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ABSTRACT

Photocatalytic oxidation of humic acid (HA) in the presence of clay particles (montmorillonite
[Mt] or kaolinite [Kt]) followed using specific UV-vis parameters (SUVAjzes, SUVAss,
SUVA,s4, and SCoA) calculated by respective absorbance measurements through conversion
to mass of carbon. Non-selective oxidative degradation of HA could be displayed by the
observed changes in the UV-vis spectral features in accordance with the successful
elimination of the dissolved organic carbon. It was previously reported that fractional UV-vis
parameters (Epsa/Eses, Eosa/Ease, Eoso/Ezes, Ezs0/Ease, and Eses/Ease) could signify the
removal of color forming groups in relation to the removal of UV absorbing centers revealing
information on the different oxidation pathways through photocatalysis. Regarding the results
attained in this study, with respect to the changes attained in the specific UV-vis parameters,
it could be indicated that the photocatalytic oxidation mechanism was significantly different
for HA in the presence of either Mt or Kt. No noteworthy variation could be detected for
fractional UV-vis parameters under photocatalytic conditions for sole HA as well as for HA
in the presence of either Mt or Kt. However, a significant correlative interaction was observed
between the specific UV—-vis parameters (SUVAjss and SCoA) and the fractional UV-vis
parameter (Epss/Eaze) (r*> 0.80). Therefore, it could be concluded that Eses/Eass parameter
could be successfully used as a discriminative indicator parameter of the specific UV-vis
parameters for the photocatalytic degradation of HA in the presence of either Mt or Kt.

Keywords: Photocatalytic oxidation; Humic acid; Specific and fractional UV-vis parameters;
Montmorillonite and kaolinite

1. Introduction

Photocatalytic oxidation of humic acid (HA) dis-
plays a recent interest due to the complex properties
of organic matrix representing both natural organic
matter (NOM), as well as, wastewater-originated
composite organic substrates. NOM components are
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classified according to their pH depending solubilities,
mainly as HA, that are soluble under neutral and
alkaline conditions [1]. The ill-defined nature of HA
holds significance due to its reactivity towards oxida-
tive treatment through which conformational and
structural changes could be expected in accordance
with the successive removal of dissolved organic car-
bon (DOC) [1]. Because of the presence of various
chromophoric groups the spectral properties of humic
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substances have been studied extensively. NOM more
specifically HAs express UV-vis characteristics as
decreasing absorption with increasing wavelength in
an approximately exponential fashion [2,3]. The pres-
ence of unsaturated compounds with delocalized lone
pair of electrons usually imparts a distinct yellowish
color to the water, and ultraviolet-visible (UV-vis)
light-spectroscopy could therefore be used to estimate
the absorbing compounds properties as well as remo-
vals, by treatment [4,5].

UV-vis spectroscopic profiles of model HAs
expressed a featureless trend with respect to increas-
ing wavelength, irrespective of the source and origin
of the substrates under non-oxidative, as well as oxi-
dative conditions [4-6]. Besides the oxidation of vari-
ous sole HAs, the possible role of the natural water
constituents had also been studied in detail and com-
piled in a recent review article by Uyguner Demirel
and Bekbolet [7]. With reference to the natural water
colloidal systems, the effect of clay particles on the
photocatalytic oxidation of HAs deserves to be investi-
gated. Kinetic modeling and oxidation efficiency of
photocatalytic oxidation of HA in the presence of
either Mt or Kt have been reported elsewhere [8,9]. In
this study, a complementary approach is presented
indicating the use of the specific UV absorbance
parameters to provide further insight to the photocata-
lytic degradation of HA [10,11]. Moreover, fractional
UV-vis absorbance parameters (i.e. Ezss/Eses, Easa/
Eys6, E280/Eses, Ezs0/Base, and Eses/Eszs) were also
investigated. The main purpose was to elucidate the
role of UV-vis spectral features in relation to DOC
removals for the assessment of the non-selective oxi-
dation of HA in the presence of either Mt or Kt.

2. Materials and methods
2.1. Materials

HA (supplied from Aldrich) solution (50mgL ")
was prepared by dilution of the stock solution
(1,000mgL ") using ultra pure water (Millipore
Milli-Q plus system, with a resistivity of 18.2MQcm
at 25°C). Titanium dioxide with a constant loading of
0.50mgmL~" (Degussa P-25) was used as the photo-
catalyst. Mt (SAZ-1) and Kt (KGa-1b) were supplied
from The Clay Minerals Society, Source Clays
Repository (West Lafayette, IN). Mt (SAZ-1, cation
exchange capacity (CEC): 120meq100g ™', and N,-BET
surface area: 97.42m’g™ ') and Kt (KGa-1b, CEC:
2.0meq100g ", and N,-BET surface area: 12.9m”g ")
were used. Selected dose range of the clay minerals
either as Mt or Kt was 0.05-0.2mgmL "
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2.2. Methodology

Bench-scale photocatalytic oxidation experiments
were performed according to the methodology pre-
sented by Bekbolet and co-workers [12]. Following the
photocatalytic treatment, all aqueous humic solutions
were first centrifuged (5,000 rpm for 10 min) then the
supernatants were filtered using a 0.45pm membrane
filter (Millipore) to remove suspended particulate
materials. Perkin-Elmer Lambda 35 UV-vis Spectro-
photometer was used to record the UV-vis spectra
and DOC (mgL ") was measured using Total Organic
Carbon Analyzer (Shimadzu TOC-VWP). As prelimin-
ary experiments, dark interactions (d) of HA and TiO,
in the presence of either Mt or Kt were assessed
through experiments performed in the absence of irra-
diation. Photolytic removal of HA was also presented
by the experiments performed in the absence of TiO,.
Moreover, binary interactions revealing the uptake of
HA by TiO,, Mt, or Kt were also assessed through
baseline experiments that were carried out under dark
conditions.

2.3. Specified and specific humic parameters

The parameters used for the elucidation of the pho-
tocatalytic oxidation of HA both in the presence and
absence of clay minerals i.e. Mt or Kt were selected
according to the UV-vis spectral properties. Absor-
bance measurements were performed at 436nm
(Coloryze), 365 nm (UV345), 280 nm (UVagp), and 254 nm
(UVys4) [4]. Correspondingly specific parameters such
as SCoA represents Coloryss/DOC, SUVAjz¢5 repre-
sents UV35/DOC, SUVAyg, represents UV,g,/DOC,
and SUVA;s, represents UV,s4/DOC. Fractional UV-
vis parameters were represented by the following
ratios where for practical reasons, each E-term
designates either UV or Color i.e. Exs4/Eags, Ez54/Euse,
EZSO/E365/ EZSO/E436/ and E365/E436' HA solution pre-
pared at a concentration of 50 mgL " with a DOC con-
tent of 17.00mgL~' expressed Coloryss: 23.9m ',
UV3es: 46.5m !, UVogo: 46.5m !, and UVysy: 119.9m ™",

3. Results and discussion

3.1. Evaluation of HA photocatalytic oxidation by UV—vis
absorption spectra

Under the photocatalytic oxidation conditions, the
UV-vis spectral properties of HA retained the basic
declining features [4]. For comparison purposes, the
UV-vis spectra were displayed for sole HA (A) and
HA in the presence of Mt (B) and Kt (C) under
photocatalytic oxidation conditions (Fig. 1(A-C)). In
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general, UV-vis spectra of HA retained the logarithmic
declining trend being different in absorbance magni-
tudes irrespective of the applied reaction conditions.

Bearing in mind that filtration through 0.45pum
membrane filters consisted the major step of sample
preparation following photocatalytic treatment and
prior to the characterization analyses, the UV-vis
spectra of HA (raw) and filtered HA (Rawf) were also
given (Fig. 1(A-C)). Followed by photocatalysis (PC)
(e.g. irradiation period of 60min), oxidized HAs also
retained the featureless declining trend. Since the
figure covered only one single dose of clay mineral
(0.1mg mL™Y), it should be indicated that the UV-vis
spectral shapes were under consideration rather than
the extent of absorptivities that were obviously dose
dependent.

The consistency attained in the UV-vis spectral
shapes indicated the possibility of the implementation
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of the specific as well as the fractional UV—-vis param-
eters for the elucidation of the photocatalytic oxida-
tion of HA under the specified experimental
conditions.

3.2. Evaluation of HA photocatalytic oxidation by specific
UV—-vis absorbance parameters

As a basis to photocatalytic degradation, baseline
and preliminary interactions were evaluated to
express adsorptive interactions as well as photolytic
removals. All of the specific UV-vis parameters dis-
played slight variations irrespective of the prevailing
interaction mechanisms resulting from both prelimin-
ary and baseline interactions (Fig. 2 (A) and (B)). Dark
interactions of HA and either Mt or Kt binary systems
expressed lowest SCoA, and SUVAz¢; whereas highest
SUVAy5 and SUVAj;s; were obtained upon dark
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Fig. 1. UV-vis absorption profiles of (A) HA in the presence of Mt (B) (HA and Mt, 0.1 mg mL™Y), Kt (C) (HA and Kt,
0.ImgmL""). Prior to and after photocatalysis (PC) (irradiation time: 0-60 min). For comparison purposes, samples were
also presented followed by filtration through 0.45m membrane filters (f). TiO, loading was kept constant at

0.50 mgmL .
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Fig. 2. Removal of specific UV-vis parameters of HA by baseline (A) and preliminary interactions (B) both in the
presence and absence of clay minerals i.e. Mt/Kt. HA: 50mgmL ™!, Mt: 0.1 mgmL ', Kt: 0.1 mgmL "', TiO,: 0.5mgmL "',
b: baseline interactions, d: dark interactions (time, 0 and 60min), and p: photolytic interactions (irradiation time; 0 and

60 min).

interactions of HA and Kt binary system in the pres-
ence of TiO,. Considerably higher SUVA,g and
SUV A5, indicated the dominating aromatic character
of the residual HA fractions. The binary and ternary
surface interactions resulted in successive removal of
color-forming moieties rather than the counterpart’s
inner structural core aromatic domains with respect to
the removals of DOC, under the specified experimen-
tal conditions. A plausible reason could be attributed
to the prevailing electrostatic attractions between the
charged humic functional groups and exposed sur-
faces of TiO,, Mt, and Kt.

Changes attained in the specific UV-vis parame-
ters were also followed during photocatalytic degra-
dation of HA both in the presence and absence of clay
particles. It was observed that the removal of the spe-
cific UV-vis parameters revealed a logarithmic profile
that could be successfully mimicked by a first-order
kinetic decay model (R*> 0.80) (Table 1). The possible
role of the clay dose (0.05, 0.1, and 0.2mgmL™") due

to the presence of expanded surface exposed to the
humic fractions was also presented. The expected
effect could possibly be related to the enhanced

Table 1

Photocatalytic first-order kinetic decay model rate constant
(kx10°>min"") of the specific UV-vis parameters of HA
both in the presence and absence of either Mt or Kt

Rate constant, k x 1073, min !

SUVA,ss SUVAyg SUVAzes  SCoA
HA 4.78 5.68 10.53 13.94

Mt dose

0.05mgmL™" 573 6.45 11.02 14.81

0.1lmgmL™'  6.33 7.26 13.35 18.66

02mgmL~"  8.00 9.18 15.06 19.21

Kt dose

0.05mgmL™"  8.17 9.35 14.93 18.87

0.1mgmL™"' 624 7.23 11.70 15.07

02mgmL™"  7.09 8.23 14.83 21.25




S. Sen Kavurmaci and M. Bekbolet | Desalination and Water Treatment 52 (2014) 1903-1910

adsorptive interactions related to the increased surface
area comprised of TiO, as well as Mt and Kt.

Contrary to the effect observed in the presence of
Kt, increasing Mt dose significantly affected the
removal of the specific UV-vis parameters in a consis-
tent trend. Regarding the different morphological
properties of the clay minerals, it could be deduced
that the mechanism of photocatalytic degradation pro-
ceeded through dissimilar pathways. On the other
hand, photocatalytic degradation of sole HA dis-
played a consistent increasing trend for the removal
of color-forming groups being faster with respect to
the removal of the UV absorbing centers in accor-
dance with the DOC removals.

3.3. Evaluation of HA degradation by fractional UV-vis
parameters

Absorption of UV light by HA is caused by n-elec-
trons and expresses conjugated aromatic systems,
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whereas functional groups with quinoide structures
and keto-enol-systems are more responsible for the
visible light absorption [5]. Various absorption wave-
lengths at 254, 280, 365, 436, and 465nm as well as
ratios like E2/E3 (e.g. UVys5/UVss), E3/E4 (eg.
UV365/UV436) have been reported as suitable parame-
ters in the spectral differentiation of humic substances
[4,5] In a similar manner, E254/E365, E254/E436, Ezgg/
Eses, Easo/Eazs, and Eges/Ea3s parameters have been
selected for the differentiation of the prevailing sys-
tems under various conditions (Fig. 3).

Fig. 3(A) demonstrated the changes attained in the
fractional UV-vis parameters of HA. Ejs4/Es36 and
Exg0/E4s6 ratios displayed the most significant varia-
tions under baseline conditions. The reason could be
attributed to the predominant role of the aromatic
domains represented by UV,s4 and UVyg, parameters
with respect to the color-forming moieties (Coloryse).

Similar trends could also be visualized for the frac-
tional UV-vis parameters of HA by preliminary
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Fig. 3. Removal of fractional UV-vis parameters of HA by baseline (A) and prehmmary (B) 1nteract10ns both in the

presence and absence of clay minerals i.e. Mt/Kt. HA: 50mgmL ', Mt: 0.1 mgmL "

; Kt: 0.1mgmL ™", TiOp: 0.5mgmL ™"

b: baseline interactions, d: dark interactions (time: 0 and 60 min) and P photolytlc interactions (irradiation time, 0 and

60 min).
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experiments. Upon irradiation (¢, 0-60min) in the
absence of TiO,, comparatively similar changes in the
fractional UV-vis parameters of HA were attained in
the presence of either Mt or Kt expressing the sole
photolytic behavior of HA irrespective of the aqueous
medium constituents. However, due to the prevailing
adsorption phenomena, time dependent changes in
the humic fractional UV-vis parameters could be
deduced being more significant in the presence of Kt
with respect to the effect observed in the presence of
Mt revealing the significant discriminative role of the
surface properties of the clay minerals.

Furthermore, selected fractional UV-vis parame-
ters were also followed, with respect to irradiation
time during PC (Fig. 4(A-C)). The most significant dif-
ferences were attained for Ejss/Esss, and Esgg/Ease
revealing a differentiation between HA and HA-clay
binary systems. The reason could be attributed to the
prevailing competitive adsorption mechanism due to
presence of TiO, and either Mt or Kt. Depending on
the irradiation conditions, both the unoxidized as well
as the oxidized humic fractions could possibly be
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attracted to the exposed oxide surfaces and further
removed through filtration following photocatalytic
treatment.

Although the presented figure (Fig. 4(A-C)) dis-
plays only one single dose of clay particles, in the
presence of other doses of clay particles (0.05 and
0.2mg mL™Y), similar results were also attained.

3.4. Correlation between fractional UV—vis and specific
UV—vis parameters

UV-vis absorptions measured at 365 and 446nm
(E3 and E4, respectively) and their ratio (E3/E4) were
presented with respect to the changes attained in the
respective specific UV—-vis parameters as SCoA and
SUVAg¢s5. These two-variables displayed the following
tendency as the higher the specific absorption, the
lower was the E3/E4 absorption ratio for HAs [13].
The observed phenomenon was attributed to a possi-
ble indication of an increasing aromaticity and molec-
ular weight of HAs. The overall evaluation would
indicate the persistence of basic humic properties
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Fig. 4. (A)~(C). Change of fractional UV—vis parameters of HA with respect to irradiation time (x-axis, irradiation time: 0-
90 min) both in the presence and absence of clay minerals i.e. Mt/Kt. (A): HA, (B): HA and Mt, and (C): HA and Kt.
(HA: 50mgmL ', Mt: 0.1mgmL ', Kt: 0.1 mgmL "', TiO,: 0.5mgmL"".
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rather than the formation of lower molecular weight
oxidized and more fulvic-like structure, with reference
to the expected range of Ejss5/Es36> 4. The relation-
ships were displayed where Eg¢s/Es36 and Easa/Eaze
were correlated with the respective specific UV-vis
parameters as SCoA, SUVAgzes, and SUVAys, (Fig. 5
(A) and (B)).

Es6s5/E4s6 ratio displayed a discriminative behavior
with respect to SUVAz¢5 and SCoA values of the clay
minerals either for Mt or Kt. However, the variations
observed in SCoA and SUVAj,ss with respect to Exss/
E436 did not reveal any significant difference from clay
type point of view. Moreover, the attained data could
well be modeled by a linear relationship irrespective
of the clay type;

SUVAgss = —0.12(Eps/Euse) + 1.81(r* = 0.84)

SCoA = —0.11(E254/E436) + 172(7‘2 = 080)

In the presence of Mt, SCoA, and SUVAj;¢s rela-
tionships with respect to Ezes5/E436 could be expressed
by the following Egs. (1) and (2)

» =0.89

SCoA = —0.65(E365/E436) +2.58 (1)

SUVAsze5 = —1.16(Es65/Eaze) +4.95 7* =091 (2)

In the presence of Kt, SCoA, and SUVAj45 relation-
ships with respect to Ez¢s/E436 could be expressed by
the following Egs. (3) and (4)

BSUVA36SMt
® SUVA365Kt

A * SCoAM!
SCoAKt

1.50 - ’ B
Ny ™
Ae off
0.50 “M
L A
0.00 +
0.00 1.00 2.00 3.00 4.00 5.00
E365/E436
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SCoA = —0.85(Ese5/Eqz6) +2.78 1* = 0.80 (3)
SUVA365 =-1.51 (E365/E436) +5.28 rz =0.80 (4)

Moreover, in the presence of Mt, SCoA, and
SUV A5, relationships with respect to Epss/E436 could
be expressed by the following Egs. (5) and (6)
* = 0.895

SCoA = —0.11(E254/E436) +1.64 (5)

SUVA254 = —0.32(E254/E436) + 8.07 1’2 =091 (6)

Also, in the presence of Kt, SCoA, and SUVAjys,
relationships with respect to Ejss/Es could be
expressed by the following Egs. (7) and (8)

SUVAgsy = —0.29(Epss/Egze) +7.84 1r* =0.82 8)

Regarding the close similarities of the coefficients
of Eqs. (5) and (7) and Egs. (6) and (8), the attained
overall data could well be modeled by a linear rela-
tionship irrespective of the clay type as given in below
Egs. (9) and (10):

SCoA = 0.11(Epss/Eas) +1.72 1* =0.80 (9)

SUVA,54 = —0.32(Eps4/Eass) +8.29 1 =0.84 (10)

It is noteworthy to indicate that the correlation of
SCoA and SUVAj,s, parameters with respect to
Ess4/E436 did not reveal any significant differences
from the clay-type point of view. Therefore, both

B * SCoAMt B SUVA254Mt
SCoAKt ® SUVA254KL
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Fig. 5. (A) Specific SCoA and SUVAje variation with respect to Esgs/Esze ratio of HA and (B) Specific SCoA and
SUVA;s, variation with respect to Ejss/E436 ratio of HA in the presence of Mt or Kt upon PC irrespective of clay dose

and irradiation conditions.
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SCoA and SUVAj;¢s5 parameters could well be corre-
lated with Esgs/Es36 to express the discrimination of
the effects of the different clay minerals. It should also
be mentioned that neither irradiation period nor dose
of the clay minerals contributes remarkably on the
correlation. As a conclusive remark, color-forming
moieties (Colorsss) as well as the UV absorbing cen-
ters at near visible wavelength (UV35) as related to
the DOC removals could serve as a differentiation fac-
tor for the assessment of the effects of the clay miner-
als on the photocatalytic degradation of HAs.

4. Conclusion

UV-vis spectral features of sole HA and HA in the
presence of either Mt or Kt were elucidated both
under non-oxidative and photocatalytic oxidation con-
ditions. The study demonstrated the use of specific
UV-vis (1e SCOA, SUVA365, SUVAng, and SUVA254)
and fractional UV—vis parameters (i.e. Exs4/Ez65, Easa/
E436, E280/E365, E280/Eaze, and Ezes/Ease) of HA for the
visualization of the photocatalytic oxidation process.
The variations attained in SCoA and SUVAjs; with
respect to Exs4/E436 did not reveal any significant dis-
crimination from clay-type point of view, hence could
well be modeled by a linear relationship irrespective
of the clay type. On the other hand, the relationship
of E365/E436 and SUVA365 and SCoA parameters dis-
played a discriminative behavior with respect to the
type of the clay mineral as represented by the correla-
tion equations. As a conclusive remark, it could be
indicated that under nonselective oxidation condi-
tions, besides the determination of the DOC contents
of the oxidized HA fractions and UV-vis spectro-
scopic investigation as a non-destructive simple tech-
nique could still hold importance for the elucidation
of the effects of the complex reaction medium as
demonstrated for clay minerals.
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