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ABSTRACT

Humic acids (HA) constitute the major fraction of natural organic matter that should be
removed during water treatment. Besides conventional treatment methods, application of
advanced oxidation processes more specifically photocatalysis has gained much attention in
recent decades. Titanium dioxide (TiO2) is universally recognized as a standard photocata-
lyst. Since photocatalysis occurs through a surface-oriented mechanism, adsorptive proper-
ties of TiO2 specimens deserve special attention. Moreover, nowadays visible light activated
TiO2 developed by modifications through the use of various dopants has been the subject of
numerous investigations. Understanding of the surface interactions prevailing between the
anion-doped oxide surface and humic subfractions is important for the determination of the
role of humic substances during photocatalysis. The aim of this study was to investigate
surface interactions between different molecular size fractions of HA and TiO2, namely bare
TiO2 and anion-doped TiO2 (C-doped, N-doped, S-doped and N–S co-doped) specimens.
Therefore, adsorption properties of HA and its molecular size fractions onto bare TiO2 and
anion-doped TiO2 specimens were evaluated by dissolved organic carbon, UV–vis spectral
properties, and respective specific UV–vis parameters (SCoA, SUVA365, SUVA280, and
SUVA254). Furthermore, the data achieved by adsorption experiments were assessed by Fre-
undlich, Langmuir as well as Dubinin–Radushkevich isotherm models. The results based on
varying molecular size fractions of HA displayed remarkable differences with respect to the
type of the dopant in comparison to the bare TiO2 specimen. Consequently, when different
molecular size fractions of HA were compared, Freundlich model displayed lower KF and
higher 1/n values as well as Langmuir model exhibited maximum quality adsorbable in the
presence of lower molecular size fraction. The reason could be also attributed to the
compositional properties of HA subfraction along with the alterations in TiO2 specimens
due to doping. From a general perspective, E values in Dubinin–Radushkevich model indi-
cated that the main mechanism for the adsorption of diverse molecular size of HA onto
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bare and anion-doped TiO2 specimens could be mainly attributes to physical forces.
Referring to the fundamental aim of the study indicating that the studied dose range of
TiO2 (0.1–1.0 mg mL−1) was selected with respect to the photocatalytically active concentra-
tion range, the attained results should be carefully interpreted.

Keywords: Humic acids; Photocatalysis; Natural organic matter; Water treatment

1. Introduction

Natural organic matter (NOM) forming during
degradation of plant and animal tissues exists in all
surface, ground waters along with soil [1,2]. The most
spread NOM existed in the water supplies is humic
substances (HS), which are anionic hydrophobic
macromolecules possessing surface functional groups
containing carboxylic and phenolic groups [3]. HS can
be divided into three components: humic acid (HA),
fulvic acid (FA), and humin according to their solubil-
ity features. HA and FA represent alkali-soluble
humus fragments and humin represents the insoluble
residue. Humic components are also composed of
various fractions displaying different molecular size
and weights (e.g. 100 kDa, 30 kDa, and even 500 Da).
Presence of HA results in some important problems
such as developing color in the water source and
forming disinfection by products during chlorination
process in the treatment systems. Because of these
issues, the removal of HA from water sources has a
very high importance [4].

Titanium dioxide (TiO2), which is used as a stan-
dard photocatalyst, is preferred to cope with a great
deal of environmental problems such as air purifica-
tion and wastewater treatment owing to its advanta-
geous features such as photochemical reactivity, high
chemical stability, high UV absorption, commercial
availability, and inexpensiveness. The band gap
energy of TiO2 points out the wavelength of UV light
λ < 400 nm excluding the beneficial use of visible light
region of the electromagnetic spectrum. This situation
decreases the ability of TiO2 as to the decomposition
of toxic substances under natural illumination [5].
Some solutions have been found to increase the
absorption wavelength range of TiO2 to the visible
region (400 nm < λ < 700 nm) without the decrease in
photocatalytic activity of TiO2. One of them is that red
shift of the absorption edge of TiO2 to wavelengths
longer than 400 nm can be succeeded by doping TiO2

with transition metal cations such as chromium, vana-
dium, iron, and nickel into Ti sites in order to increase
photocatalysis efficiency [6]. Another solution is to
decrease the band gap energy of TiO2 by doping with
non-metallic elements such as boron, carbon, nitrogen,
and sulfur either as mono- or co-doped states [7]. A

well-known example of mixed phase TiO2 is the com-
mercial P-25 material, which consists of approximately
80% anatase and 20% rutile phases. This material has
higher chemical stability and photocatalytic activity
for oxidative degradation than its pure phase counter-
parts [8].

Although vast number of research had been dedi-
cated to the use of visible light active photocatalysts,
not much attention has been given to the adsorptive
properties of these materials towards the substrates
under investigation. Due to the surface oriented nat-
ure of photocatalysis, adsorption of the substrate onto
TiO2 displays a crucial role in degradation process.
Furthermore, excessive adsorption of the substrate
onto the photocatalyst is not desired since the extent
of the unoccupied surface exposed to light absorption
should be enough to produce sufficient amount of
reactive oxygen species mainly hydroxyl radicals.
With respect to the previously reported studies per-
formed on the photocatalytic degradation of HA using
both bare and doped TiO2 specimens, it was shown
that HA could be successfully oxidized to lower
molecular weight fractions [9,10]. Therefore, adsorp-
tion of HA onto bare TiO2 and doped TiO2 specimens
requires to be investigated provided that the adsor-
bent dose should resemble the photocatalytically
active range of TiO2. In that respect, the main aim of
this study was directed to the evaluation of the sur-
face interactions existing between the anion-doped
oxide surface and HA subfractions.

2. Materials and methods

2.1. Materials

Commercial HA was supplied from Aldrich
(Aldrich Company, USA). Stock HA solution
(1,000 mg L−1) was prepared using ultrapure water
(Millipore Milli-Q plus system, with a resistivity of
18.2 MΩ cm at 25˚C). While HA concentration was
chosen as 20 mg L−1 for 0.45 μm filtered fraction
(5.98 mg L−1 DOC), HA solution with an initial con-
centration of 50 mg L−1 was employed for preparation
of both 100 kDa molecular size fraction and 30 kDa
molecular size fractions to achieve enough dissolved
organic carbon (DOC) in solution matrix prior to
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adsorption onto adsorbents. HA solutions were
fractionated using a 50 mL Amicon Model 8010 ultra-
filtration stirred cells into two different molecular size
fractions (100 and 30 kDa) in order to obtain diverse
organic matter contents [11]. HA molecular size frac-
tions were designated as (i) 0.45 µm filtered fraction,
(ii) 100 kDa fraction for HA passing through 100 kDa
molecular size filter, and (iii) 30 kDa fraction for HA
passing through 30 kDa molecular size filter.

TiO2 P-25 was provided from Evonik Corp.
(Germany) (crystal structure: 80% anatase and 20%
rutile, nonporous, BET surface area (SA): 55
± 15 m2 g−1, average particle size: 30 nm, density:
3.8 g mL−1). Anion-doped TiO2 specimens (i) C-doped,
(ii) N-doped, (iii) S-doped, and (iv) N–S co-doped TiO2

specimens were employed in batch adsorption
experiments. Anion-doped specimens were prepared
according to a wet impregnation method by Cinar and
co-workers in the research laboratories of Department
of Chemistry, Yıldız Technical University. Detailed
information on the preparation, characterization, and
activity testing on these doped TiO2 specimens have
been presented elsewhere by Cinar and colleagues
[7,12]. pHzpc of anion-doped TiO2 specimens was deter-
mined by examining the change in zeta potential values
with respect to different pH conditions using a Nano/
Zetasizer (ZS90, Malvern Instruments Ltd.). Prior to
experiments, anion-doped TiO2 specimens were sus-
pended in a 1 mM NaCl solution followed by pH
adjustment either by adding NaOH solution (0.1–1.0 M)
or HCl solution (0.1–1.0 M). In addition, all samples
were subjected to ultrasonication for 15 min prior to
measurements. The nitrogen adsorption/desorption
isotherm was obtained at liquid nitrogen temperature
77 K using Quantachrome Nova 2200 e automated gas
adsorption system. The specific surface areas were
determined using multi-point BET analysis. Properties
of bare and doped TiO2 specimens were presented in
Table 1.

2.2. Methodology

Batch adsorption experiments were implemented
using 100 mL Erlenmeyer Flasks. Each flask was filled

with 25 mL HA solution. Increased amounts of TiO2

were added to each Erlenmeyer flask starting from 0.1
to 1.0 mg mL−1. Each sample was sonicated before
being placed to the shaker for achieving homogeneous
distribution of TiO2 in the slurry. The samples were
immersed in a water bath at 25˚C which is equipped
with a thermostate and a shaking device. Although
equilibration time of 6 h was attained for all of the
TiO2 specimens, for practical reasons the flasks were
kept shaking for 24 h. Then samples were filtered by
0.45 μm Millipore filter and clear solutions were sub-
jected to analysis. All experiments conducted under
neutral pH conditions (pH 6.7–7.0), as is no pH adjust-
ment, were made throughout the experiments since no
significant pH change was observed.

UV–vis absorption spectra of HA solutions were
recorded using a Perkin Elmer Lambda 35 UV–vis
double beam spectrophotometer with Hellma quartz
cuvettes of 1.0 cm optical path length. Non-purgeable
organic carbon (NPOC) measurements of HA solu-
tions were implemented with a Shimadzu TOC Vwp
Total Organic Carbon Analyzer. NPOC was expressed
simply as DOC, mg OrgC L−1.

UV–vis absorbance values of different molecular
size fractions of HA were determined according to the
particular wavelengths that were 436, 365, 280, and
254 nm. Specified UV–vis parameters were represented
by (i) Color436 representing color-forming moieties at
λ = 436 nm, (ii) UV365 representing organic matter
content at λ = 365 nm, (iii) UV280 representing aro-
maticity of the organic matter content at λ = 280 nm,
and (iv) UV254 representing organic matter content at
λ = 254 nm. Specific UV–vis parameters were SCoA
(Color436/DOC), SUVA365, (UV365/DOC), SUVA280,
(UV280/DOC) and, SUVA254 (UV254/DOC) [13,14].
Specified and specific parameters of 0.45 μm filtered
fraction, 100 kDa fraction and 30 kDa fraction of HA
were displayed in Table 2.

3. Results and discussion

Surface interactions between diverse molecular size
fractions of HA (0.45 μm filtered fraction, 100 kDa

Table 1
Properties of bare and doped TiO2 specimens

TiO2 specimens pHzpc Crystallite size (nm) BET (m2 g−1)

Bare 6.25 22.3 57.55
C-doped 6.01 20.8 56.47
N-doped 5.15 18.8 55.35
S-doped 5.38 18.5 50.16
N–S co-doped 5.61 16.9 45.74
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fraction and 30 kDa fraction) and TiO2 specimens,
namely bare TiO2 and anion-doped TiO2 (C-doped
TiO2, N-doped TiO2, S-doped TiO2, and N–S co-doped
TiO2) were investigated. Besides DOC, adsorption
properties of HA and its molecular size fractions onto
bare TiO2 and anion-doped TiO2 specimens were also
evaluated and compared in terms of the specified and
specific UV–vis spectroscopic parameters.

3.1. UV–vis spectral features

Following adsorption, UV–vis spectral features of
all of the HA samples displayed a declining trend
resembling untreated HA. Therefore, specified UV–vis
parameters could be successfully employed in the
evaluation of the adsorption properties of HA and its
molecular size fractions onto all of the TiO2 speci-
mens. For comparative reasons, 0.5 mg mL−1 adsor-
bent dose was selected and respective UV–vis spectra
were displayed in Fig. 1(A)–(C).

Concurrently, specific UV–vis parameters dis-
played dopant-type dependent variations in relation
to the decreasing DOC contents of the HA molecular
size fractions. For simplicity purposes, a fixed adsor-
bent dose of 0.5 mg mL−1 was chosen for the sche-
matic presentation of the variations attained in specific
UV–vis parameters (Fig. 2).

From a general perspective, all specific UV–vis
parameters displayed similar trends for 0.45 μm fil-
tered and 30 kDa molecular size fractions of HA fol-
lowing adsorption onto N-doped TiO2 irrespective of
the adsorbent dose of TiO2. All specific parameters
displayed similar decreasing trends following adsorp-
tion onto C-doped, S-doped TiO2, and N–S co-doped
TiO2. Moreover, all specific UV–vis parameters exhib-
ited increasing trends for 30 kDa molecular size frac-
tions of HA following adsorption after 0.6 mg mL−1

dose of S-doped TiO2.

SCoA displayed significantly decreasing trend for
all of the molecular size fractions of HA following
adsorption onto bare TiO2, the reason of which could
be attributed to the effect of color-forming moieties on
sorption capacity. On the other hand, SCoA exhibited
relatively consistent trend for all of the molecular size
fractions of HA following adsorption onto doped TiO2

(C-doped TiO2, N-doped TiO2, S-doped TiO2, and N–S
co-doped TiO2). Hence, SCoA could not be regarded
as discriminative on the evaluation of surface interac-
tions between molecular size fractions of HA and
anion-doped TiO2 specimens. SUVA254 displayed
slightly decreasing trend in all of molecular size frac-
tions of HA following adsorption onto bare TiO2. All
specific parameters displayed similar trends each
other for 100 and 30 kDa molecular size fractions of
HA following adsorption onto C-doped TiO2, while
there is a different trend depending on dosage of TiO2

for 0.45 μm filtered fraction of HA. SUVA254 values of
greater than 4.0 indicate the presence of a more dense
aromatic character of HA [15]. Although variations in
SUVA254 were obtained with respect to the type of the
dopant, it could be visualized that following adsorp-
tion could still retain its aromatic character. Moreover,
SUVA365 and SUVA280 followed similar trends to
SUVA254 expressing the role of the UV absorbing cen-
ters on the adsorptive interactions irrespective of the
dopant type and adsorbent dose.

3.2. Adsorption isotherm modeling

Adsorption isotherms of HA molecular size frac-
tions in the form of qA (DOCHA/mass of TiO2) vs. Ce

(equilibrium DOCHA) displayed C-type isotherm with
the exception of N–S co-doped TiO2 [16]. Selected
adsorption isotherms of HA molecular size fractions
onto bare and C-, N-, and S-doped TiO2 specimens
were given in Fig. 3.

The adsorption isotherms of HA molecular size
fraction onto N–S co-doped TiO2 specimens could be
visualized as composed of two regions (Fig. 4).

Region I could be ascribed to the steep region
where low doses of TiO2 (0.1–0.5 mg mL−1) were pre-
sent for the successive adsorption of humic fractions.
Region II could be described as the linear part at
which TiO2 doses were in the range of 0.5–
1.0 mg mL−1 displaying the presence of excess surface
area for HA subfractions. The diverse nature of the
N–S co-doped TiO2 with respect to the mono-doped
counterparts could possibly be attributed as the reason
for two regional adsorption behaviors. Since N and S
atoms are replaced by the surface oxygen atoms of
TiO2, pH-dependent different surface acidic properties
could be expected [17].

Table 2
Specified and specific UV–vis parameters of HA

Humic acid
Molecular size fractions

Parameters 0.45 μm filtered 100 kDa 30 kDa

Color436 (m
−1) 9.11 6.61 3.53

UV365 (m
−1) 18.4 14.9 7.97

UV280 (m
−1) 42.2 38.0 21.1

UV254 (m
−1) 48.9 44.9 25.0

DOC (mgL−1) 5.981 4.926 2.739
SCoA436 (m

−1 mg−1 L) 1.52 1.34 1.29
SUVA365 (m

−1 mg−1 L) 3.06 3.02 2.91
SUVA280 (m

−1 mg−1 L) 7.05 7.72 7.70
SUVA254 (m

−1 mg−1 L) 8.18 9.11 9.13
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Equations preferred to explain the experimental
isotherm data were described by Freundlich,
Langmuir, and Dubinin–Radushkevich. Freundlich
isotherm is a non-linear adsorption equilibrium
model expressing the adsorption occurrences on
heterogeneous surfaces including diverse adsorption
sites with adsorption on each site following Lang-
muir isotherm [18]. The Freundlich adsorption
model can be expressed by the following equation
(Eq. (1)):

qA ¼ KFC
1=n
e (1)

where Ce (with units of mass/volume, or moles/vol-
ume) is the concentration of adsorbate remaining in
solution at equilibrium, qA (with units of mass adsor-
bate/mass adsorbent, or mole adsorbate/mole adsor-
bent) expresses the mass of contaminant adsorbed per
unit weight of the adsorbent. KF and 1/n are empirical
constants deduced from the experimental equilibrium

Fig. 1. UV–vis spectra of HA molecular size fractions upon adsorption onto 0.5 mg mL−1 bare and doped TiO2 specimens.
(A) 0.45-µm filtered fraction, (B) 100-kDa fraction, and (C) 30-kDa fraction of HA.
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adsorption data. The term 1/n is function of the
strength of adsorption that the rate of the adsorption
increases with solute concentration. KF is related
fundamentally to the capacity of the adsorbent for the
adsorbate [19].

The Langmuir isotherm model assumes that maxi-
mum adsorption corresponds to a saturated mono-
layer of solute molecules on the adsorbent surface,
that the energy of adsorption is constant, and that
there is no transmigration of adsorbate in the plane of
the surface. In other words, adsorption is limited to
monolayer coverage. The Langmuir adsorption model
can be expressed by the following equation (Eq. (2)):

qA ¼ qmaxKLCe

1þ KLCe
(2)

where qA and Ce express the before given meanings,
KL represents an empirical constant, which is called
the binding constant, and qmax is the maximum
quantity adsorbable when all the adsorption sites are
occupied [20].

Dubinin–Radushkevic (D–R) isotherm is generally
applied at low concentration and can be utilized to
describe the adsorption on both heterogeneous and
homogeneous surfaces [21,22]. The Dubinin–

Fig. 2. Specific UV–vis parameters of HA molecular size fractions upon adsorption onto 0.5-mg mL−1 bare and doped
TiO2 specimens. (A) 0.45-µm filtered fraction, (B) 100-kDa fraction, and (C) 30-kDA fraction of HA.
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Radushkevic adsorption model can be expressed by
the following equation (Eq. (3)):

qA ¼ qmaxe
�be2 (3)

where β is the activity coefficient related to mean
adsorption energy (mol2 kJ−2) and ε is the Polanyi
potential which equals to;

e ¼ RT ln 1þ 1

Ce

� �
(4)

where R is the ideal gas constant (8.3145 J mol−1 K−1)
and T is the absolute temperature in Kelvin (K). qA
and Ce have the same meanings as previously
described, but qmax differs from that in the Langmuir

model because it represents the total specific microp-
ore volume of the adsorbent. The value of β is related
to the adsorption free energy, E (kJ mol−1), which is
defined as the free energy change required to transfer
1 mol of ions from solution to the solid surfaces [23].
The relation is as the following:

E ¼ 1ffiffiffiffiffiffi
2b

p (5)

The magnitude of E is useful for estimating the
mechanism of the adsorption reaction. If E is in the
range of 8–16 kJ mol−1, adsorption is governed by
chemical ion exchange. In the case of E is below
8 kJ mol−1, physical forces may affect the adsorption.
On the other hand, adsorption may be dominated by
particle diffusion if E is higher than 16 kJ mol−1

[24,25].
Based on the above given models, all of the

adsorption isotherms were modeled to Freundlich (KF

and 1/n), Langmuir (KL and qmax) as well as Dubinin–
Radushkevich (qmax, β and E) adsorption isotherm
models (R2 > 0.70). Adsorption isotherm model
parameters in terms of DOC are displayed in Table 3.

Comparative presentation of the attained results
using Freundlich adsorption isotherm model (Eq. (1))
in terms of DOC is displayed in Table 4.

Comparative presentation of the attained results
using Langmuir adsorption isotherm model (Eq. (2))
in terms of DOC is displayed in Table 5.

Comparison of the results with respect to the
results attained for bare TiO2 indicated diverse
adsorption intensity factors (1/n) representing strong
concentration dependency of the molecular size frac-
tions of HA. The highest KF (3.53) and the lowest
intensity factor (1/n = 0.406) was attained for 100-kDa
molecular size fraction of HA adsorption onto
N-doped TiO2. In a similar trend, the highest KL (1.37)
was also attained for adsorption of 30-kDa molecular
size fraction of HA onto S-doped TiO2. The lowest KL

was determined for 30-kDa fraction of HA adsorption
onto bare TiO2. These results emphasized the role of
anion doping onto surface properties of TiO2 acquir-
ing diverse charged species for possible electrostatic
attractions.

Furthermore, for a specific dose of TiO2

(0.5 mg mL−1), BET SA normalized qA values expressed
as DOCads/SA displayed variations with respect to the
molecular size fractions of HA. The following trend
could possibly describe the observed differences in a
decreasing order; (i) 0.45-µm filtered fraction of HA
as N–S co-doped TiO2 > C-doped TiO2 > S-doped

Fig. 3. Adsorption isotherms of 0.45-µm filtered fraction of
HA onto bare TiO2, 100-kDa fraction of HA onto S-doped
TiO2, 100-kDa fraction of HA onto N-doped TiO2, and
30-kDa fraction of HA onto C-doped TiO2 (*0.45 bare:
0.45-µm filtered fraction bare).

Fig. 4. Adsorption isotherms of molecular size fractions of
HA onto N–S co-doped TiO2 (*0.45: 0.45-µm filtered
fraction).
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TiO2 > bare TiO2 > N-doped TiO2; (ii) 100 kDa fraction
of HA as bare TiO2 > N-doped TiO2 > S-doped
TiO2 > N–S co-doped TiO2 > C-doped TiO2; (iii) 30 kDa
fraction of HA as N–S co-doped TiO2 > S-doped
TiO2 > N-doped TiO2 > bare TiO2 > C-doped TiO2.

The possibility of correlation was explored in
between DOCads/SA and either KF or KL in the pres-
ence of bare TiO2 and anion-doped TiO2 specimens
(Fig. 5). Consequently, it could be visualized that
DOCads/SA could not be correlated with either KF or
KL both with respect to molecular size fraction as well
as dopant type.

From TiO2 specimen type of view, DOCads/SA
correlation to either KF or KL could be presented as
follows;

Bare TiO2: decreasing molecular size could be suc-
cessfully related to both KF and KL in a linearly
decreasing order.

C-doped TiO2: decreasing molecular size could be
related to KL in a decreasing trend.

N-doped TiO2: decreasing molecular size could not
be correlated to both KF and KL.

S-doped TiO2: decreasing molecular size could be
inversely correlated to both KF and KL.

Table 3
Adsorption isotherm model parameters expressed in terms of DOC

System

Adsorption isotherm model parameters

Freundlich model Langmuir model Dubinin–Radushkevich

KF 1/n R2 KL qmax R2 qmax β E R2

0.45-μm filtered fraction
Bare TiO2 2.71 1.49 0.93 0.150 17.1 0.96 5,154 1.40 × 10−8 5.98 0.93
C-doped TiO2 1.40 2.37 0.92 0.208 10.4 0.82 369,165 2.34 × 10−8 4.62 0.92
N-doped TiO2 1.22 0.797 0.72 0.0469 22.5 0.86 109 8.65 × 10−9 7.60 0.72
S-doped TiO2 1.15 1.78 0.82 0.122 13.1 0.74 11,992 1.73 × 10−8 5.38 0.82
N–S co-doped TiO2 1.50 2.31 0.76 0.191 12.5 0.91 232,815 2.23 × 10−8 4.74 0.77
100 kDa fraction
Bare TiO2 1.70 1.70 0.94 0.172 10.2 0.94 10,027 1.61 × 10−8 5.57 0.94
C-doped TiO2 0.531 1.67 0.72 0.146 3.47 0.72 186 9.70 × 10−8 7.18 0.72
N-doped TiO2 3.53 0.406 0.90 0.651 8.45 0.92 28 3.90 × 10−8 11.3 0.90
S-doped TiO2 1.39 1.24 0.84 0.128 8.17 0.83 6,438 1.68 × 10−8 5.46 0.92
N–S co-doped TiO2 0.873 1.63 0.71 0.187 3.25 0.84 527,023 2.77 × 10−8 4.25 0.80
30 kDa fraction
Bare TiO2 0.894 0.962 0.98 0.0269 34.1 0.98 112 0.90 × 10−8 7.45 0.98
C-doped TiO2 0.926 1.01 0.86 0.0447 22.6 0.85 145 9.40 × 10−8 7.29 0.86
N-doped TiO2 1.20 1.90 0.93 0.284 3.35 0.96 13,561 1.73 × 10−8 5.38 0.93
S-doped TiO2 2.09 0.611 0.70 1.37 3.67 0.91 13 3.30 × 10−8 12.3 0.92
N–S co-doped TiO2 1.15 1.79 0.77 0.216 4.81 0.85 777 1.18 × 10−8 6.51 0.76

Table 4
Freundlich isotherm model parameters expressed in terms of DOC

Model parameters Comparative presentation of Freundlich isotherm model parameters

0.45 μm filtered fraction
KF Bare TiO2 > N–S co-doped TiO2 > C-doped TiO2 > N-doped TiO2 > S-doped TiO2

1/n C-doped TiO2 > N–S co-doped TiO2 > S-doped TiO2 > bare TiO2 > N-doped TiO2

100 kDa fraction
KF N-doped TiO2 > bare TiO2 > S-doped TiO2 > N–S co-doped TiO2 > C-doped TiO2

1/n Bare TiO2 > C-doped TiO2 > N–S co-doped TiO2 > S-doped TiO2 > N-doped TiO2

30 kDa fraction
KF S-doped TiO2 > N-doped TiO2 > N–S co-doped TiO2 > C-doped TiO2 > bare TiO2

1/n N-doped TiO2 > N–S co-doped TiO2 > C-doped TiO2 > bare TiO2 > S-doped TiO2
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N–S co-doped TiO2: decreasing molecular size
could not be successfully correlated to either KF or KL.

It could be deduced that, alterations on the surface
properties of the doped TiO2 specimens displayed
diverse adsorptive interactions with humic molecular
size fractions.

When the equilibrium data obtained from batch
adsorption studies performed at 298 K were fitted to
Dubinin–Radushkevich adsorption isotherm model
(Eqs. (3)–(5)), the attained model parameters were also
displayed in Table 3. From a general perspective with
two exceptions, the value of E (E = 4.25−7.60 kJ mol−1)
indicated that the main mechanism for the adsorption
of diverse molecular size of HA onto bare and
anion-doped TiO2 specimens could be mainly attribu-
ted to physical forces. The exceptions were adsorption
of 30-kDa fraction of HA onto S-doped TiO2

(E = 12.3 kJ mol−1) and adsorption of 100-kDa fraction
of HA onto N-doped TiO2 displaying that chemical
forces could also be accounted for the surface interac-
tions. All E values being less than 8 kJ mol−1 express-
ing the role of physical forces could be related to the
pHzpc condition of the bare as well as doped TiO2

specimens (Table 2). Since the working pH of the solu-
tions was pH 6.7 ± 0.2 being greater than pHzpc of all
TiO2 specimens, the surface of all of the TiO2 speci-
mens would attain more positively charged centers.
Moreover, under these conditions carboxylic groups
present on humic subfractions would be deprotonated
acquiring negative charge leading to electrostatic
interactions.

The remarkable differences between the values of
qmax obtained from Langmuir and Dubinin–Radushke-
vich adsorption isotherm models could be attributed
to different definitions of qmax in two models. In Lang-
muir model, qmax represents the monolayer coverage,
while in Dubinin–Radushkevich model, it represents
the total specific micropore volume of the adsorbent.
Moreover, the non-presence of a true Langmuirian
trend of the adsorption isotherms should also be indi-
cated. It should also be emphasized that all of the
adsorbent doses were selected with respect to the
photocatalytically active.

As summarized above, Freundlich and Langmuir
as well as Dubinin–Radushkevich isotherm model
parameters of DOC for 0.45-μm filtration fraction of
HA, 100 kDa fraction of HA, and 30 kDa fraction of
HA following adsorption onto bare TiO2 and anion-
doped TiO2 displayed significant differences. The rea-
son could be attributed to the role of the functional
groups mainly chromophoric groups present on the
different molecular size fractions of HA. Evaluation of
the results based on varying molecular size fractions
of HA indicated remarkable differences both with
respect to the type of the dopant as well as to the
morphological character of TiO2 specimens. In the
presence of lower molecular size fraction, Freundlich
model displayed that S-doped TiO2 was more superior
to the mono-phase counterpart. The reason could be
attributed to the compositional properties of HA
subfractions, rather than the alterations in the TiO2

specimens due to doping.

Table 5
Langmuir isotherm model parameters expressed in terms of DOC

Model parameters Comparative presentation of Langmuir isotherm model parameters

0.45 μm filtered fraction
KL C-doped TiO2 > N–S co-doped TiO2 > bare TiO2 > S-doped TiO2 > N-doped TiO2

qmax N-doped TiO2 > bare TiO2 > S-doped TiO2 > N–S co-doped TiO2 > C-doped TiO2

100 kDa fraction
KL N-doped TiO2 > N–S co-doped TiO2 > bare TiO2 > C-doped TiO2 > S-doped TiO2

qmax Bare TiO2 > N-doped TiO2 > S-doped TiO2 > C-doped TiO2 > N–S co-doped TiO2

30 kDa fraction
KL S-doped TiO2 > N-doped TiO2 > N–S co-doped TiO2 > C-doped TiO2 > bare TiO2

qmax Bare TiO2 > C-doped TiO2 > N–S co-doped TiO2 > S-doped TiO2 > N-doped TiO2

Fig. 5. Correlation between DOCads/SA with either KF or
KL in the presence of bare and anion-doped TiO2 speci-
mens (KF bold markers and KL empty markers).
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Referring to the main purpose of the study indi-
cated that the studied loading range of TiO2 was
selected with respect to the photocatalytically active
concentration range, the attained results should be
carefully interpreted. In this context, the adsorption
properties of N-doped TiO2 specimens should be
examined prior to the application of any photocat-
alytic treatment of strongly adsorbing high molecular
weight organic matrix. It should be kept in mind that
0.45-µm filtered fraction of HA was comprised of all
humic subfractions. Even the lower molecular size
fractions displayed diverse adsorptive properties onto
various doped TiO2 surfaces; the overall effect could
be visualized by the data attained for 0.45-μm filtered
fraction. The significance of the results attained for
100- and 30-kDa fractions of HA could be related to
the diversity of the humic matter as components of
NOM present in natural waters.

4. Conclusion

In this study, surface interactions between different
molecular size fractions of HA (0.45 μm filtered frac-
tion, 100 kDa fraction, and 30 kDa fraction) and TiO2

specimens, namely bare TiO2 and anion-doped TiO2

(C-doped TiO2, N-doped TiO2, S-doped TiO2, and N–S
co-doped TiO2) were investigated. UV–vis spectral
features, specified and specific UV–vis parameters of
different molecular size fractions of HA following
adsorption were elucidated. Assessment of the results
based on varying molecular size fractions of HA
pointed out remarkable differences with respect to the
type of the dopant. Freundlich, Langmuir, and Dubi-
nin–Radishkovich adsorption isotherm models were
successfully employed. Referring to the fundamental
aim of the study indicating that the studied dose
range of TiO2 (0.1–1.0 mg mL−1) was selected with
respect to the photocatalytically active concentration
range, the attained results should be carefully
interpreted.
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