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Abstract
The aim of this study was to determine the photocatalytic performance of copper-doped TiO2 (Cu-TiO2) specimens on the
degradation of dissolved organic matter (DOM) represented by a model humic acid (HA). TiO2 was synthesized by sol-gel
method from an alkoxide precursor. Cu-doped TiO2 specimens containing 0.25 wt% and 0.50 wt% Cu were prepared by wet
impregnation method using sol-gel synthesized as well as bare TiO2 P-25 and characterized by XRD, SEM, XPS, Raman
spectroscopy, UV-DRS, and BET measurements. Their photocatalytic activities were evaluated with regard to degradation
kinetics of HA in terms of UV-vis and fluorescence spectroscopic parameters and organic contents. HA fluorescence excitation
emission matrix (EEM) contour plots indicated that the solar photocatalytic degradation pathway was TiO2-type specific and Cu
dopant content.
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Introduction

It is widely known that the presence of DOM in natural water
poses severe problems even after the application of appropri-
ate treatment options, i.e. conventional treatment followed by
specific processes for disinfection of microorganisms. Due to
widely applied chlorine-based chemical oxidation, or ozona-
tion and even by UV-irradiation, formation of undesirable
disinfection by-products expresses significant public health
concerns. Therefore, successful removal of allochthonous
(watershed or terrestrial origin) and/or autochthonous (algal
or in situ-formed) organic matter in water should be achieved

to fulfill the requirements of safe drinking water to consumers.
Organic content of DOM is defined as 0.45 μm filtered
fraction (DOC) that is comprised of diverse molecular
size fractions (< 0.45 μm filtered fraction to < 500 Da)
each composed of different sub-components. Major frac-
tion of DOM is defined as HA expressing more dense
aromatic content and lower molecular size fractions are
mostly fulvic like organics (FA) displaying more aliphatic
character and rich in functional groups.

Titanium dioxide (TiO2) photocatalysis has gained great
attention in past several decades as a promising advanced
oxidation process. Photocatalytic degradation of DOM and
model compounds such as HAs and FAs has been studied
extensively by Bekbolet and colleagues using black light fluo-
rescent lamps (λmax = 365 nm) as the light source (Tercero
Espinoza et al. 2011; Uyguner-Demirel and Bekbolet 2011;
Uyguner and Bekbolet 2004; Uyguner and Bekbolet 2007).
The wide band-gap of TiO2 (Ebg = 3.2 eV for anatase and
brookite and Ebg = 3.0 eV for rutile) indicates an excitation
wavelength in the UV region that also coincides with ~ 5%
of the solar spectrum (Kumar and Devi 2011). To improve the
utilization of TiO2 photocatalyts, efficiently under visible light
irradiation, various strategies such as metal ion doping, anion
doping, co-doping, and surface sensitization by organic dyes
have been developed (Banerjee et al. 2014; Chelli and Golder
2017; Etacheri et al. 2015; Fagan et al. 2016; Fisher et al.
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2013; Pelaez et al. 2012). Selective doping of metal ions
(Mn2+, Fe3+, Cr3+, Cu2+) has been shown to be effective in
improving visible light activity (Kumar and Devi 2011). For
this reason, copper has been extensively used as a dopant in
the synthesis of metal-doped TiO2 with reduced band gap and
enhanced photocatalytic activity. Pioneering works on Cu
doping reported the use of Degussa P-25 or sol-gel prepared
catalysts with copper loadings by wet impregnation,
chemisorption-hydrolysis and by in situ methods (Boccuzzi
et al. 1997; Bokhimi et al. 1997; Coloma et al. 2000; Colón
et al. 2006). Since then, most of the interest was directed to
Bmaterial preparation and activity testing type^ studies
(Aguilar et al. 2013; López et al. 2009; Pongwan et al. 2016;
Tseng et al. 2002). A brief literature survey (2013–2018) on
this topic revealed numerous publications fromwhich selected
samples were compiled and evaluated in Table 1 in
Supplementary Information (SI) part 1. Cu-doped TiO2 has
been prepared and applied specifically for H2 production
(Bashiri et al. 2015; Hu et al. 2016; Jo and Jin 2018;
Mahmoud et al. 2018; Polliotto et al. 2018; Praveen Kumar
et al. 2016; Zhang et al. 2016). Activity testing studies were
mainly performed using various dyes as methylene blue
(Aguilar et al. 2013; Bensouici et al. 2017; Dong et al. 2018;
Hirota andMaeda 2017; Jaiswal et al. 2015; Moongraksathum
et al. 2018; Pava-Gómez et al. 2018; Reda et al. 2017; Wang
et al. 2018), Congo red (Golder 2017; Unwiset et al. 2018),
and methyl orange (Dorraj et al. 2017; Reda et al. 2017; Yang
et al. 2015). Several specific chemical compounds as an ex-
ample of antibiotics (tetracycline hydrochloride, (Cao et al.
2018)), pesticides (Ci et al. 2018), p-nitrophenol (Yang et al.
2015), 2-chloropenol (Lin et al. 2018), and chlorinated sol-
vents (Biyoghe Bi Ndong et al. 2014) were also considered.
Applications to real wastewaters or drinking waters as well as
photocatalytic disinfection of microorganisms, i.e.,
Escherichia coli, bacteriophage f2, and Staphylococcus
aureus (Guo et al. 2017; Karunakaran et al. 2010; Khraisheh
et al. 2015; Leyland et al. 2016; Mathew et al. 2018;
Moongraksathum et al. 2018; Zheng et al. 2018), have also
been reported. Recent interest is extended to the use of Cu-
doped TiO2 prepared by sol-gel method for elucidation of

oxidative stress–mediated cytotoxicity in human lung epithe-
lial A549 cells (Ahmad et al. 2018).

Aqueous Cu species expressed a retardation effect on the
photocatalytic treatment of humic acids and molecular size
fractions (0.45 μm filtered fraction, and 100 kDa fraction).
An enhancement was recorded for fraction comprised of mo-
lecular size < 30 kDa compounds (Uyguner and Bekbolet
2010). The retardation effect of copper ions was related to
the molecular size changes in NOM due to the selective deg-
radation mechanism (Tercero Espinoza et al. 2011). Cu ions in
aqueous solution could bind to both humic molecular size
fractions and photocatalyst particles via binary and ternary
adsorptive interactions leading to various different mecha-
nisms of degradation (Uyguner and Bekbolet 2010). Cu-
doped TiO2 surface could express different sites for adsorptive
interactions with humic molecular size fractions (Araña et al.
2005; Yang et al. 2015).

This study was performed aiming to elucidate the perfor-
mance of sol-gel synthesized Cu-doped TiO2 for photocata-
lytic treatment of humic acid comprised of fractions express-
ing < 30 kDa molecular size. TiO2 P-25, TiO2 prepared by sol-
gel method, and respective Cu-doped specimens were inves-
tigated under identical experimental conditions.

Methodology

Photocatalyst specimens

TiO2 P-25 powder (Evonik) was used (referred to as TiO2).
Sol-gel TiO2 (synTiO2) was synthesized using a sol-gel meth-
od previously developed and described (Turkten and Cinar
2017). Doping was performed by an incipient wet impregna-
tion method using Cu (NO3)2·3H2O as Cu source. Two differ-
ent Cu-doped photocatalysts containing 0.25 wt% Cu (0.25%
Cu-TiO2) and 0.50 wt% Cu (0.50% Cu-TiO2) were prepared
by using TiO2 as well as synTiO2 (0.25% Cu-synTiO2 and
0.50% Cu-synTiO2). All Cu-doped TiO2 samples were cal-
cined at 773 K for 5 h and grinded.

Table 1 Properties of photocatalyst specimens

Photocatalyst specimen Crystallite size, nm Band gap energy/
wavelength eV/nm

BET surface area, m2/g Pore volume, cm3/g Pore size, nm Anatase/rutile, %

TiO2 42.44 3.18/390 57.56 0.150 16.75 79/21

SynTiO2 33.14 2.91/426 50.25 0.169 4.442 87/13

0.25% Cu-TiO2 20.32 2.98/416 46.69 0.0510 1.645 86/14

0.50% Cu-TiO2 20.12 2.90/428 46.50 0.0512 1.492 84/16

0.25% Cu-synTiO2 16.23 2.86/434 55.29 0.110 5.120 98/2

0.50% Cu-synTiO2 17.01 2.82/440 44.22 0.0938 3.336 97/3
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Characterization techniques

X-ray diffraction (XRD) patterns were recorded on a Rigaku-
D/MAX-Ultima diffractometer. Crystallite size (d) was deter-
mined using the Scherrer equation. Scanning electron micros-
copy (SEM) was employed on an ESEM-FEG/EDAX Philips
XL-30 instrument operating at 20 kV using catalyst powders
supported on carbon tape. X-ray photoelectron spectroscopy
(XPS) were performed on a Thermo Scientific K-Alpha x-ray
photoelectron spectrometer. Raman spectra were acquired by
a Renishaw inVia Microscope Raman spectrometer. UV-vis
diffuse reflectance spectra (UV-vis DRS) were obtained using
a UV-vis spectrophotometer (UV-2450, Shimadzu). Band gap
energies of the photocatalyst specimens were calculated
through the use of the Kubelka-Munk formula and Tauc equa-
tion. Detailed information on the applied methods were pre-
sented in SI Part 2. BET analysis and pore size was measured
by BJH method of adsorption. Point of zero charge condition
of the specimens were determined by pH dependent zeta po-
tential measurements (Nanosizer Nano ZS (Malvern).

Humic acid

Thirty kilodalton molecular size fraction of HAwas prepared
using 50 mg/L HA that was filtered through 0.45 μm mem-
brane filter (Millipore) followed by ultrafiltration using
(Amicon 8050) ultrafiltration stirred cell unit (Kerc et al.
2004). Spectroscopic measurements were performed by using
Perkin Elmer Lambda 35 UV-vis double beam spectropho-
tometer and Perkin Elmer LS 55 luminescence spectrometer
(Uyguner-Demirel and Bekbolet 2011). UV-vis spectroscopic
parameters were Color436, UV365, UV280, and UV254.
Fluorescence spectroscopic parameters were fluorescence in-
dex (FI) and excitation emission matrix (EEM) fluorescence
contour plots. Carbon-based UV-vis parameters as
CbColor436, CbUV365, CbUV280, and CbUV254 as well as
specific fluorescence index (SFI) were expressed by normal-
izing the respective spectroscopic parameters to DOC con-
tents. Detailed information regarding spectroscopic analysis
were presented in SI Part 3.4. DOC (mg/L) was determined
as non-purgeable organic carbon by using total organic carbon
analyzer Shimadzu TOC VWP.

Solar photocatalytic treatment

Solar photocatalysis were achieved by ATLAS Suntest CPS+
simulator equippedwith an air cooled Xenon lamp (250W/m2

and wavelength range of 300–800 nm) as the light source
(Ref. 56052371, Atlas CPS+ solar simulator). Photocatalyst
specimens were removed from the reaction medium by imme-
diate filtration through a 0.45-μmmembrane filter. Clear sam-
ples were subjected to UV-vis and fluorescence spectroscopic
analysis as well as DOC.

Results and discussion

Characterization of photocatalyst specimens

XRD patterns of TiO2 specimens showed the presence of both
anatase and rutile phases (Fig. 1 A–B). Six distinctive peaks
corresponding to (1 0 1), (0 0 4), (2 0 0), (2 1 1), (1 1 8), and (1
1 6) planes of anatase were found. Peak at 25.5° (2θ)
corresponded to the characteristic peak of (1 0 1) plane in
anatase and at 27.7° (2θ) corresponded to the characteristic
peak of (1 1 0) of rutile. XRD diffractograms of Cu-TiO2 were
identical to that of TiO2. Cu-synTiO2 diffractograms indicated
predominantly anatase phase with a trace portion of rutile. The
reason could be explained that Cu has a promoting effect on
the transformation of anatase to rutile crystalline phase
(Ilkhechi et al. 2015). All XRD diffractograms displayed typ-
ical peaks of anatase and rutile without any detectable Cu-
related peaks revealing that Cu (II) ions did not react with
TiO2 to form new crystalline phases. Cu might have moved
into the substitutional sites of the TiO2 crystal structure. Cu-
doped TiO2 peaks slightly broadened indicating a reduction in
the crystallite size thus average crystallite sizes were smaller
than that of the undoped TiO2 samples signifying a slight
distortion in the crystal structure (Table 1). Substitution of
Ti4+ cations by Cu2+ ions caused slight distortions via forma-
tion of crystallographic point defects. Formation of Cu–O–Ti
could possibly inhibit the growth of crystal grains (Ilkhechi
and Kaleji 2014). A slight shift in the peak position corre-
sponding to (1 0 1) plane of anatase to a lower angle was
observed indicating that the crystal was distorted by the incor-
poration of the dopants. Due to a smaller ionic radius (0.58 Å)
of Cu2+ ion than Ti4+ ion (0.66 Å), substitution of Cu for Ti in
TiO2 crystal lattice resulted in a decrease in the interplanar
distance. The conclusion was that substitutional doping of
Cu2+ occurred instead of interstitial doping.

SEMmicrographs indicated that all samples were consisted
of small, nearly spherical, and some larger elongated particles
(SI, Part 2, Fig. 1 A–F). A more rugged surface and smaller
particles were observed in 0.50%Cu-synTiO2 than 0.25%Cu-
synTiO2 sample. Thus, more active sites were thought to have
been formed for the smaller particles on the synthesized TiO2

when large amounts of dopant were used (Lin et al. 2018).
Aggregation of particles could be visualized due to impurity
doping leading to the formation of new defects and disloca-
tions in the crystal lattice. Size of Cu-synTiO2 particles were
smaller than that of the undoped TiO2 particles as compatible
with the average crystallite particle sizes obtained from the
Scherrer equation (Table 1).

Raman spectra of the samples and respective information
were presented in SI, Part 2, Fig. 2. Raman peaks were ob-
served at 142 (Eg), 394 (B1g), 514 (Eg), and 637 (Eg) cm

−1 in
the spectra of all the samples, indicating that anatase nanopar-
ticles are the predominant species (Li Bassi et al. 2005; Byrne
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et al. 2016). On the other hand, Eg mode of rutile phase at
442 cm−1 was only observed in undoped TiO2 samples and
could not be detected in copper-doped samples. The presence
of copper/copper oxides or other impurities were not noticed
in Raman spectra. Thus confirms the presence of the dopant
cation in the substitutional positions of the crystal lattice.
Raman results could be assessed as consistent with the XRD
measurements.

Characteristic peaks of Ti 2p, O 1s, and Cu 2p were evident
in all samples as displayed by XPS diffractograms (Figure 2).
Two peaks at ca. 458 eV and 463 eV corresponded to the
photo-splitting electrons Ti 2p3/2 and Ti 2p1/2 indicating the
presence of Ti4. O 1s binding energies of Cu-synTiO2 were
located at a higher energy than 529.3 eV of synTiO2 which
was assigned to the metallic oxide (O2

−) in the TiO2 lattice.
Peaks of Cu 2p3/2 and Cu 2p1/2 appeared at around 933 and
953 eV respectively confirming the presence of Cu2+ (Dorraj
et al. 2018; Moongraksathum et al. 2018) No evidence of the
presence of Cu+ and Cu0 were detected. The small change in
the binding energy of Ti atom clearly showed the substitutions
of few sites of Ti4+ ion by Cu2+ ions (Yadav et al. 2014). In the
XPS spectrum of Cu-doped samples, Ti 2p3/2 peak displays
higher binding energy than undoped TiO2 samples. This small
shift to higher binding energy indicates that the electronic
interaction of Ti with Cu2+ ions is different in Cu-doped
TiO2 samples from that of the undoped TiO2 samples. The
reason of this slight shift is the presence of copper in lattice
and this may be attributed to the formation of the Ti–O–Cu
bonds in the crystal lattice (Carvalho et al. 2013; Jung et al.
2016; Mathew et al. 2018; Xu et al. 2008). C 1s spectra, N 1s

spectra and survey spectra of TiO2 samples were presented in
SI, Part 2, Fig. 3. The deconvoluted Cu 2p and O 1s spectra of
Cu-doped TiO2 samples were also displayed in SI, Part 2,
Fig. 4 and Fig. 5, respectively.

UV-DRS spectra of the undoped specimens had an absorp-
tion edge at around 410 nm; however, the absorption threshold
of Cu-doped specimens shifted towards the visible region as
420 nm–600 nm (Fig. 3). This absorption edge indicated that
Cu2+ ions were localized in the TiO2 lattice occupying Ti4+

positions. Band gap energies and respective effective wave-
lengths indicated a red shift to possible use of solar irradiation.
Ebg’s were TiO2 = 3.18 eV (λ = 390 nm); synTiO2 = 2.91 eV
(λ = 426 nm); 0.25% Cu-TiO2 = 2.98 eV (λ = 416 nm); 0.50%
Cu-TiO2 = 2.90 eV (λ = 428 nm); 0.25% Cu-synTiO2 = 2.86 eV
(λ = 434 nm); 0.50% Cu-synTiO2 = 2.82 eV (λ = 440 nm).

BET surface areas and pore volumes of Cu-TiO2 samples
were lower than TiO2 (Table 1). On the other hand, a non-
consistent trend was observed for synTiO2. An increase in Cu-
doping concentration, decreased surface area of 0.5% Cu-
synTiO2 to 44 m2/g, the reason could be explained by the
aggregation of smaller crystallites forming smaller pores or
insertion Cu2+ ions into the pore of pure TiO2 (López et al.
2009; Zhou et al. 2006). This is consistent with the SEM
micrographs of 0.50% Cu-synTiO2 which also showed ten-
dency of aggregation. Through TEM measurements, separate
existence of agglomerates of anatase and rutile particles in
TiO2 P-25 (Degussa) powder was reported (Ohno et al.
2001). Under operational conditions of photocatalysis, the ag-
glomerates were expected to be dispersed keeping the anatase
particles and rutile particles in contact. This mixed structure

Fig. 1 XRD diffractograms (a)
TiO2 and Cu-TiO2, (b) synTiO2

and Cu-synTiO2 (• anatase, ♦
rutile)
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constituted the key role of the high activity of TiO2 P-25
powder.

N2 adsorption-desorption isotherms of the specimens
indicated type IV with a hysteresis loop associated with
mesoporous materials according to IUPAC classification
(SI, Part 2, Fig. 6) (Sing 1985). BET surface area mea-
surements revealed that TiO2 specimen would expose the
highest surface area for interaction with 30 kDa humic
components (Table 1). Cu doping decreased TiO2 surface
area. Although surface area of syn-TiO2 was smaller than
TiO2, a non-consistent trend was attained with respect to
increasing dopant concentration. Photocatalyst dose

(0.25 mg/mL) dependent average exposed surface area
was calculated as 0.626 m2 ± 0.0666.

Humic characterization

Thirty kilodaltons HA exhibited UV-vis parameters (cm−1) as
Color436 = 0.0603, UV365 = 0.1413, UV280 = 0.3373,
UV254 = 0.3973, and DOC as 4.38 mg/L. FI was 1.12
displaying the dominance of humic fluorophores (FI ≤ 1.4)
in comparison to microbially derived organic fractions (FI ≥
1.9) (Sen Kavurmaci and Bekbolet 2014). Based on EEM
contour plots, fluorescence features of HA distinctly

925 930 935 940 945 950 955 960
Binding Energy(eV)

 D

 C

 B

ytis
net
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 ACu 2p

Fig. 2 XPS spectra (A) 0.25%Cu-TiO2, (B) 0.50%Cu-TiO2, (C) 0.25%Cu-synTiO2, and (D) 0.50%Cu-synTiO2
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expressed the presence of humic-like and fulvic-like
fluorophores excluding other regional speciation (Birben
et al. 2015).

Photocatalytic degradation kinetics

Based on the irradiation time-dependent logarithmic decay
profiles, photocatalytic degradation of HAwas approximated
to pseudo first-order kinetic model (R2 > 0.80) (Table 2).

Photocatalytic mineralization extents (DOC, k, min−1) re-
vealed a faster removal upon use of 0.25% Cu-TiO2 in com-
parison to 0.25% Cu-synTiO2 > 0.50% Cu-synTiO2 = TiO2 >
0.50% Cu-TiO2 > synTiO2. Further evaluation with respect to
half-life condition was presented in SI, Part 4, Fig. 8.

Upon pH dependent zeta potential measurements, pHzpc of
TiO2 was determined as 5.67 (Mandzy et al. 2005). Presence
of Cu dopant shifted pHzpc to 6.54 for 0.25% Cu-TiO2 and
6.47 for 0.50% Cu-TiO2. pHzpc of syn-TiO2 was 4.91 and
upon doping with Cu, a slight decrease was observed as
pHzpc:4.52 for 0.25% Cu-synTiO2 and 4.42 for 0.50% Cu-
synTiO2. Similar result was attained for synthesized TiO2

nanoparticles as pHzpc = 5.1; however, a shift to higher pH
conditions was reported via 1–3% Cu doping (Sahu et al.
2011).

Upon introduction to aqueous medium, TiO2 would be
dispersed and hydrated surface would acquire charge through
deprotonation and protonation of the surface groups.

TiO2 þ H2O→TiIV−OHþ Hþ

TiIV−OHþ Hþ→TiOH2
þ pH < pHzpc

TiIV−OH→Ti−O− þ Hþ pH > pHzpc

In a similar manner, Cu-doped TiO2 would also exhibit
positively and negatively charged surface sites depending on
the respective pHzpc conditions

Ti−O−Cu2 þ H2O→TiOH−O Hð Þ−Cu2
Ti−O Hð Þ−Cu2→TiO−−Cu2 þ Hþ pH > pHzpc

Ti−O Hð Þ−Cu2→Ti−OH2
þ−Cu2 þ Hþ pH < pHzpc

Due to surface oriented nature of photocatalysis, electrostatic
interactions between the pHzpc dependent oppositely charged
photocatalyst surface sites and negatively charged humic com-
ponents should be encountered. Since all reactions were per-
formed under neutral pH conditions (pH~7), deprotonated hu-
mic carboxylic functional groups (pH = 3–5) should be
attracted to the positively charged oxide surface sites.
Regarding pHzpc conditions of the photocatalyst specimens
and prevailing neutral pH conditions, all of the TiO2 specimens
would acquire positively and negatively charged sites open to
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Fig. 3 UV-DRS spectra of TiO2 specimens

Table 2 Kinetics of
photocatalytic degradation of
humic acid

Photocatalyst specimen Pseudo first order kinetic reaction constant, k, ×10−2, min−1

UV-vis spectroscopic parameters DOC

Color436 UV365 UV280 UV254

TiO2 0.795 0.762 0.730 0.692 0.575

synTiO2 1.136 1.246 1.237 1.214 0.515

0.25% Cu-TiO2 0.624 0.855 1.03 1.06 1.32

0.50% Cu-TiO2 1.24 1.52 1.57 1.58 0.570

0.25% Cu-synTiO2 0.650 0.732 0.770 0.775 0.852

0.50% Cu-synTiO2 0.795 0.762 0.730 0.692 0.575
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electrostatic interactions with the negatively charged humic
sub-fractions due to deprotonation of the carboxylic groups. It
should also be indicated that besides electrostatic interactions,
hydrogen bonding, chelation and charge-transfer complexation
could also play specific roles during initial adsorption process
as well as during photocatalysis.

Zeta potential measurements of the reaction consortium com-
posed of humic sub-fractions and photocatalyst specimens
expressed quite similar values as an average of − 28.81 ±

0.46 mV indicating negative overall surface charge. This charge
reversal on the TiO2 surface could also lead to repulsion of neg-
atively charged humic moieties; however, an enhanced attraction
could be expected towards positively charged centers of TiO2

particles. No direct explanation could be expressed between the
removal efficiencies of the humic UV-vis parameters and DOC
upon use of all specimens except TiO2. The reason could be
attributed to the initial adsorption of 30 kDa humic components
onto photocatalyst specimens prior to the initiation of the light

0.25%Cu-TiO2

0.50%Cu-TiO2

t=0 min tirr=20 min tirr=40 min tirr=60 min tirr=90 min tirr=120 min

t=0 min tirr=20 min tirr=40 min tirr=60 min tirr=90 min tirr=120 min

0.25%Cu-synTiO2

t=0 min tirr=20 min tirr=40 min tirr=60 min tirr=90 min tirr=120 min

0.50%Cu-synTiO2

t=0 min tirr=20 min tirr=40 min tirr=60 min tirr=90 min tirr=120 min

t=0 min tirr=20 min tirr=40 min tirr=60 min tirr=90 min tirr=120 min

synTiO2

t=0 min tirr=20 min tirr=40 min tirr=60 min tirr=90 min tirr=120 min

TiO2

Fig. 4 Irradiation time-dependent EEM fluorescence contour plots
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exposure (SI, Part 4, Fig. 9). The role of Cu doping of TiO2 could
only be related to unresolved reaction pathways.

UV-vis and fluorescence spectroscopic evaluation
of humic acids

Besides, kinetics of HA descriptive parameters, carbon-based
UV-vis parameters also hold prime importance revealing infor-
mation with respect to organic carbon contents. CbUV254 also
defined as SUVA254 displays extent of aromaticity change during
treatment (Frimmel and Abbt-Braun 2009; Uyguner and
Bekbolet 2005). Following an irradiation period of 60 min, se-
quence of CbUV254 was 0.50% Cu-synTiO2 > 0.25% Cu-
synTiO2 > 0.25% Cu-TiO2 > 0.25% Cu-synTiO2 > synTiO2 >
0.50% CuTiO2 > TiO2. Color forming moieties were more pref-
erentially removed with respect to DOC (SI, Part 4, Fig. 10).

SFI values could not be directly related to FI values displaying
the presence and role of non-fluorescent humic components.
Irradiation time dependent sample specific EEM contour plots
could be simply expressed as follows (Fig. 4):

TiO2: no significant regional fluorophores, i.e., humic-like
and fulvic-like were recorded even for the early stages of
irradiation, however, presence of Region I and Region II were
seen even after tirr = 90 min.

synTiO2: for tirr = 60 min along with the removal of humic-
like and fulvic-like fluorophores a shift to Regions I and II was
recorded.

0.25% Cu-TiO2: for tirr = 60 min along with the removal of
humic-like and fulvic-like fluorophores a shift to Regions I
and II was recorded. Further irradiation periods resulted in
complete removal fluorophores.

0.50% Cu-TiO2: for prolonged irradiation periods, exis-
tence of Regions I and II were evident expressing formation
of lower molecular weight fractions.

0.25% Cu-synTiO2: for tirr = 120 min humic-like and
fulvic-like fluorophores were still evident along including a
shift to Regions I and II.

0.50% Cu-synTiO2: for prolonged irradiation periods, e.g.,
120 min all regions excluding Region III were still present.

EEM fluorescence features of humics could not be directly
related to the removal of UV254 and DOC. Through adsorptive
fractionation, the remaining organics onto the photocatalyst spec-
imens could proceed a different degradation mechanism with
respect to the humic fractions remaining in solution. Initial ad-
sorption of the humics onto oxide surfaces lead to fractionation
of humic components preferentially aromatic domains (Lee et al.
2015). During photocatalysis, a continuous adsorption-
desorption process takes place between diverse groups of humic
components comprised of untreated, partially oxidized, de-
fragmented, re-assembled fractions etc. and the exposed surface
area of the photocatalyst specimens. Reactivities of these groups
could also pose different fluorophoric properties expressing di-
verse reaction mechanisms (Phong and Hur 2015). Based on the

attained kinetic data, the remainingUV254 andDOCcomposition
of the treated samples could not be directly related to the presence
and absence of the fluorophoric Regions I–V. Fluorescent humic
is mainly composed of relatively small units (< 2000 Da) held
together byweak forces (Romera-Castillo et al. 2014). This could
also be related to the formation of lower molecular size fraction
via photocatalysis through oxidative degradation (Bekbolet and
Sen-Kavurmaci 2015). Fluorescence quenching could also take
place between protein-like and humic-like fluorophores forming
new centers of attraction for both adsorptive and oxidative inter-
actions (Wang et al. 2015). It should also be indicated that, for
every fluorophore present in humic composition, there might be
non-fluorophoric components contributing to the spectroscopic
properties and DOC of the treated solution matrix.

Conclusion

In this study, TiO2 P-25 was taken as a commercial sample,
sol-gel prepared TiO2 and respective Cu-doped specimens
were prepared by incipient wet impregnation method. All
specimens were employed for degradation of 30 kDa molec-
ular size fraction of humic acid.

All photocatalyst specimens were characterized by XRD,
SEM, XPS, Raman, UV-vis DRS, and BET techniques. pHzpc

were determined by pH-dependent zeta potential measure-
ments and Ebg conditions were presented. Morphological
properties expressed anatase phase dominance in Cu-doped
synTiO2 specimens in comparison to mixed phase of TiO2.
Cu doping was interpreted as substitutional.

Humic properties were expressed by UV-vis and advanced
fluorescence spectroscopic parameters as well as DOC.

Upon photocatalytic treatment under solar light irradi-
ation, based on the obtained UV-vis parameters and DOC
removal data, 0.25% Cu-doped samples showed slightly
higher photocatalytic performance with regard to undoped
specimens as P-25 and sol-gel synthesized TiO2. With
respect to the mineralization extents (first order kinetic
constant, min−1), photocatalytic performance of the TiO2

specimens were found to be as follows: 0.25% Cu-TiO2 >
0.25% Cu-synTiO2 > 0.50% Cu-synTiO2 = TiO2 > 0.50%
Cu-TiO2 > synTiO2.

Consequently, sample-specific removal efficiencies of UV-
vis parameters were obtained.

Following photocatalysis, remaining organic matrix as elu-
cidated by EEM fluorescence features expressed the removal
of higher molecular size fractions expressing humic-like and
fulvic-like fluorophores.

Based on the attained results, it is highly recommended that
in case of complex organic substrate, the role of dopants
should be more clearly elucidated by sophisticated methodol-
ogies from better understanding point of view.
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