants in the
kinetic Equation (1) by non-linear regression analysis, using the Origin program by Micro-
cal [24]. These data show that the highest pseudo first-order rate constants were obtained
for the Hal-TiO; and Hal-Fe,O3 nanocomposites for the photocatalytic degradation of
each amine.
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Table 1. Rate constant of aniline, 2-chloroaniline, and 2,6-dichloroaniline photodegradation on photocatalysts: P25; Hal-TiO,;

Hal-Fe;O3; Hal; TiO,, and Fe;O3 at 298 K in the pseudo first-order equation adjusted to results of kinetic measurements

calculated by the Levenberg-Marquardt least squares method.

P25 Hal-TiO, Hal-Fe, 03 Hal TiO, Fe, O3
Parameter
Aniline
Rate constant of
reaction 212x 1073 114 x1072 128x1072 375x103 578x107% 4.81x1073
k [min—!]
Error 769 %1075 191 x107% 344x107% 14x107% 209x10"% 1.01 x 10~*
Chi-Square Minimization (x?) 0.0012 0.0075 0.0244 0.0043 0.0090 0.0021
Regression Coefficient (R?) 0.7938 0.9657 0.8477 0.8778 0.9084 0.9540
2-chloroaniline
Rate constant of
reaction 463 %1073 161x102 188x102 110x1072 571 x10°% 527 %1073
k [min—!]
Error 1.83 x 1074 380 x107* 334x10% 195x107* 590x10° 583 x10°°
Chi-Square Minimization (x?) 0.0069 0.0299 0.0230 0.0078 723 x107*  7.05 x 10*
Regression Coefficient (R?) 0.74535 0.9281 0.93283 0.9626 0.9881 0.9868
2,6-dichloroaniline
Rate constant of
reaction 868 x10° 139x1072 151x1072 818x10~% 620x10~% 7.05x 1073
k [min—!]
Error 437 x 107% 278 x107* 247 x107%* 217 x107* 414x107* 670 x 107°
Chi-Square Minimization (x?) 0.0396 0.0160 0.0126 0.0097 0.0355 9.31 x 1074
Regression Coefficient (R?) 0.8225 0.9479 0.9669 0.9008 0.84448 0.9901

Table 2. Activation energy and rate constants of aniline, 2-chloroaniline, and 2,6-dichloroaniline photodegradation on

photocatalysts: P25; Hal-TiO,; Hal-Fe,O3; Hal; TiO,, and Fe;Oj3 in in the pseudo first-order equation at the range of

temperature 303-323 K.

P25 Hal-Ti02 Hal-Fe203 Hal Ti02 Fe203
Tem}Eer]ature Aniline
K
Rate Constant of Reaction k [min—1]
303 262x1073  115x1072 147 x1072 377 x107° 640x10"% 553 x 1073
313 359%x107% 144 %1072 154x107% 457 x107% 738x107% 640x107°
323 463 x1073 207x1072 215x1072 670x107° 938x10"% 813 x 1073
Activation Energy [k]/mol] 247 19.5 15.1 18.7 15.0 16.1
Temperature 2-chloroaniline
(K] Rate constant of reaction k [min—!]
303 667 x107°% 212x1072 221 x1072 134x107%2 689x10°% 611 x 1073
313 831 x107°% 240x1072 260x1072 152x1072 865x1073 7.48x 1073
323 961 x1073 271x1072 282 x1072 178x102 982 x103 873x10°3
Activation Energy [k]/mol] 21.7 15.1 12.6 144 19.3 159
Temperature 2,6-dichloroaniline
(K] Rate constant of reaction k [min 1]
303 108 x 1072 161 x1072 1.88x1072 979 x 103 724x103 8.85x 1073
313 141 x 1072 195x 1072 236 x 1072 143 x1072 107 x1072 117 x 102
323 177 x 1072 272 x1072 311x102 188x1072 135x1072 150 x 1072
Activation Energy [k]/mol] 224 20.8 222 26.9 25.5 23.3
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The values of rate constants determined by both methods are slightly higher for 2-
chloro- and 2,6-dichloroaniline than for aniline on Hal-TiO, and Hal-Fe,O3 photocatalysts.
It is consistent with the higher reactivity of ortho-substituted anilines and phenols [25].

The second approach involves the Langmuir-Hinshelwood mechanism in which
surface photodegradation reaction limits the overall rate of the process, which can be
written in a general form [26]:

. (kinetic term) (driving force) )

(adsorption term) "

Kinetic term includes kinetic constant of limiting step and adsorption equilibrium
constants. The driving force is expressed analogously to homogeneous reactions in terms
of concentrating the reagents. Adsorption term is characterized by the degree of surface
coverage with reagents. It contains the concentration of reagents and the equilibrium
constants of adsorption. Exponent n denotes the number of active sites involved in the
limiting stage.

Development method of kinetics measurements, called the method of additional
adsorption measurements, was proposed in Ref. [27]. This method requires supplement-
ing kinetic measurements with measurements using the inversion liquid chromatogra-
phy technique to determine the equilibrium constants for aniline, 2-chloroaniline, and
2,6-dichloroaniline adsorption on selected photocatalysts. The values of the adsorption
equilibrium constants can be inserted into the Langmuir-Hinshelwood equation, which
reduces the number of constants in this equation that must be calculated to fit the equa-
tion to the experimental points. The adsorption mechanism of aniline and its chlorinated
derivatives was the subject of our previous research [28-30]. The Langmuir adsorption
equation was determined on the basis of the analyses carried out by the inversion liquid
chromatography method using the peak partitioning method [27]. After determining
the parameters of the adsorption processes of aniline and chloroanilines, it was found
that adsorption takes place at many active centers on the photocatalyst surface without
dissociation of amine molecules. Due to the complicated surface morphology of halloysite
photocatalysts, this is a great simplification, because adsorption of the adsorbate can occur
simultaneously according to various mechanisms. Langmuir adsorption Equation (3) takes
the form given below:

K; cl /n
T T K

where: a-adsorption capacity of adsorbent (mg/g), Ki—adsorption equilibrium constant
(dm3/mg)!/", C-concentration of adsorbate in aqueous phase (mg/dm?), n-the number of
active centers.

The values of adsorption equilibrium constants for aniline, 2-chloroaniline, and 2,6-
dichloroaniline on photocatalysts: P25; Hal-TiO,; Hal-Fe;O3; Hal; TiO,, and Fe, O3 calcu-
lated in the range of temperatures from 298 K to 323 K are presented in Table 3.

®)
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Table 3. Adsorption equilibrium constants of aniline, 2-chloroaniline, and 2,6-dichloroaniline and adsorption enthalpy on
photocatalysts: P25; Hal-TiO,; Hal-Fe,O3; Hal; TiO, and Fe;O3.

P25 Hal-TiOz Hal-Fe203 Hal TiOZ Fe203
Temp[uer]ature Aniline
K
Adsorption Equilibrium Constant K [dm3/mol]
298 700x10% 120x1072 3.01x1072 1.60x1072 6.00x 1073 2.78 x 1072
303 635%x 107 1.06x1072 2.79x1072 152x1072 505x1073 254 x 1072
313 517 x 1073 946 x 1073 243 x 1072 137 x1072 385x103 2.07 x 102
323 421 x 1073 803 x10° 211x1072 116x1072 337 x107% 1.70 x 1072
n 1.17 1.05 1.08 1.12 1.04 1.15
Adsorption enthalpy _ B
AH [K]/mol] 16.2 12.3 11.3 10.2 18.5 15.8
Temperature 2-chloroaniline
(K] Adsorption equilibrium constant K [dm3/ mol]
298 300 x 1073 734 %1073 277x1072 210x1072 125%x 1072 2.66 x 1072
303 252 %1073 638 x1073 232x1072 190x 1072 952x 1073 219 x 1072
313 184 x 1073 485x 1073 183 x1072 149x1072 7.62x10"3 171 x 1072
323 148 x 1073 368 x103 146x102 124x102 574x107% 136 x 1072
n 1.6 1.55 1.86 1.42 1.05 1.17
Adsorption enthalpy N . 3 . N
AH []/mol] -22.6 22.1 20.0 17.1 23.6 21.1
Temperature 2,6-dichloroaniline
N Adsorption equilibrium constant K [dm3/ mol]
298 200x 1073 3.00x10% 9.00x1073 1.10x102 972x10% 986 x 1073
303 152 %1073 243 x 1073 687 x1073 919x103 767 x10"% 8.06x 1073
313 111 x 1073  1.82x 1073 489x107% 647 x10"% 520x10~3 5.39x 1073
323 731 x107% 123x107% 401 x1073 525x107% 352x1073 4.09 x 1073
n 1.21 1.14 1.20 1.33 1.24 1.28
Adsorption enthalpy N .
AH [K]/mol] -31.1 -27.8 -25.5 240 32.2 29.9

The value of adsorption centers n for Hal-TiO,, Hal-Fe;Os3, and Hal photocatalysts are
averaged due to a different number of adsorption centers on their surface. The values Ky
of adsorption equilibrium constants for aniline and its derivatives are lower for the P25
photocatalyst compared to the Hal-TiO,, Hal-Fe,O3, and Hal photocatalysts at temperature
298 K.

Adsorption enthalpies of aniline, 2-chloroaniline, and 2,6-dichloroaniline on photocat-
alysts: P25; Hal-TiO,; Hal-Fe,O3; Hal; TiO,, and Fe,O3; were determined from the slope of
the linear form of the van’t Hoff Equation (4):

InK; = -AH/RT 4)

where: AH-adsorption enthalpy (kJ/mol), T-measured temperature (K), R—gas constant
(J/mol K).
The values of adsorption enthalpies for aniline, 2-chloroaniline, and 2,6-dichloroaniline
increase in the following order: Hal < Hal-Fe; O3 < Hal-TiO; < Fe;O3 < P25 < TiO;, (Table 3).
Langmuir-Hinshelwood Equation (5) has the following form while taking into account
the adsorption term:
dC  kKpcl/m

= — 5
"TTA T 11K/ ©)
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where: r-reaction rate (mg/ dm?3-min), t-irradiation time, Ci-reagents concentration at time
t (mg/dm?), c-initial reagents concentration (mg/dm?), k-reaction rate constant (mol/dm?
min), K _experimental value of adsorption equilibrium constant

An example of the correlation of experimental points with the curves determined by
fitting the Langmuir-Hinshelwood Equation (5) by the least squares method [31] (Origin
Microcal program [24]) to the results of measurements at temperature 298 K for aniline, 2-
chloroaniline, and 2,6-dichloroaniline photodegradation on photocatalysts: P25, Hal-TiO,,
Hal-Fe,03, Hal, TiO,, and Fe; O3 is presented in Figure 2. The curves were adjusted by the
least squares method to the kinetic data after introducing adsorption equilibrium constant
into the Langmuir-Hinshelwood equation.

1.0 0.8
aniline
0.7 1 2-chloroaniline
0.8 -
0.6 °
5 5
€ 064 " . £ 05+
153 5 0.4 - .
()] ()]
(]
£ 044 £ 03]
IS ~ ®
o 2 0.2
0.2 1 v
/ 0.1
0.0 T . . . 0.0 L T T T :
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
K c'n(1+K, ¢ty K.c"i(1+K, ")
05
2,6-dichloroanil 2
0.4 ,o-dichloroaniline
T .
£ 03
£
k)
= (]
.g. 02_
-
[ ]
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0.0 Cal .

T
0.0 0.1 0.2 03
K.c"I(1+K ")

Figure 2. Correlation of experimental points with the curves determined by fitting the Langmuir-Hinshelwood equation
by the least squares method to the measurement results of the photodegradation reaction of aniline, 2-chloroaniline and
2,6-dichloroaniline on photocatalysts: e—P25; A-Hal-TiO,; M-Hal-Fe,O3; Y-Hal; $-TiO,; e—Fe,Os.

The values of rate constants for aniline, 2-chloroaniline, and 2,6-dichloroaniline pho-
todegradation on photocatalysts: P25; Hal-TiO,; Hal-Fe;O3; Hal; TiO;, and Fe;O3 obtained
on the basis of the Langmuir-Hinshelwood Equation (5) for the range of temperatures
298-323 K are presented in Tables 4 and 5.
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Table 4. Rate constant of aniline, 2-chloroaniline, and 2,6-dichloroaniline photodegradation on photocatalysts: P25; Hal-
TiO,; Hal-Fe,O3; Hal; TiO,, and Fe; O3 at 298 K 298K in the Langmuir-Hinshelwood equation, adjusted to results of kinetic
measurements calculated by the Levenberg-Marquardt least squares method.

P25 Hal-TiO, Hal-Fe, 03 Hal TiO, Fe, O3
Parameter
Aniline
Rate constant of
reaction 0.84 1.20 3.06 1.14 2.30 1.94
k [mol/dm3 min]
Error 0.0120 0.0317 0.1044 0.0305 0.0405 0.0642
Chi-Square Minimization (x?) 490 x107° 162x107% 121x107% 120x107% 759x10~* 1.0x103
Regression Coefficient (R?) 0.9947 0.9816 0.9596 0.9787 0.9930 0.9569
2-chloroaniline
Rate constant of
reaction 1.36 3.47 5.50 2.26 1.87 1.90
k [mol/dm?® min]
Error 0.0039 0.0425 0.0329 0.0427 0.0515 0.0629
Chi-Square Minimization (x?) 295x 1078 449 x 107> 1.10x107° 147 x107% 337 x107* 959 x 107*
Regression Coefficient (R?) 0.9996 0.99611 0.9981 0.9857 0.9796 0.9569
2,6-dichloroaniline
Rate constant of
reaction 1.35 2.61 3.05 0.89 1.54 1.48
k [mol/dm?3 min]
Error 0.0039 0.002 0.0484 0.0128 0.03194 0.03541
Chi-Square Minimization (x?) 295x 1078 368 x1076 1.02x107* 650x107® 833x107° 151x10°*
Regression Coefficient (R?) 0.9996 0.9986 0.9929 0.9933 0.9863 0.9789

Table 5. Activation energy and rate constants of aniline, 2-chloroaniline, and 2,6-dichloroaniline photodegradation on
photocatalysts: P25; Hal-TiO,; Hal-Fe;O3; Hal; TiO,, and Fe,O3 in in the Langmuir-Hinshelwood equation, at the range of

temperature 303-323 K.

P25 Hal-TiOz Hal-Fe203 Hal TiOZ Fe203
Temperature Aniline
(K] Rate constant of reaction k [mol/dm3 min]
303 1.03 1.40 3.61 1.30 2.54 2.19
313 1.31 1.74 4.10 1.67 294 2.58
323 1.79 2.15 4.61 2.01 3.39 3.02
Activation Energy [k] /mol] 23.5 18.3 12.4 17.2 12.2 13.8
Temperature 2-chloroaniline
(K] Rate constant of reaction k [mol/dm3 min]
303 1.58 4.00 6.18 2.56 2.00 2.07
313 1.96 4.67 7.01 2.99 2.45 2.54
323 2.49 5.27 7.78 3.38 291 3.02
Activation Energy [k]/mol] 19.0 13.1 10.7 12.6 14.5 15.0
Temperature 2,6-dichloroaniline
IN Rate constant of reaction k [mol/dm?> min]
303 1.67 3.26 3.52 1.22 2.09 1.78
313 2.17 3.96 4.34 1.63 2.68 2.39
323 2.71 493 5.43 2.01 3.28 2.95
Activation Energy [k]/mol] 21.6 194 18.1 25.0 23.0 22.0
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Based on Figure 2 and the data contained in Table 4, it can be seen that the best
correlation of the experimental points with the curves was obtained for 2-chloroaniline and
2,6-dichloroaniline. Comparing the calculation errors, function minimization values x?,
and regression coefficients, the best data agreement was obtained for each of the studied
compounds for the P25 photocatalyst. The data in Table 4 shows that the rate constants
are in each case higher when using the Hal-TiO; and Hal-Fe,O3 nanocomposites in the
photocatalytic degradation of aniline, 2-chloro-, and 2,6-dichloroaniline compared to the
P25 photocatalyst. This confirms high photocatalytic activity of the obtained halloysite pho-
tocatalysts.

The values of activation energies for photocatalytic degradation were calculated on
the basis of data collected in Tables 2 and 5 for both approaches. They are in the same order
for aniline: Hal-Fe,O3 ~ TiO, < Fe;O3 < Hal < Hal-TiO, < P25. For 2-chloroaniline and
2,6-dichloroaniline, differences appear in the following order: Hal-Fe,O3 < Hal < Hal-TiO,
< TiO, < FepO3 < P25 (first approach), and Hal-Fe,O3; < Hal < Hal-TiO; < Fe,O3 < TiO;<
P25 (second approach), and for 2,6-dichloroaniline: Hal-Fe;O3 < Hal-TiO, < P25 < Fe;O3
< TiO, < Hal (first approach), Hal-TiO; < Hal-Fe,O3 < P25 < Fe;O3 < TiO; < Hal (second
approach). The photodegradation activation energy values are the smallest for aniline on
Hal-Fe, O3, for 2-chloroaniline on Hal-Fe, O3, and for 2,6-dichloroaniline on Hal-Fe,O3 and
Hal-TiO, (Tables 2 and 5).

2.2. The Photodegradation Mechanism

The mechanism of organic-compound photodegradation in the presence of TiO; starts
from the excitation of the titanium dioxide by a UV light wavelength (A < 400 nm), which
produces the photoinduced electrons and positive holes. Positive holes can be the oxidizing
species during the photodegradation. Alternatively, it can react with OH™ and H,O
molecules to produce *OH radicals. In addition, the photoinduced electrons can react with
electron acceptors, such as O, dissolved in water, to produce superoxide radical anions.
All these oxidants are responsible for the photodegradation of many organic compounds.
The *OH species are well known to oxidize a large number of organic pollutants, including
chlorinated phenols and anilines [32-34] according to the following scheme:

*OH + organic compound — oxidative intermediates — CO, + H,O

For o-Fe; O3, as in the case of TiO,, the photodegradation mechanism also begins with
the radiation absorption with energy equal to the energy of the band gap in the range of
visible radiation up to 600 nm (approx. 40% of the sunlight energy), or higher than this
energy. Generation of hole and excited electron are also observable. Subsequent reactions
lead to forming the superoxide radical anion O,°~, the hydroperoxide radical (HO,*), and
the hydroxyl radical (*OH) (Equations (6)—(10)) [35].

a-Fe,O3 + hv — a-Fe,O3(e™ +h™) (6)
a-Fep,Oz(h*) + OH_(ads) — a-Fe, O3 + OH.(ads) (7)
a-Fe;O3(e7) + Oy — o-Fer O3 + O~ (8)
O™ + H+aq — HO,* 9)

HOZ. + HOZ. — HzOz + 02 (10)

Hydroxyl radicals, electron holes, superoxide anion radicals, hydroperoxide radicals,
and hydrogen peroxide, formed after radiation absorption by titanium (IV) and iron (III)
oxides, are highly reactive and can oxidize aniline and its chlorine derivatives in aqueous
solutions. Initial oxidation of amines is mostly a surface process, because the hydroxyl
radicals might migrate only few atomic distances from the photocatalyst surface [9].

Irradiation of aniline aqueous solutions with UV radiation using TiO, as a photocata-
lyst leads to the formation of, among others, phenol, 2-aminophenol, hydroquinone, and
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nitrobenzene as intermediates [36], which confirms the participation of hydroxyl radicals
in the photodegradation of aniline (Figure 3) [32]. When the photodegradation process
is continued long enough, these products decompose into simple inorganic ions, such as
NO,~, NO3~ and NH4", as well as CO,, and H,O. During the photocatalytic degradation
of aniline in aqueous solutions in the presence of x-Fe;O3, azobenzene was found as the
main intermediate product [35].

Hy

‘OH

OH

NH;

‘OH

\

NHOH

OH
2°0OH

HoN OH
2(e/H") |

ring
opening

aliphatic amines /

NO,, NOs, NH4*

Figure 3. Mechanism of aniline photodegradation in an aqueous solution in the presence of TiO,.

The examination of TiO,-catalyzed photodegradation of 2-chloroaniline in an aqueous
solution [37] showed that 2-chlorophenol and p-benzoquinone were the main intermediate
products. In the case of photodegradation of 4-chloroaniline in the presence of TiO, 3-
hydroxy-4-chloronitrobenzene, 4-hydroxynitrobenzene, phenol, and aniline were identified
as the intermediate products [38]. The photodecomposition of this amine in the TiO, /HyO,
system leads to aniline, 4-chlorophenol, 4-chloronitrobenzene, 4-aminophenol, and 4,4’-
dichloroazobenzene acting as aromatic intermediates. All these products can be oxidized to
benzoquinone, which can be transformed into carboxylic acids and finally, ionic products
such as C17,NO3;~, and NHy* are formed [12].

Our experiments of the irradiation of aniline and 2-chloroaniline in the presence of
halloysite (H) containing naturally dispersed TiO;, and Fe,O3, halloysite-TiO, (Hal-TiO,),
halloysite-Fe,O3 (Hal-Fe;O3) nanocomposites, and commercial P25 as photocatalysts al-
lowed us to identify intermediate products formed during the degradation of these amines.
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The analysis of the intermediates confirmed the presence of aminophenol as the main
intermediate product (HOC¢sH;NH3", 110 m/z) in the case of both amines for all used
photocatalysts. The remaining products included: dimer (C¢Hs-NH-CcH4NH;3™*, 186 m/z),
benzidine (H,NCgH-CoHyNH;3*, 185 m/z), hydroxyazobenzene (H5CsN = NC¢H4OH,
199 m/z), and smaller amounts of aniline oligomers, e.g., tetramer (protonated form, 370 m/z).
The identified secondary products enabled us to propose a probable mechanism for the
photodegradation of aniline and 2-chloroaniline presented in Figure 4.

NH, NH;
Cl
-Cl”
ht "OH
NH, NH,
Q) -2 G
OH
NH,
OH
Y

O

Figure 4. Mechanism of aniline and 2-chloroaniline photodegradation in an aqueous solution in the
presence of halloysite-TiO, and halloysite-Fe; O3 nanocomposites, halloysite containing naturally
dispersed TiO, and Fe;O3, and commercial P25 photocatalyst.

The reaction of strongly oxidizing hydroxyl radical *OH with aniline molecule leads
mainly to HO®-adduct, which may be transformed into 2-aminophenol or anilinium
radical cation by subsequent elimination of OH™ [9]. Identifying benzidine among the
intermediate products confirmed that this path of aniline transformation is probable.
Aniline degradation may also result from a reaction with h* or HO,*/0,° .

Capillary electrophoresis allowed us to determine the CI~ and NHy* ions as a fi-
nal products of amine irradiation. Before sample analysis, a blind sample analysis of
deionized water was performed to confirm that no ions were present in water used in
the whole experiment. On the basis of the electropherogram chloride, anion was deter-
mined with a migration time of 2.721 s and an unidentified peak with migration time of
3.521 s. The second determined ion was unidentified and may be a product of the reaction
with negative charge or with no electric charge. Ammonium ion was determined with
migration time of 2.529 s. Determining the C1~ and NH4* ions in the solution indicated a
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complete mineralization of aniline, 2-chloroaniline, 2,6-dichloroaniline, or other possible
intermediate products.

3. Experimental Section
3.1. Chemicals

Halloysite was obtained from the strip mine “Dunino” (Intermark Company, Legnica,
Poland). P25 titanium dioxide (Evonik, Degussa, Essen, Germany), TiO, (anatase), 2-
chloroaniline, 2,6-dichloroaniline, (Sigma-Aldrich, Poznan, Poland) were used as received.
Aniline (Aldrich) was freshly distilled under reduced pressure and stored in a refrigerator
prior to use.

3.2. Preparation of Halloysite-TiO, and Halloysite-Fe, O3 Nanocomposites

The details of halloysite-TiO, (Hal-TiO,) and halloysite-Fe, O3 (Hal-Fe,O3) nanocom-
posites synthesis and methods of their characterization were published in Ref. [21]. Experi-
mental conditions of the preparation of these nanocomposites are collected in Table 6.

Table 6. Experimental conditions of nanocomposites preparation.

Nanocomposite  Crystallite Size Chemicals Condtions
support-acid treated halloysite, hydrothermal
Halloysite-TiO, <100 nm TI.OZ precursor-fitanium . methg d.
tetraisopropoxide, isopropanol, mixture stirred for
HNO; 24 hat65°C

sol-gel method,

support-acid treated halloysite, mixture stirred for

Fe,O3 precursor—gelatinous

Halloysite-Fe,O3 5-10 nm ferric hydroxide, | ;2::: }tliarl 65t 15(,) o
FeCl3, deionized water calcmation a
for2h

3.3. Adsorption Experiments

Inverse Liquid Chromatography (ILC) with a peak division (PD) method is a quick
and accurate method to determine adsorption equilibrium constants [28]. We previously
used this method [39] to calculate the adsorption equilibrium constants for aniline and
4-chloroaniline on halloysite adsorbent. In the present paper, the Langmuir equation was
used to calculate equilibrium constants.

Adsorption Measurements by the PD ILC Method

A Dionex UltiMate 3000 Series chromatography system (Thermo Fisher Scientific, Inc.
Waltham, MA USA), equipped with a pump, six-port injection valve, chromatographic
column thermostat, and UV-Vis detector module, was used during adsorption experiments.
Adsorption measurements for aniline and its chlorine derivatives were conducted with a
chromatographic column (10 cm long, 0.8 mm id). The column contained about 1 g of each
catalyst with a grain diameter of 0.2-0.35 mm. The column was conditioned for 1 h prior
to measurement with redistilled water (0.06 uS/cm) at a flow rate of 0.5 mL/min and a
pressure value of about 42 bar. Each measurement was repeated three times.

3.4. Photoreactor and Irradiation Experiments

Photodegradation experiments were carried out in a laboratory reactor—the Heraeus
system—using a low-pressure mercury lamp (Figure 5). This reactor was modified by
application heating jacket in order to control and stabilize the temperature and temperature
meter. Reagent samples were withdrawn by syringe via a sampling connector. Prior to irra-
diation, photocatalyst was added to the amine solution, and the suspensions were stirred
in the dark for 30 min to ensure adsorption—desorption equilibrium. The concentration
amine solution in initial and irradiated samples was determined spectrophotometrically
(UV-VIS-NIR UV-3600 spectrophotometer Shimadzu, Kyoto, Japan).
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Figure 5. Scheme of photocatalytic reactor: 1-reactor, 2-UV lamp, 3-UV lamp power supply, 4-
temperature sensor, 5-temperature meter, 6-heating jacket, 7-thermostat, 8-magnet stirrer, 9-outlet
connector, 10-outlet valve, 11-sampling pipe, 12-sampling valve, 13-sampling connector for syringe.

Photodegradation experiments were conducted at different temperatures from 298
to 323 K. The details of these measurements are described in Ref. [21]. Experimental
conditions of photocatalytic degradation of aniline, 2-chloroaniline, and 2,6-dichloroaniline
are listed in Table 7. Each measurement was repeated three times.

Table 7. Experimental conditions of photocatalytic degradation of aniline, 2-chloroaniline, and
2,6-dichloroaniline.

Photocatalyst Temperature (K) Conditions
Halloysite-TiO,

Photocatalyst concentration:

Halloysite-Fe,O3 208 29¢g/ dm?
P25 Initial concentration of amine:
303 3
- 313 40 mg/dm
TiO;(anatase) 3 Initial pH: 6
Fe, O3 Constant stirring, time of

- irradiation: 300 min.
Halloysite (Hal)

3.5. Product Analysis

The identification of photodegradation organic products was carried out using a
Bruker Daltonik micrOTOF (time of flight) mass spectrometer (Bruker Daltonik, Bremen,
Germany) using an electrospray interface equipped with an ESI interface.

The capillary electrophoresis instrument, used for selected inorganic ions determina-
tion, was a P/ ACE MDQ system equipped with a UV-Vis detector (Beckman Coluter, Palo
Alto, CA, USA). The fused silica capillary was of 75um in internal diameter and 67.2 cm
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in total length (60.2 cm to detection window). The linear vertical dimension window in a
capillary cartridge was 800 um. New capillary was conditioned by washing with 1 mol/L
NaOH aqueous solution (10 min), 0.1 mol/L NaOH aqueous solution (10 min) prior to
first use. The sample was injected in pressure mode under 0.5 psi for 5 s. Separation
conditions were as follows: 30 kV, temperature of the capillary 25 °C, detector wavelength
at 200 nm for ammonium cation and 230 nm for chloride anion. At the beginning of each
analysis, capillary was rinsed by 0.1 mol/L NaOH aqueous solution for 30 s, then with
buffer solution for 1.0 min, and with deionized water for 1 min. The total time of the
analysis was 8 min. All data were collected and analyzed with the Karat 32 software. Two
sets of reagents were used for CE analyses: Anion Analysis Kit (No. A53537) and Cation
Analysis Kit (No. A53540) from Analis, Namur, Belgium.

4. Conclusions

Adsorption of aniline and its chlorine derivatives on halloysite-TiO, and halloysite-
Fe;O3 nanocomposites, halloysite containing naturally dispersed TiO, and Fe,O3 is more
efficient than on commercial photocatalysts, as evidenced by the values of adsorption
equilibrium constants higher than for TiO, and P25. The values of adsorption enthalpies
also confirm that adsorption occurs more easily on the halloysite photocatalysts than for
commercial photocatalysts.

Two models were used to describe the kinetics of the photocatalytic reaction. The first
Langmuir-Hinshelwood model assumed the photodegradation of aniline, 2-chloroaniline
and 2,6-dichloroaniline as a photocatalytic reaction involving a photocatalyst, ignoring
the photochemical reaction. The second pseudo first-order kinetic equation took into
account both photocatalytic reaction on the photocatalyst and the photochemical reaction
of amines. However, comparing the results of these calculations, the values of the pho-
todegradation rate constants calculated from both the Langmuir-Hinshelwood and the
pseudo first-order equations were clearly higher for halloysite-TiO, and halloysite-Fe,O3
nanocomposites in comparison to the others photocatalysts. The higher adsorption capacity
and the immobilization of TiO, and Fe,O3 on the halloysite surface significantly increases
photocatalytic activity of these nanocomposites. Higher values of rate constants for chlori-
nated derivatives of aniline in comparison with unsubstituted aniline are associated with
the presence of chlorine substituent in ortho position, which results in higher reactivity of
these derivatives [38].

Aminophenol as the main photoproduct found upon photocatalytic degradation of
aniline and chloroanilines on halloysite photocatalysts and benzidine as the minor product
confirmed that the mechanism of photodegradation, is similar to the mechanism of aniline
photodegradation in the presence of TiO, as photocatalysts. Hydroxyazobenzene detection
proves the similarity of the photodegradation course, such as in the presence of x-Fe;Os3,
when azobenzene was found as the main intermediate product during the photocatalytic
degradation of aniline in aqueous solution [35]. Smaller amounts of aniline oligomers,
e.g., tetramers, confirm that photooxidation of aniline in the presence of photocatalysts
containing TiO, can lead either to the photodegradation of this compound or to the effect
of polymerization [40].

The presented in-depth kinetic analysis and the details of the photodegradation
mechanism are important for understanding the degradation process of such pollutants
as aniline and chloroanilines on halloysite catalysts. It is of great significance for the
development of efficient and environmentally friendly heterogeneous photocatalyst.
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