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Homogeneous and heterogeneous photosensitized transformations of 4-chlorophenol (4-CP) and pen-
tachlorophenol (PCP) using palladium octadodecylthiophthalocyanine (PdODPc) were investigated.
Under heterogeneous conditions, the photosensitizer was supported on functionalized single walled
carbon nanotubes (SWCNTs). Homogeneous photosensitization proved to be more effective than the
heterogeneous reaction in terms of percentage of transformation achieved. The kinetics of heteroge-
neous catalysis proved that ads-PdODPc-SWCNT-COOH (where SWCNT has been functionalized with
COOH groups) was reusable for 4-CP while its activity degenerated when reused for PCP. Singlet oxygen
was confirmed as playing an active role in the reactions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The environmental pollution by chlorophenols has been well
documented [1-3]. There has been considerable investigation of
degradation of phenols using oxidants in the presence of catalysts
such as metallophthalocyanines (MPcs). Using oxidants has proved
successful with chlorophenols (and related molecules) degraded
to less harmful products such as CO, [4-10]. However, processes
involving no oxidants are still preferred.

Due to their high absorption in the visible region and sin-
glet oxygen generating ability, MPc complexes have been used
as homogeneous and heterogeneous photocatalysts [11-15]. In
spite of the advantage of ease of catalyst regeneration associ-
ated with heterogeneous catalysis, homogeneous catalysis holds
the potential for kinetic studies of the photodegradation reac-
tions and easier understanding of the mechanisms involved in the
reaction.

Open-shell metallophthalocyanines produce large triplet state
quantum yields and efficiently generate singlet oxygen [16], which
is the initiator of Type Il reactions found to be the dominant path-
way in photosensitized degradations or transformations. In Type Il
mechanism the triplet state of the photosensitizers (3MPc*) trans-
fers energy to the ground state molecular oxygen (30,) to give
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energetic singlet oxygen (10;), Eq. (1), which in turn oxidizes the
substrate (Subs), Eq. (2).

3MPc +302—>102 (1)
10, + Subs — Oxidationproducts (2)

In addition to their singlet oxygen generating abilities, open-
shell metallo phthalocyanines (e.g. PdPc and PtPc) show high
photostability [17,18] which is also an advantage over other
metallophthalocyanines. This has made them prime candi-
dates for photosensitization reactions. PdPc and PtPc derivatives
have been reported to photosensitize oxidation reactions of
4-nitrophenol (4-NP) under homogeneous conditions [19]. A
PdPc complex containing long alkyl chains was found to give
high quantum yields for the phototransformation of 4-NP,
hence it is employed in this work for the phototransforma-
tion of chlorophenols under homogeneous and heterogeneous
conditions [20]. SWCNTs were chosen as support in hetero-
geneous catalysis because of ease of immobilization of MPcs
due to the strong m-m interaction between SWCNTs and MPc
complexes.

Thus this work investigates the photosensitizing proper-
ties of (2,3,9,10,16,17,23,24-octakis(dodecylthiophthalocyaninato)
palladium(II) (PdODPc, Fig. 1) for the phototransformation of 4-
chlorophenol and pentachlorophenol under homogeneous and
heterogeneous conditions. For the latter, the PdPc complex was
adsorbed on single walled carbon nanotubes (SWCNT).
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Fig. 1. Molecular structure of the photosensitizer (PdODPc) employed in this work.

2. Experimental
2.1. Materials

4-Chlorophenol (4-CP), pentachlorophenol (PCP), 2,3,5,6-
tetrachloro-1,4-benzoquinone and hydroquinone were purchased
from SAARCHEM. Dichloromethane (DCM) (SAARCHEM) was dis-
tilled before use. Distilled deionized water was used to prepare
basic aqueous solutions of chlorophenols. Single walled carbon
nanotubes (SWCNT, 0.7-1.2 nmin diameter and 2-20 p.min length)
obtained from Aldrich were purified as reported in the litera-
ture [21], and briefly described in Section 2.2. Diethylamine and
NaOH were used to increase the pH of organic and aqueous
media respectively. Anthracene-9,10-bis-methylmalonate (ADMA)
was from Sigma-Aldrich. The synthesis of the photocatalyst:
2,3,9,10,16,17,23,24-octakis (dodecylthio-phthalocyaninato) pal-
ladium(II) (PdODPc, Fig. 1) has been reported before [22].

2.2. Purification and functionalization of SWCNTs

SWCNTs were purified (oxidized) to form SWCNT-COOH by
adding the raw SWCNTs (100 mg) to a mixture of HNO3 and H,SO4
(3:1) [21] The resulting suspension was stirred at a temperature of
70 °Cfor 2 h. The final mixture was cooled to room temperature and
washed with excess millipore water until a pH of 5 was obtained.
The purified SWCNTs (SWCNT-COOH) were dried in an oven for
12h.

2.3. Immobilization of PdAODPc on SWCNT-COOH

The PdODPc (Fig. 1) complex was dissolved in DCM to give
an absorbance of approximately 1 and 50 mg SWCNT-COOH was
added and the mixture was stirred until there was no change
in absorbance of the MPc. The mixture was centrifuged and
the supernatant decanted, leaving the particles of SWCNT-COOH
and the PdODPc adsorbed on their surface (represented as ads-
PdODPc-SWCNT-COOH). The particles were washed with distilled
deionized water, methanol and acetone and then air-dried for 24 h.
The concentration of adsorbed MPcs was calculated from the dif-
ferences in absorbances to be 1.0 x 10-8M.

2.4. Equipment

X-ray powder diffraction patterns were recorded on a Bruker D8,
Discover equipped with a proportional counter, using Cu-Ka radi-
ation (A =1.5405 A, nickel filter). Data were collected in the range
from 20 =5° to 60°, scanning at 1° min~! with a filter time-constant
of 2.5 s per step and a slit width of 6.0 mm. Samples were placed on
a silicon wafer slide. The X-ray diffraction data were treated using
Eva (evaluation curve fitting) software. Baseline correction was

performed on each diffraction pattern by subtracting a spline fit-
ted to the curved background and the full-width at half-maximum
values used in this study were obtained from the fitted curves.

Bruker Vertex 70-Ram Il Raman spectrometer (equipped with
a 1064 nm Nd:YAG laser and a liquid nitrogen cooled germanium
detector) was used to collect Raman data. The Raman spectral data
for the SWCNT-COOH, PdODPc, ads-PdODPc-SWCNT-COOH were
obtained from their powdered samples.

2.5. Photochemical methods

Irradiation experiments were carried out with a tungsten lamp
(100W, 30V) perpendicular to the direction of measurement. A
600 nm glass cut off filter (Schott) and a water filter were used
to filter off ultraviolet and infrared radiations, respectively. An
interference filter (Intor, 670 nm with a band width of 40 nm) was
additionally placed in the light path before the sample, to ensure
the excitation of the Q band only.

The intensity of the light reaching the reaction vessel was mea-
sured with a power meter (POWER MAX 5100, Molectron Detector
Inc.) and was found to be 1 x 10> photonscm=2s~!. The degra-
dations of the analytes were monitored through their absorption
peaks after each photolysis cycle on a Shimadzu UV-2550 UV-Vis
spectrophotometer. A 1 cm pathlength UV-Vis spectrophotometric
cell, fitted with a tight fitting stopper was used as the reaction ves-
sel. For homogeneous reactions, experiments were carried out in
DCM in which both the MPc and chlorophenols dissolved, while for
heterogeneous reactions, experiments were carried out in aqueous
media, using a suspension of PAODPc adsorbed on SWCNT-COOH.
The photocatalysis products were analyzed using an Agilent Tech-
nologies 6820 GC system (HP 5973, using a HP-1 column). The
participation of 10, in the photolysis was confirmed by the addi-
tion of sodium azide, (a singlet oxygen quencher) to the photolysis
reaction media. Singlet oxygen involvement was further confirmed
by bubbling argon into the reaction media.

2.6. Photocatalysis parameters

2.6.1. Homogeneous reactions

The quantum yields of phototransformation of chlorophenols
(Pcp) was calculated using Eq. (3) [23].
_ G -GV

Iabst

where Cy and C; are the concentrations of chlorophenols before and
after irradiation respectively; V is the volume of the sample in the
cell; tis the irradiation time. I, is given by Eq. (4)

oAl
Lps = % 4
abs Ny ( )

Dcp (3)

where o =1-10"4(%) (A(X) is the absorbance of the sensitizer at the
irradiation wavelength), A is the irradiated area (3.14cm?), I is the
intensity of light (1 x 101> photons cm~2s~1) and Ny is Avogadro’s
constant.

Assuming the transformation of chlorophenols follows Type II
reaction pathway, the three processes involved in the phototrans-
formation of chlorophenols are represented by Eqs. (5)-(7).

k,
10,430, (5)
k
CcP+10,—530, (6)
CP + 10,-%% Products (7)

The rate constants involved are for the decay of 10, (kg4, Eq. (5)),
physical quenching of 10, by the substrate (kq, Eq. (6)) and the
formation of oxidation products (k,, Eq. (7)). Using Eqs. (5)-(7), the
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Fig. 2. Spectral changes showing the disappearance of PdODPc complex dur-
ing its immobilization on SWCNT-COOH (200mg), (initial concentration of
1a=1.2 x 10~ moldm~3, time = 50 min); solvent DCM (basic media).

rate constants for the photodegradation of CP (CP=PCP or 4-CP)
may be calculated using Eq. (8) [24].

1 1 kq + ka kq
T~ Dy ( ko ka[CP]) (8)
where @, is the singlet oxygen quantum yield of the photocata-
lyst in DCM, the singlet oxygen decay rate constant, kg, in DCM is
1.6 x 104 s~1[25]. The rate constants: kq and k, can be determined
by plotting of 1/@cp vs. 1/[CP] using Eq. (8).

Singlet oxygen quantum yield for ads-PdODPc-SWCNT-COOH
was determined using ADMA as a singlet oxygen quencher in
aqueous media. The quantum yields of ADMA (@apma) for each
irradiation cycle were calculated using Eq. (3) replacing @cp with
@D apma and the determined extinction coefficient of ADMA in aque-
ous media (¢=9780ML-1cm~! at 379 nm).

The singlet oxygen quantum yield (® 5 ) may then be calculated
using Eq. (9) [23].

1 1 1 Kkq 1
"3, % [ADMA]
where kq is the decay constant of singlet oxygen and kj is the rate
constant for the reaction of ADMA with O, (! Ag). The value of

@ A for the PAODPc was obtained as the intercept from the plot of
1/(DADMA VS. 1/[ADMA]

9)

Ppoma [N

2.6.2. Heterogeneous reactions

For heterogeneous reactions, the Langmuir-Hinshelwood (L-H)
(Eq. (10)) has been used to describe the competitive adsorption of
substrates, reaction intermediates and phenolic oxidant products
[26,27].

1 1 1

—_— = 10
rate  kr  kiKygsCo (10)

where k; is the rate constant for the adsorption of CP, Cy is the initial
concentration of the substrate. K, 4 is the adsorption coefficient and
represents the equilibrium between the rates of adsorption and
desorption [28].

3. Results and discussion

3.1. UV-Vis spectral studies for the formation of
ads-PdODPc-SWCNT-COOH

The spectra of the PdAODPc show extensive aggregation in DCM
as has been reported before [22] (Fig. 2). Aggregation is judged by
the presence of a broad band near 630 nm due to the aggregate, a
sharper peak at 688 nm is due to the monomer.

On addition of SWCNT-COOH to solution of the PdAODPc com-
plex, followed by stirring, there was a decrease in absorbance as the
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Fig. 3. XRD spectra of (a) SWCNT-COOH, (b) PdODPc complex and (c) ads-
PdODPc-SWCNT-COOH.

latter adsorbed onto the former (Fig. 2). The resulting conjugate is
represented as ads-PdODPc-SWCNT-COOH. SWCNTs are known to
directly adsorb phenols such as 4-CP and PCP under investigation
in this work [26,27]. In order to check if following immobiliza-
tion of PAODPc complex onto SWCNT-COOH, there were still parts
of SWCNT-COOH which were exposed, experiments were carried
out where ads-PdODPc-SWCNT-COOH was immersed in a solu-
tion of 4-CP without photolysis. There was a slight decrease in the
absorbance of 4-CP (~6%), showing that there were some empty
sites on SWCNT-COOH where 4-CP adsorbed. The same back-
ground experiment was performed for PCP and similar results were
obtained. The final spectrum following the adsorption of CP (4-CP
or PCP) was used as the starting spectrum for all calculation done in
this work. Experiments were also performed where PAODPc com-
plex was suspended in a solution of 4-CP without photolysis, and
there was no change in spectra, confirming that the latter does not
react with the former in the absence of light. Experiments were
also performed where SWCNT-COOH after adsorption of the CPs
was photolysed without the sensitizer. There were no changes in
absorbance which could be attributed to leaching of 4-CP (or its oxi-
dation products) from the SWCNT-COOH. The same results were
observed for PCP.

3.2. Characterization ads-MPc-SWCNT-COOH

3.2.1. XRD

X-ray diffraction technique was used to confirm the formation of
PdODPc-SWCNT-COOH composites. Fig. 3 shows the XRD spectra
of SWCNT-COOH, PdODPc alone and ads-PdODPc-SWCNT-COOH.
Fig. 3a (for SWCNT-COOH) shows sharp (260 =44.0° and 52.0°) and
relatively broad (26=21.0° and 26.1°) peaks that are indicative
of the crystalline and amorphous natures of the SWCNT-COOH,
respectively. Using international centre for diffraction data (ICDD)
database, the peak at 260 =26.1° can be ascribed to (002) d-spacing
of the SWCNT-COOH [29,30], while peaks at 26=44.0° and 52.0°
are characteristic of (100) [29], and (2 00) [30] reflections of car-
bon of the SWCNT-COOH, respectively. The only prominent peak in
the XRD spectrum of PdAODPc was a broad one at 20 = 24.0° (Fig. 3b).



52 T.B. Ogunbayo, T. Nyokong / Journal of Molecular Catalysis A: Chemical 350 (2011) 49-55

Ads-PdODPc-SWCNT-COOH

G-band

SWCNT-COOH

Intensity
o
o
w

. ol

1000 1200 1400 1600 1800 2000

Wave number (cm™)

Fig. 4. Raman spectra of functionalized single walled carbon nanotube
(SWCNT-COOH) and ads-PdODPc-SWCNT-COOH.

This peak is close to the (002) reflection of carbon and its broad-
ness is an indication of the amorphousness of the complex. In the
XRD of spectrum ads-PdODPc-SWCNT-COOH (Fig. 3¢), the peak at
26.0° encompasses both PAODPc and SWCNT-COOH. It has been
reported that the XRD peaks of carbon nanotubes become weak
or disappear in the presence of phthalocyanines as a result of the
amorphous state of the latter [31,32]. Thus the observed broaden-
ing of the SWCNT XRD peaks in the 260 =20-30° region is due to the
amorphous PAODPc on the SWCNT. The differences in spectra indi-
rectly confirm the presence of a conjugate of SWCNT-COOH and
PdODPc.

3.2.2. Raman spectroscopy

Raman spectroscopy is usually used for the characterization of
disordered polycrystalline graphitic carbons. Raman spectroscopy
is a fast, convenient and non-destructive analytical technique
and can be used to some extent to quantify changes in the
SWCNT-COOH using the ratio of D/G bands under fixed laser power
intensity

Adsorption of MPc complexes may not cause extensive disrup-
tion to the carbon lattice due to the non-invasive -1 interactions
i.e. preservation of the carbon nanotube structure, however small
changes in the D/G ratio may indicate the presence of MPc on the
SWCNT-COOH skeleton.

The G band for SWCNT-COOH shifted by 16cm~! for ads-
PdODPc-SWCNT-COOH (Fig. 4). Functionalization of SWCNTSs is
known to enhance the D band [33-35]. There was an increase in
D-band intensity compared to the G-band in the form of a D:G
ratio (sp?:sp? carbon ratio), with a ratio of 0.023 for SWCNT-COOH
which increased to 0.72 for ads-PdODPc-SWCNT-COOH, this con-
firms functionalization of SWCNT-COOH with PAODPc complex.

3.2.3. Singlet oxygen generation capacity of
ads-MPc-SWCNT-COOH

Since singlet oxygen is thought to be involved in the photocatal-
ysis mechanism, its generation by ads-PdODPc-SWCNT-COOH
was investigated. Interference filter was employed to ensure
the excitation of the high energy peak due to the monomer
of the adsorbed Pc on ads-PdODPc-SWCNT-COOH. An aqueous
solution of 6.0 x 10~>moldm~—3 ADMA containing the ads-
PdODPc-SWCNT-COOH was successively irradiated at the Q-band
PdODPc, centrifuged and decanted into UV-Vis cell and the
absorbance recorded. The absorbance of ADMA at 379 nm showed
a linear decrease, confirming that singlet oxygen is formed by
ads-PdODPc-SWCNT-COOH in the presence of ADMA. The spec-
trum of the PAODPc was not observed since the complex acted
as heterogeneous catalyst in the reaction. Singlet oxygen values
were determined using Eq. (9), and the @, value (=0.27) of ads-
PdODPc-SWCNT-COOH was obtained.
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Fig. 5. Spectral changes showing the disappearance of (a) PCP and (b) 4-CP during
homogeneous photolysis in the presence of PdAODPc (300 mgL—1) in DCM.

3.3. Homogeneous catalysis of 4-CP and PCP

3.3.1. Spectroscopic characterization

Fig. 5a shows the spectral changes observed for pentachlorophe-
nol (PCP) during homogeneous photolysis in the presence of the
photosensitizer (PdODPc) conducted in DCM. These studies were
carried out in aqueous solution at pH 9 because phenolate ions
which are more oxidizable are predominant at high pH. There was
a decrease in the concentration of PCP during irradiation (with
time) in the presence of PAODPc complex while the concentration
of the complex remained unchanged due to its high photostabil-
ity as indicated by the relative lack of change in the absorbance of
the Q-band of the complex at around 688 nm. The peaks due to PCP
observed at 252 nm and 322 nm started disappearing with simulta-
neous appearance of a peak around 273 nm due to the formation of
the product(s). The same trend was observed for 4-chlorophenol in
the presence of photosensitizer with reduction in the absorbance of
the peak at 280 nm (Fig. 5b). The @¢p was calculated from the initial
rate of disappearance of the CP using Eq. (3). Effects of the PAODPc
absorption in the B band region were corrected by subtraction of
its absorption from for all calculations.

Because the concentration of the catalyst might have an effect
on the phototransformation of the analytes, experiments were con-
ducted using various concentrations of the catalysts ranging from
50mgL-! and 600mgL-! and the initial rate of disappearance of
CP determined and @cp were calculated.

As shown in Fig. 6, as the concentration of the sensitizer
increased, the @¢p values increased until a maximum was reached
around which the plot flattened and then there was a decline. The
flattening could be due to inability of additional catalyst to bring
commensurate increase in quantum yield as aggregation began to
set in. The decrease in @cp with increase in PAODPc concentra-
tion could be due to extensive aggregation of the molecules at high
concentrations. The optimum concentrations of the sensitizer were
350mgL-! for 4-CP and 300 mgL-! for PCP. The percentage con-
version of 4-CP was 91% and for PCP, the values was 70% (Table 1).
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Table 1
Photocatalytic parameters for phototransformation of 4-CP and PCP in basic media.

Substrate Optimum catalyst Dep ka=kq/® aSlope(mol~'Ls1) kq+ka (mol~'Ls~1) % conversion

conc. (mgL1) (24 hreaction time)
4-CP 350 9x 104 3.4 x10* 5.2 x 10* 91
PCP 300 2x 1073 5.6 x 10? 8.2 x10* 70

3.3.2. Kinetics of photocatalysis

The rate constant for homogeneous photo-oxidation, k,;, was
estimated from the slope of the linear plot of 1/®¢p vs. 1/[CP] (Eq.
(8)). ka equals kq/® ASlope where ky is the singlet oxygen decay
constant in DCM (1.6 x 10% [25]), and @, is the singlet oxygen
quantum yield of the sensitizer in DCM (@ =0.26) [19].

Using k, values as an indication of photodegradation efficiency,
Table 1 shows that photooxidation of 4-CP occurred faster than
for PCP, due to plurality of the electron withdrawing chloride sub-
stituents which will make the ring difficult to oxidize for the latter.
The breakdown of the aromatic ring has been reported to be slightly
faster for 4-CP compared to PCP using semi-conductor particles
[36].

The quenching effects of the CPs on the singlet oxygen was esti-
mated from (kq + ka) calculated from the intercept 1/@cp vs. 1/[CP]
(Eq. (8)). Comparison of the (kq +ka) with k, or estimation of kq
from the two gives the deactivation or quenching of singlet oxygen
via other routes apart from oxidation reaction with chlorophenols.
The values of (kq + ka) for the sensitizer employed in this work were
8.2 x 10*and 5.2 x 10* mol~! dm?3 s~ for PCP and 4-CP respectively
while k, values were 5.6 x 102 and 3.4 x 104 mol~! dm3 s—! for PCP
and 4-CP, respectively (Table 1). The implication of larger (kq +ka)
compared to k, for PCP is that considerable amount of physical
(chemically unproductive) quenching of singlet oxygen via Eq. (6)
took place during the reactions for PCP, hence the lower rate con-
stant for PCP compared to 4-CP.

3.4. Heterogeneous reactions

For heterogeneous reactions, PdODPc is adsorbed onto the
SWCNT-COOH. On visible light irradiation, PAODPc is excited to
the triplet state, generating reactive oxygen species such as sin-
glet oxygen. It is the reactive oxygen species which are involved
in catalysis. For heterogeneous photosensitization, the optimum
catalyst (as ads-PdODPc-SWCNT-COOH) loading was determined
using 1.00 x 10~* M solution of 4-CP or PCP, while varying the cat-
alyst concentration from 100mgL-! to 800 mgL-'. The decrease
in absorption spectra of the PdAODPc complex as it adsorbs onto
SWCNT-COOH was recorded for each catalyst concentration as
shown by Fig. 2. Then the ads-PdODPc-SWCNT-COOH for each cat-
alyst concentration was employed for the phototransformation of
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Fig. 6. Plot of @, cp vs. concentration of photosensitizer to determine the
optimum sensitizer concentration for phototransformation of 4-CP (concentra-
tion=1.00 x 104 M) in DCM.

CPs. The initial rate of reaction for each catalyst concentration was
determined. The removal of the CPs increased linearly with cata-
lyst concentration until it reached 500 mg L~ for both PCP and 4-CP
(figure not shown), after which a decrease was observed probably
due to shielding effect of the excess catalyst causing reduction in
the penetration of light. The percentage conversion of 4-CP was 42%
and for PCP, the value was 30%, Table 2 (at the optimum catalyst
concentration), hence the values are lower than for homogeneous
catalysis. No leaching of the PAODPc from the SWCNT-COOH is
expected since the latter is insoluble in water.

The kinetics of heterogeneous transformation of both 4-CP
and PCP fitted into pseudo first-order reaction kinetics which
may be expressed as In(Cy/Ct)=kopst. The apparent rate con-
stant (kops) was obtained from the slopes in Fig. 7 (for PCP)
for the two substrates at different concentrations ranging from
4% 107> to 1.0 x 10~* M. The apparent rate of reaction kg, for ads-
PdODPc-SWCNT-COOH, Table 2, shows that the more dilute the CP
solutions, the higher the apparent rate of transformation. The kgps
values ranged between 1.21 x 103 min~! and 3.12 x 10~3 min~!
for 4-CP and 1.80 x 10-3 min~! and 4.00 x 10~3 min~! for PCP for
concentrations of 4, 6, 8 and 10 x 10~> M. Thus the values are
slightly higher for PCP.

It is important to establish if the transformation reaction takes
place in the adsorbed state and to determine the adsorption coef-
ficient. Langmuir-Hinshelwood model (Eq. (10)) was employed
for these studies.The plots of reciprocal of initial rate of photo-
transformation vs. reciprocal of initial concentration of CPs (Fig. 8)
give k; as the intercept, and the adsorption coefficient (K,45) was
determined from slope. The plots were found to be linear with a
non-zero intercept for both 4-CP and PCP. The values of k; and
K,4s are listed in Table 2. According to Table 2, adsorption rate (k;)
was lower for 4-CP with a value of 6.06 x 10~ Mmin~! compared
to PCP 1.02 x 10~ M min~!. The values of adsorption coefficient
(Kags >> 1) suggest that adsorption was more favored over desorp-
tion for both substrates with adsorption of 4-CP being the more
favored because of its higher K,q45 values.

3.5. Catalyst stability
Following use in the transformation of chlorophenols, the ads-

PdODPc-SWCNT-COOH were cleaned by rinsing in water, dried
and reused for the phototransformation. Fig. 9 shows the plots

0.25 1
0.2 - (@)
=
£ o015 A (b)
8
=3 C
£ 01 1 ()
(d)
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0 T r T r r \
0 10 20 30 40 50 60

Irradiation time (min)

Fig. 7. Kinetic plot for ads-PdODPc-SWCNT-COOH in photooxidation of PCP.
Starting concentrations are (a) 4 x 10> M, (b) 6 x 10> M, (c) 8 x 10->M and (d)
10 x 107> M in water.
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Table 2

Langmuir-Hinshelwood (L-H) parameters for the phototransformation of 4-CP and PCP on ads-PdODPc-SWCNT-COOH in basic media.

Substrate Conc. (M) Kobs (min=1) (1073) ke (Mmin~—1) Kygs (M-1) %conversion (24 h
reaction time)
4- 4.00x10°° 3.12 6.06 x 107 2.7x 103 42
cP 6.00 x 105 227
8.00 < 1073 1.92
1.00 x 104 1.21
PCP 4,00 x 107° 4.00 1.02 x 106 5.56 x 10? 30
6.00 x 1075 3.30
8.00 x 1075 2.60
1.00 x 10~ 1.80
a 35 1 dropped drastically from 5.00 x 10-7 Mmin~! for the first use to
30 y= Oéfilt;(;i:“ 3.00 x 10~ Mmin~! for the second use and 1.00 x 107 M min~!
o I for the third use. The drastic reduction might be due to per-
= 25 manent adsorption of intermediates or products on the surface
% 20 1 of the catalyst thereby reducing its adsorption activities. It is
5 15 now well established that the upon oxidation, chlorophenols form
Z‘g 10 | polymers which have diffusion limitation from the catalyst, block-
s ing the surface [37,38]. Hence the observed decrease in activity
5 1 of ads-PdODPc-SWCNT-COOH following use is not surprising.
0 . . . . . . The differences in the degree of deactivation of the surfaces by
o g 10 15 20 25 30 phenolic compounds and their oxidation products, have been
explained in terms of the different structure (hence permeabil-
1/[4-CP](10?) ity) of the polymeric formed, where the more regular and dense
polymer structures deactivate the surface more rapidly [39]. Thus
b 60 1 the observed deactivation of ads-PdODPc—-SWCNT-COOH by PCP
_ 50 1 y= 1-72505’”9-7554 implies that the products from by the oxidation of PCP form a
"’3 R?= 0.9962 dense polymer on the surface of the ads-PdODPc-SWCNT-COOH
2 401 particles.
® 30 This was confirmed by repeating the kinetic of the reactions
"_E for the reuse (second use) in the transformation of each of the
€ 207 substrate. While the adsorption coefficient (K,4s) and the adsorp-
- 10 1 tion rate (k;) remained the same for 4-CP, they both drastically
decreased in the case of PCP from 1.02 x 10~> M min~! and 556 M~!
0 T T T T T J to 5x 10 Mmin~! and 132M! for k; and K,q4s, respectively,
0 5 10 15 20 25 30 implying that in the case of PCP the number of binding sites

1/[PCP](102)

Fig. 8. Plots of reciprocals of initial rate of phototransformation vs. initial concen-
tration of CP (a) 4-CP and (b) PCP using ads-PdODPc-SWCNT-COOH.

of concentration vs. time, for the first, second and third uses of
ads-PdODPc-SWCNT-COOH for the phototransformation of fresh
solution of PCP. The rate changes remained approximately the
same between 7.85 x 10~ Mmin~! and 7.82 x 10~ M min~! from
the first to the third use in the case of 4-CP (figure not shown).
But for PCP, Fig. 9, the story was completely different as the rate

10.5

Conc. (M) (10°3)

6 T T T T T T 1

0 10 20 30 40 50 60 70
Irradiation time (min)

Fig. 9. Plots of concentration vs. time for the reuse of ads-PdODPc-SWCNT-COOH
for the phototransformation of PCP. (a) 1st use, (b) 2nd (re-use) and (c) 3rd (re-use)
in water.

are reduced significantly after use. When not in use the ads-
PdODPc-SWCNT-COOH conjugates showed long-term stability (of
months when stored in the dark) in that they gave the same initial
rates when used for chlorophenol degradation.

3.6. Photodegradation products and mechanism

GC was used to determine the products of homogeneous and
heterogeneous phototransformation processes for the two sub-
strate by comparing the retention times of standards of likely
products such as fumaric acid, 1,4-benzoquinone, hydroquinone
and tetrachlorobenzoquinone. Two peaks due to the products
were observed in the gas chromatogram traces for homogeneous
photosensitization of 4-CP. These are: hydroquinone at 5.54 min
which appeared in minute quantity (~5% of products) and 1,4-
benzoquinone (Scheme 1), the major product which appeared at
3.00 min, under homogeneous catalysis. These peaks were all con-
firmed during GC analysis by spiking with the respective standards.
During heterogeneous catalysis (of 4-CP) the GC traces showed
that the same products were formed but with higher proportion
of hydroquinone (~20% of products). It is also important to men-
tion that when oxygen was bubbled for longer period of time the
proportion of hydroquinone in the products decreased while that
of benzoquinone increased suggesting that singlet oxygen might
be directly responsible for the production of benzoquinone while
hydroquinone might be produced through Type I pathway (but
in small amounts). This was also confirmed by bubbling argon
through a reaction medium before photolysis. The reaction gave
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OH o
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4-chlorophenol Benzoquinone

radicals OH
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Scheme 1. Proposed mechanism for the phototransformation of 4-CP on ads-
PdODPc-SWCNT-COOH.

# presence of oxygen M presence of argon presence of sodium azide

1.20
__1.00 J
=
¥ 0.80 ¢ Y
o
-
x 0.60
£ 0.40
£ o
o
0.20
0.00 T T T T T T T 1
0 10 20 30 40 50 60 70

Irradiation time (min)

Fig. 10. Demonstration of the effect of sodium azide and argon on 4-CP phototrans-
formation rate using ads-PdODPc-SWCNT-COOH.

OH 0
cl c ‘o, ¢ ci

Cl Cl Cl Cl
Cl

pentachlorophenol tetrachlorobenzoquinone

Scheme 2. Proposed mechanism for the phototransformation of PCP on ads-
PdODPc-SWCNT-COOH.

a higher proportion of hydroquinone (70% of products) though rate
of reaction (4.00 x 10~ Mmin~!) was slower than when oxygen
was bubbled (8.00 x 10-7 M min~!) (Fig. 10). Photolysis was also
performed in the presence of a singlet oxygen scavenger, NaNs, the
reaction rate was similar to when argon was bubbled with a rate
of 3.00 x 107 Mmin~!. Both homogeneous and heterogeneous
photosensitization for pentachlorophenol gave 2,3,5,6-tetrachloro-
1,4-benzoquinone (Scheme 2) with homogeneous reaction giving
70% conversion as compared with 30% for heterogeneous reaction.
Introduction of singlet oxygen scavenger halted the reaction sug-
gesting that the only pathway available for this transformation is
the Type Il pathway.

4. Conclusions

This work showed that PdAODPc is capable of both homogeneous
and heterogeneous photo-oxidation of 4-chlorophenol and pen-
tachlorophenol. The oxidation of both substrates was faster under
homogeneous conditions and gave higher percentage conversion
than for heterogeneous catalysis. It was confirmed that singlet oxy-
gen played a role in the phototransformation of both substrates.
Direct oxidation of 4-chlorophenol appeared to result in the for-
mation of benzoquinone while hydroquinone seemed to be the
product from Type I reaction pathway.
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