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Abstract
Natural waters contain some carbonaceous materials referred to as dissolved organic matter, which is mainly composed 
of humic acids (HA). Owing to its polydispersed character related to the presence of diverse molecular size fractions 
(< 450 kDa to even < 1 kDa), HA displays curious reactivity in natural waters and during water treatment train. In this study, 
a system-based stepwise approach was tracked by characterizing HA following photolysis, adsorptive interactions, and solar 
photocatalysis using bare  TiO2, sol–gel prepared  TiO2, and their respective Cu-doped specimens complementary to kinetic 
evaluation on this respect. For this purpose, prior to and following each treatment, HA was monitored by dissolved organic 
carbon content, UV–vis parameters, and fluorescence features. Attenuated total reflection Fourier transform infrared (FTIR), 
surface-enhanced Raman scattering spectroscopy (SERS), XRD, SEM, EDAX XPS, and DRS were used to characterize the 
materials and solutions reported in this study. Most significant quantitative variations were attained in UV–vis spectroscopic 
parameters along with fluorescence characteristics; however, infrared and Raman profiles displayed slight deviations in 
qualitative measures. Differentiation between the selected photocatalyst specimens could be visualized through molecular 
size effects pointing out the significance of HA 10 kDa fraction. For the first time, this study reports the degradation of 
specific fractions of HA as a function of their molecular size fraction. Cu-TiO2 seems to photocatalyze more effectively the 
degradation of the diverse HA fractions due to their more extended absorption of solar light by this photocatalyst.

Keywords Cu-doped  TiO2 · Humic acid · Molecular size fractions · UV–vis · Fluorescence · Infrared and Raman 
spectroscopy

Introduction

The amount, character, and properties of dissolved organic 
matter (DOM) vary according to the origin of water and 
depend on the biogeochemical cycles of their surrounding 
environment. As a carrier of metals and hydrophobic organic 
chemicals, DOM significantly affects potable water quality 

by contributing to undesirable aesthetic problems such as 
color, taste, and odor. Moreover, the seasonal variability 
of DOM concentration poses challenges to water treatment 
facilities. It has also been demonstrated that DOM related 
dissolved organic carbon (DOC) contents play a crucial role 
in climate change (Porcal et al. 2009; Navarro-Pedreño et al. 
2021). DOM is a heterogeneous mixture of components var-
ying in size and composition. Polydisperse nature of DOM 
has been considered as responsible for the preferential sorp-
tion of its certain fractions onto various oxide surfaces (Hur 
and Schlautman 2003). Within this context, understanding 
the characteristics of DOM and its fractions at various stages 
of treatment train would be substantially important.

Being the acid insoluble (pH < 2) fraction of DOM, 
humic acids (HAs) are defined as amorphous supramolecu-
lar macromolecules composed of multifunctional aromatic 
components linked by a variety of aliphatic moieties mainly 
composed of carboxylic and phenolic functional groups 
expressing redox properties (Hayes et al. 1989; Chi and 
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Amy 2004; Tian et al. 2018; Capasso et al. 2020). Due to 
the presence of dense aromatic and aliphatic skeleton with 
various regions of conjugated systems, hetero atoms, and 
functional groups, HAs display spectroscopic features under 
all environmental conditions as well as through all steps of 
treatment train (Chen et al. 2002; Uyguner and Bekbolet 
2005, 2009; Brezinski and Gorczyca 2019; Chen and Yu 
2021; Thomson et al. 2004). The polydispersity properties 
of humic matter resulted in a definition expressing HA as 
devoid of a constant polymeric structure (Chin et al. 1994; 
Tanaka 2012). Due to these complex properties, molecular 
size fractions of HA could express diverse behavior under 
natural water environments as well as differing reactivities 
towards both photolytic and photocatalytic conditions.

Employment of  TiO2-based nanomaterials as photocata-
lyst specimens has attracted prodigious interest in various 
fields of applications since decades (Noman et al. 2019; 
Gowland et al. 2021; Zhang et al. 2021). However, the major 
disadvantage related to band-gap energy limiting the use of 
UVA light sources also attracted widespread consideration. 
Among a variety of metal ions (e.g.,  Mn2+,  Fe3+,  Cr3+,  Fe3+), 
copper has been used as a dopant in the synthesis of metal-
doped  TiO2 expressing reduced band gap and enhanced 
photocatalytic activity (Yalçın et al. 2010; Kumar and Devi 
2011; Yang et al. 2015; Uyguner-Demirel et al. 2018; Turk-
ten et al. 2019; Yu et al. 2019; Moretti et al. 2021; Badawi 
and Althobaiti 2021).  TiO2 P-25 or sol–gel prepared photo-
catalyst specimens were frequently used for copper doping 
via a variety of methods like in situ preparation, wet impreg-
nation, and chemisorption-hydrolysis (Boccuzzi et al. 1997; 
Bokhimi et al. 1997; Coloma et al. 2000; Colón et al. 2006; 
Ganesh et al. 2014; Kerrami et al. 2021; Moretti et al. 2021).

TiO2 photocatalytic degradation of DOM as well as HA 
was comprehensively studied by Bekbolet and colleagues 
(Parilti et al. 2011; Uyguner-Demirel and Bekbolet 2011; 
Uyguner-Demirel et al. 2017). Moreover, molecular size frac-
tions (MSFrs) of HA (100 kDa) and their reactivity towards 
visible light active  TiO2/ZnO composite photocatalyst speci-
mens were also investigated (Turkten and Bekbolet 2020). 
Recent interest was diverted to testing Cu-doped  TiO2 pre-
pared by sol–gel method for the photocatalytic removal of 
HA comprised of MSFrs smaller than 30 kDa (Turkten et al. 
2019). The photocatalytic activities of various Cu-doped 
 TiO2 specimens were evaluated with respect to degradation 
kinetics of HA in terms of UV–vis and fluorescence spectro-
scopic parameters and organic contents. Fluorescence proper-
ties of HA mapped with excitation emission matrix (EEM) 
contour plots indicated that the solar photocatalytic degra-
dation pathway was specific for  TiO2-type and Cu-dopant 
content. A brief literature survey on Cu-doped  TiO2 photoca-
talysis with respect to preparation methodologies and model 
compounds was presented emphasizing the importance of 
humic matter as a substrate (Turkten et al. 2019).

Although UV–vis and fluorescence spectroscopic tech-
niques were widely employed, a few detailed studies have 
been carried out so far on HA characterization using infra-
red and Raman spectroscopy as comparative tools along 
with mineralization extents (Del Vecchio and Blough 2004; 
Lumsdon and Fraser 2005; Rodríguez et al. 2014a, b; Rod-
ríguez et al. 2016; Wu et al. 2020). Selectivity of different 
Cu-doped specimens could induce chromophoric changes in 
humic structure, which could be deduced by specific spec-
trophotometric parameters. Consequently, assessment of 
the change in humic MSFrs by multi-method spectroscopic 
approach such as UV–vis, fluorescence, and ATR-FTIR and 
SERS spectra would be crucial complementary to previous 
studies on the photocatalytic degradation of HA.

Use of various  TiO2 specimens such as bare  TiO2 (P-25), 
sol–gel prepared  TiO2  (synTiO2), and their respective Cu-
doped specimens (i.e., Cu-TiO2 and Cu-synTiO2) would 
possibly lead to the formation of diverse MSFrs upon non-
selective/selective degradation mechanism under simulated 
solar light irradiation. The selectivity of bare and Cu-doped 
photocatalysts would be comparatively presented focusing 
on spectroscopic evaluation of humic MSFrs. Considering 
that humic organic matrix is an integrated pool of dissolved 
compounds with complex interactions, the main purpose of 
this study is to understand the photocatalytic behavior of dif-
ferent bare and Cu-doped  TiO2 specimens on MSFr of HA in 
comparison to initial dark interactions as well as under direct 
photolytic conditions in the absence of photocatalyst speci-
mens to provide a base-line system description. Therefore, a 
thorough investigation was performed to elucidate the diver-
sity in molecular size fractionation of HA via application of 
selected tools as UV–vis (specified  (Color436,  UV365,  UV280 
and  UV254), specific (organic carbon based UV–vis param-
eters) and  A253/A203 quotient), fluorescence (synchronous 
scan and excitation-emission matrix contour plots (EEM)), 
ATR-FTIR, and SERS spectroscopy.

Materials and methods

Materials

HA in the form of Na salt was purchased from Aldrich. 
Working solution of HA (50 mg/L) was prepared by dilution 
of the stock solution (1.0 g/L) and used following filtration 
through a 0.45-μm membrane filter constituting an initial 
DOC content of 14.50 mg/L. Photocatalyst specimens were 
 TiO2 P-25, Evonik  (TiO2), sol–gel prepared  TiO2  (synTiO2), 
0.50% Cu doped  TiO2 (Cu-TiO2), and 0.50% Cu doped 
 synTiO2 (Cu-synTiO2). Detailed information on preparation 
and characterization of the photocatalysts by X-ray diffrac-
tion (XRD), Scanning Electron Microscopy in combination 
with Energy Dispersive X-ray analysis (ESEM-EDAX), 
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Fluorescence intensity recorded at λemis = 470  nm was 
reported as  FIsync,470 (Bekbolet and Sen Kavurmaci 2015). 
Fluorescence index (FI) was defined as the ratio of emission 
intensity at λemis450 nm to that at λemis500 nm following 
excitation at λexc370 nm. EEM fluorescence features were 
elucidated by five regions that were ascribed as Region 
I: Aromatic Proteins I, tyrosine-like (λexc220-250 and 
λemis280-332), Region II: Aromatic Proteins II, tryptophan-
like (λexc220-250 and λemis332-380), Region III: Fulvic-
like (λexc220-250 and λemis380-580), Region IV: Microbial 
byproducts (λexc250-470 and λemis280-380), and Region V: 
Humic-like (λexc250-470 and λemis380-580) (Coble 1996; 
Baker et al. 2008). A pictorial presentation of regional dis-
tribution of EEM fluorescence contour plots was illustrated 
in Supplementary Information (SI) Part 1 Fig. S1. According 
to above given methodology, FTIR and SERS characteriza-
tion studies were also performed.

Molecular size fractionation

Following filtration through 0.45-µm and 0.22-µm pore 
sized membrane filters, HA samples were further fraction-
ated into different MSFrs (Kerc et al. 2004). Sequential stage 
ultrafiltration through membranes with nominal molecular 
weight cutoffs as 100 kDa, 30 kDa, 10 kDa, 3 kDa, and 
1 kDa, was applied using Amicon model 8010 stirred cell 
reactor with a total volume of 50 mL. Operating pressures 
were 1 kg/cm2 for 100 kDa, 3 kg/cm2 for 30 kDa, 10 kDa, 
3 kDa, and 1 kDa membrane filters. Samples were ascribed 
as 450 kDa, 220 kDa, 100 kDa, 30 kDa, 10 kDa, 3 kDa, and 
1 kDa, respectively.

Treatment schemes

Solar photolytic and photocatalytic experiments were per-
formed using a solar simulator (ATLAS Suntest CPS +) in 
the wavelength range of 290 nm < λ < 800 nm emitted by 
an air cooled Xenon lamp. Light intensity  (Io) was meas-
ured as 250 W/m2 with radiometer and  Io = 1.67 μE/min 
in the reaction vessel as determined by ferrioxalate acti-
nometry (Hatchard and Parker 1956). Irradiation period 
of  tirr = 60 min was selected to maintain constant exposure 
conditions to the reaction medium.

Solar photolysis HA solution (50 mg/L) was subjected to 
irradiation in the Solar Box for a period of 60 min.

Initial adsorption (t = 0 condition) Upon introduction of 
each of the selected photocatalyst specimen to HA solution 
under dark conditions, samples were subjected to filtration 
through 0.45-μm membrane filters. Thus, obtained samples 
were analyzed for the assessment of the MSFrs as achieved 
through initial adsorptive interactions.

X-ray photoelectron spectroscopy (XPS), Raman spectros-
copy, UV–visible diffuse reflectance spectroscopy (UV-
DRS), and Brunauer–Emmett–Teller (BET) surface area 
measurements and Barret–Joyner–Halender (BJH) pore 
characterization were reported elsewhere (Turkten et al. 
2019). Millipore Milli-Q water (with a resistivity of 18.2 
MΩ cm at 25 °C) was used as reagent water.

Determination of HA properties

Contents of DOC (mg/L) were quantified as non-purgeable 
organic carbon via Shimadzu TOC-VWP Total Organic 
Carbon Analyzer calibrated by using potassium phthalate 
(range 0–25 mg/L). UV–vis absorption measurements were 
performed using Perkin Elmer lambda 35 UV–vis Spec-
trometer using 1-cm quartz cuvettes in wavelength range 
of 200–600 nm. Fluorescence measurements were carried 
out by Perkin Elmer LS 55 Luminescence Spectrometer 
using synchronous and excitation-emission (EEM) mode. 
Synchronous scan was acquired in the excitation wavelength 
range of 200–600 nm using the bandwidth of ∆ λ = 18 nm 
between the excitation and emission monochromators. EEM 
fluorescence profiles were obtained by simultaneous incre-
mental changes in both excitation and emission wavelengths. 
A gradual increase of λexc from 200 to 500 nm and λemis from 
200 to 600 nm were recorded. Three-dimensional contour 
plots were derived from data and modelled using MATLAB 
R2013a program. Attenuated total reflection Fourier trans-
form infrared (ATR-FTIR) measurements were performed 
using Perkin Elmer Spectrum Two model FTIR equipped 
with Universal ATR accessory with diamond/ZnSe crystal. 
All spectra were obtained by 64 scans with a scan resolu-
tion of 2  cm−1 in the spectral range of 4000–700  cm−1. Prior 
to each measurement, the crystal was cleaned with ethanol 
(Sigma-Aldrich) and de-ionized water. Surface-enhanced 
Raman scattering (SERS) spectra were acquired in the range 
between 3500 and 100  cm−1 by a Thermo Scientific DXR 
Raman Microscope using  Ar+ laser excitation at λ = 532 nm. 
The laser power and spectral resolution were 10 mW and 
2  cm−1, respectively. Silver colloid was prepared according 
to Lee and Meisel to achieve higher Raman intensity bands 
(Lee and Meisel 1982).

Characteristic analyses of HA

Prior to and following each treatment, HA was characterized 
by DOC, specified and specific UV–vis and fluorescence 
parameters. Specified UV–vis parameters as absorbance 
values recorded at 436 nm, 365 nm, 280 nm, and 254 nm 
were designated as  Color436,  UV365,  UV280, and  UV254, 
respectively. Specific UV–vis parameters were described 
as organic carbon based UV–vis (L/mg m) parameters as 
referred to as  CbColor436,  CbUV365,  CbUV280, and  CbUV254. 
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Solar photocatalysis HA solution (50 mg/L) was subjected 
to photocatalytic treatment using a constant dose (0.25 mg/
mL) of  TiO2,  synTiO2, Cu-TiO2, and Cu-synTiO2 for a fixed 
irradiation period of 60 min.

Results and discussion

Humic material is widely known to be composed of both 
low molecular weight aggregates and high molecular weight 
fractions expressing a discrete macromolecular behavior in 
solution. Ultrafiltration technique was employed to explore 
molecular heterogeneity thus polydispersity of HA under 
various conditions within bulk humic matter. Owing to com-
plexity of initial HA, offline characterization of fractionated 
material was also presented.

Characteristic analyses of HA molecular size 
fractions

Due to the presence of a large quantity of aromatic conden-
sation and related conjugated π systems in HA structure, 
UV–vis spectra would be devoid of any particular absorption 
band. Therefore, direct quantification would not be possible 
although spectral characterization of a particular chromo-
phore region would bring significant structural information. 
UV–vis spectroscopic analysis of HA was performed subse-
quent to fractionation and displayed the following specified 
parameters and DOC (Fig. 1a) as well as specific parameters 
and  A253/A203 quotient (Fig. 1b). It should be clearly indi-
cated that each fraction was composed of all lower MSFrs.

Specified UV–vis parameters revealed the following 
information with respect to decreasing molecular size:

450 kDa and 220 kDa fractions were not significantly 
different from each other.
100 kDa fraction expressed almost 50% reduction in all 
UV–vis parameters.
30 kDa and 10 kDa fractions were not significantly dif-
ferent from each other expressing 25% reduction from 
100 kDa in all UV–vis parameters.
3 kDa and 1 kDa fractions expressed almost 50% differ-
ence in between color forming moieties and UV absorb-
ing centers. All specified parameters were quite low in 
comparison to 10 kDa fraction.

DOC contents displayed an almost logarithmic decreasing 
profile with respect to decreasing molecular size. Accord-
ingly, specific UV–vis parameters displayed MSFr specific 
variations.  CbUV254 (L/mg m) was generally accepted as 
an indicator of hydrophobicity/hydrophilicity and aromatic-
ity of organic matter in water (Langhals et al. 2000; John-
son et al. 2002; Hua et al. 2020). The relationship between 

MSFrs of HA and aromatic carbon contents showed that 
 CbUV254 gradually decreased with MSFr with the excep-
tions of 220 kDa and 10 kDa. However,  CbColor436 (L/
mg m) parameter displayed minor variations with respect 
to decreasing order of molecular size signifying that color 
forming moieties were evenly distributed within the DOC 
pool of each MSFr. The inconsistency in between these two 
specific parameters, i.e.,  CbUV254 and  CbColor436 could 
be attributed to the variations in content of color forming 
moieties composed of conjugated π-π systems and hetero 
atoms with lone pair of electrons and dense aromatic skel-
eton.  CbUV365 as related to molecular size heterogeneity and 
 CbUV280 as related to double bond system were expected 
to follow a similar trend with regard to  CbColor436 and 
 CbUV254.

Although absorbance value at λ = 254 nm has been 
widely employed as a surrogate parameter of DOC con-
tents of DOM, absorbance at λ = 203 nm has not been 
considered so far. More specifically, UV absorption spec-
tra of HA exhibited an absorption band at 253 nm related 
to the electron-transfer band, whereas 203 nm absorption 
band was related to benzenoid band due to vibrational 
perturbations in the π- electron system of humic. As an 
indicator of unsaturated /saturated fraction proportions 
in organic matrix,  A253/A203 quotient could also express 
the abundance of substituted functional groups linked to 
aromatic structures where higher ratios corresponded to 
aromatic rings that contain carbonyl, carboxyl, hydroxyl, 
and ester groups, and lower ratios corresponded to ali-
phatic chains (Korshin et al. 1997; Zhang et al. 2016). As 
representative sub-units of humics, catechols, and related 
phenolic pure compounds, the quotient of  A253/A203 
is typically between 0.25 and 0.35, whereas for aromatic 
rings substituted with carbonyl, carboxyl and (especially) 
ester carboxylic groups, the  A253/A203, quotient may be 
significantly above 0.40 (Scott 1964). Nevertheless,  A253/
A203 quotient would be low for DOM in which the aro-
matic rings were substituted predominantly with aliphatic 
functional groups and would increase for DOM in which 
the aromatic rings were highly substituted with hydroxyl, 
carbonyl, ester, and carboxyl groups. Thus,  A253/A203 
quotient might be a good indicator of the tendency for 
humic molecules to participate in adsorption or compl-
exation reactions although a possible error due to absorp-
tion of inorganic ions such as nitrates or sulfates around 
200 nm should also be encountered (Kim and Yu 2005; 
Her et al. 2008). The  A253/A203 quotient could also be 
correlated with the reactivity of humics towards oxidiz-
ing agents. Humic acid (Aldrich) presented a high  A253/
A203 quotient (1.5 < x < 4.5) for the low molecular weights 
(< ∼1500 Da), 0.7 < x < 1.5 for the intermediate molecular 
weights (∼1500 Da < x < ∼13,000 Da), and a low quotient 
(< 0.7) for the high molecular weights (> ∼13,000 Da) 
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(Pitois et al. 2008).  A253/A203 quotient displayed a steady 
decrease with minor variations (0.79–0.68) for all MSFrs 
greater than 10 kDa fraction followed by a steep decrease 
for 3 kDa (0.51) and 1 kDa (0.36) fractions that were 
composed of considerably lower DOC (< 3 mg/L) con-
tents. The changes in the  A253/A203 quotient suggested 
that aromatic rings substituted with various functional 
groups were structurally altered within each MSFr. The 
quotient decreased with decreasing MSFr and depended 
more on the phenolic group content rather than the car-
boxylic group content in the humic structure.

Treatment of HA

Prior to application of photocatalysis, preliminary experi-
ments were implemented: (i) photolytic conditions that were 
carried out in the absence of photocatalyst specimens for a 
period of 60 min, and (ii) t = 0 condition representing initial 
adsorptive interactions of photocatalysts in the absence of 
light. Photocatalysis was carried out using one of the follow-
ing;  TiO2,  synTiO2, Cu-TiO2 and Cu-synTiO2 specimens for 
an irradiation period of 60 min. Since UV–vis absorption 
profiles of HA were highly dependent on molecular weight/

Fig. 1  (a) Specified UV–vis 
parameters and DOC (mg/L), 
(b) and specific UV–vis param-
eters (L/mg m) and  A253/A203 
quotient of HA
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size, aromatic/aliphatic quotient as well as DOC content, 
molecular size distribution profile could be compared under 
specified experimental conditions.

Solar photolysis

In the aquatic environment, DOM is ubiquitous and acts both 
as a photosensitizer and a quencher. The photosensitizing 
properties are due to production of triplet DOM (3DOM) and 
reactive oxygen species (ROS (i.e.,  O2

•−, •OH, and  H2O2) 
along with excited states of DOM* have been explained 
in detail elsewhere (Dalrymple et al. 2010; Loiselle et al. 
2012).

Triplet DOM reactivity is mainly attributed to excitation 
of aromatic ketones, aldehydes, and quinone moieties. In 
aqueous reaction medium and under solar irradiation, HA 
could also operate similarly. Although very slight degrada-
tion thereby loss of organic carbon was envisaged, variations 
in spectroscopic properties were expected due to intra- and 
inter- molecular rearrangements. Upon solar photolysis of 
HA and following molecular size fractionation, UV–vis 
absorbance analysis was performed and displayed as speci-
fied parameters and DOC (Fig. 2a) and specific parameters 
and  A253/A203 quotient (Fig. 2b).

Upon solar photolysis, specified UV–vis parameters 
revealed the following information with respect to decreas-
ing molecular size:

Fig. 2  (a) Specified UV–vis 
parameters and DOC (mg/L), 
(b) and specific UV–vis 
parameters (L/mg m) and  A253/
A203 quotient of HA upon solar 
photolysis
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450 kDa and 220 kDa MSFrs were not significantly dif-
ferent from each other.
100 kDa fraction expressed almost 40% reduction in all 
UV–vis parameters.
30 kDa and 10 kDa MSFrs were not significantly different 
from each other expressing almost 25% reduction from 
100 kDa in all UV–vis parameters.
3 kDa and 1 kDa MSFrs expressed significant reductions 
in all UV–vis parameters in comparison to 10 kDa frac-
tion.

From a general perspective, a comparison to initial con-
ditions (450 kDa MSFr) revealed insignificantly different 
trend that could be mentioned although slight variations in 
all specified UV–vis parameters were recorded (Fig. 2a). 
However, molecular size dependent DOC profile indicated 
variations in comparison to  UV254 that was regarded as a 
surrogate parameter of DOC (Edzwald et al. 1985). Accord-
ingly, specific prameters expressed slight variatons followed 
by a decrease in lower MSFrs < 10 kDa (Fig. 2b). The  A253/
A203 quotient displayed a steady decrease with insignificant 
variations for all MSFrs greater than 10 kDa fraction fol-
lowed by a steep decrease for 3 kDa (0.5) and 1 kDa (0.4) 
fractions that were composed of considerably lower DOC 
(< 3 mg/L) contents.

Initial adsorption, t = 0 condition

Adsorption of the substrate at the surface of the photo-
catalyst is considered as an essential step that determines 
the interaction of photon generated ROS with the sub-
strate molecules. Initial adsorption, i.e., t = 0 min con-
dition represented the instantaneous introduction of the 
photocatalyst particle to HA solution and its subsequent 
removal by filtration through a 0.45-µm membrane filter. 
Surface interactions could be visualized as governed by 
simultaneously operating attractive and repulsive forces 
between deprotonated functional groups of the adsorbate 
(HA macromolecular oxyanion size fractions) and pho-
tocatalyst surface acquiring both charges (Turkten et al. 
2019). Tanaka 2012 reported that HA MSFr greater than 
100 kDa would acquire more aliphatic COOH (and OH), 
while those in the range of 100–30 kDa MSFr comprised 
more aromatic COOH. Although no information on MSFrs 
smaller than 30 kDa was reported, in either case under 
the working pH conditions, all carboxylic groups would 
be expected to be deprotonated excluding OH functional 
groups (Tanaka 2012). However, possibility of lateral 
electrostatic repulsions between adsorbed HA fractions 
and HA MSFrs present in the bulk and exclusion of all 
conformational variations in macromolecular sub-fractions 
even sections protruding to the solution should also be 
encountered. Under these conditions, HA should not be 

recognized as truly polymeric expressing regular repetition 
of simple units, since discrete variations in MSFr would 
certainly affect the extent of surface coverage. Based on 
these conditions, the extent of adsorption was accepted as 
an indicator of the surface coverage prior to photocatalysis 
upon initiation of irradiation.

Considering the structural diversity of the different 
MSFrs of HA and their interactions with various photo-
catalyst specimens, UV–vis spectroscopic properties of 
HA MSFrs as normalized to the data of 450 kDa fraction 
could be developed for understanding of the interactions 
prevailing under dark conditions. As presented by Turk-
ten and colleagues, the exposed surface was dependent 
on surface area of each photocatalyst specimen (constant 
dose 0.25 mg/mL). BET surface area  (m2/g) variations of 
the photocatalyst specimens were arranged in a descending 
order as follows:  TiO2 (57.56) >  synTiO2 (50.25) > Cu-TiO2 
(46.50) > Cu-synTiO2 (44.22). On the other hand, surface 
charge development was also  pHzpc dependent express-
ing a decreasing order as follows: Cu-TiO2 (6.47) >  TiO2 
(5.67) >  synTiO2 (4.91) > Cu-synTiO2 (4.22) Since the pH 
of reaction medium was almost neutral (pH = 6–7),  TiO2 
and Cu-TiO2 of the photocatalyst specimens could acquire 
comparatively more positively charged sites in comparison 
to  synTiO2 and Cu-synTiO2 (Turkten et al. 2019). Moreo-
ver, pore volume  (cm3/g) characteristics could also be listed 
as follows:  synTiO2 (0.169) >  TiO2 (0.150) > Cu-synTiO2 
(0.0938) > Cu-TiO2 (0.0512) expressing insignificant effect 
on dark surface interactions. From a general perspective 
based on this system description, the following initial 
adsorption trends were attained.

Upon introduction of  TiO2, the specified UV–vis param-
eters followed the sequence as follows:

450 and 220 kDa MSFrs were quite similar as 14–15% 
removal in all UV–vis parameters,
100  kDa fraction was significantly removed almost 
40–45% as expressed by all UV–vis parameters,
30 kDa and 10 kDa MSFrs displayed 60–68% adsorption 
efficiency for all UV–vis parameters,
3  kDa and 1  kDa fractions expressed variations as 
 UV254 >  UV280 >  UV365 >  Color436 being 1 kDa MSFr 
significantly higher in comparison to 3 kDa fraction.

Upon introduction of  synTiO2, the specified UV–vis 
parameters followed the trend as follows:

450 and 220 kDa MSFrs displayed slightly different 
(< 5%) removals in all UV–vis parameters,
100 kDa fraction displayed significant removal as 35–40% 
of all UV–vis parameters,
30 kDa and 10 kDa MSFrs were quite similar 65–72% 
removals in all UV–vis parameters,
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3  kDa and 1  kDa MSFrs expressed variations as 
 UV254 >  UV280 >  UV365 >  Color436 as 79–95% being 
1 kDa fraction more significant in comparison to 3 kDa 
fraction.

Upon introduction of Cu-TiO2, the specified UV–vis 
parameters followed the trend as follows:

450 and 220 kDa MSFrs were slightly different (1–7%) 
in all UV–vis parameters,
100 kDa fraction displayed almost 48–56% of all UV–vis 
parameters,
30 kDa fraction displayed 50% removal of all UV–vis 
parameters,
10 kDa fractions were quite similar as almost 75% in all 
UV–vis parameters,
3 kDa fraction was removed as expressed in a decreasing 
order of  UV254 >  UV280 >  UV365 >  Color436,
1 kDa fraction expressed very slight variation as almost 
equal to 5%.

Upon introduction of Cu-synTiO2, the specified 
UV–vis parameters followed a similar trend in all UV–vis 
parameters:

450 and 220 kDa MSFrs were slightly different (1–3%) 
in all UV–vis parameters.
100 kDa fraction displayed almost 36–40% of all UV–vis 
parameters,
30 kDa fraction displayed 46–50% removal of all UV–vis 
parameters,
10 kDa fractions were quite similar as almost 53–57% in 
all UV–vis parameters,
3 kDa fraction was removed as expressed by quite similar 
in all UV–vis parameters,
1 kDa fractions expressed very slight variations as almost 
equal to 5–8%.

All of the specific UV–vis parameters displayed molec-
ular size dependent variations through surface interac-
tions with different photocatalyst specimens. Upon use of 
 TiO2, all parameters expressed almost similar tendencies 
excluding the smaller size fractions as 3 kDa and 1 kDa 
fractions. These fractions expressed similarities in UV 
absorbing centers in comparison to color forming moieties 
within the respective DOC pool. For simplicity purposes, 
 CbColor436 and  CbUV254 were also comparatively discussed. 
 CbColor436 expressed the following decreasing trend with 
respect to photocatalyst specimen and HA MSFr: Cu-TiO2: 
3 kDa (5.36) >  TiO2: 3 kDa (4.23) > Cu-synTiO2: 220 kDa 
(3.00) > HA: 220 kDa (2.63) >  synTiO2: 100 kDa (2.54). On 
the other hand,  CbUV254 displayed the following descending 
trend with respect to photocatalyst specimen and HA MSFrs 

although variations in between them could be considered 
as insignificant: Cu-TiO2: 220 kDa (19.6) > Cu-synTiO2: 
220 kDa (16.9) >  TiO2: 10 kDa (15.6) >  synTiO2: 100 kDa 
(15.3) > HA: 220 kDa (15.1). Upon use of  TiO2, 10 kDa 
size fraction expressed the highest values for  CbUV254 and 
 CbUV280. In the presence of  synTiO2, 100 kDa size fraction 
was the most prominent for all specific UV–vis parameters. 
However, for Cu doped photocatalysts, 220 kDa molecular 
size fractions dominated over the other fractions for all spe-
cific UV–vis parameters.

In general, a steady decrease of  A253/A203 quotient with 
decreasing MSFr irrespective of the photocatalyst specimen 
type was recorded (Fig. 2b) Upon introduction of  TiO2, a 
slightly decreasing trend followed by a sharp decrease for 
3 kDa and 1 kDa fractions was obtained. Although a similar 
trend was attained for  synTiO2, 3 kDa fraction expressed 
comparatively lower  A253/A203 indicating the role of aro-
matic moieties. The role of Cu-doping could be deduced as 
similar to respective trend of undoped  TiO2 specimen with 
a distinction of 100 kDa fraction being lower than 220 kDa 
and 30 kDa fractions followed by a drastic decrease from 
0.60 to 0.35 for 3 kDa and 1 kDa MSFrs, respectively. 
Upon use of Cu-synTiO2, a minor decrease (0.79 to 0.69) 
was recorded for 450 to 10 kDa MSFrs followed by a sharp 
decline to 0.30 for 1 kDa MSFr. It should also be mentioned 
that almost all of the  A253/A203 quotients were lower than 
those presented by Pitois and colleagues (Pitois et al. 2008).

Photocatalysis

Upon solar irradiation, the following reactions (1–3) would 
take place in the presence of semiconductor species (SC) 
(Uyguner and Bekbolet 2007; Li et al. 2016; Turkten et al. 
2019).

Under these oxidative conditions, DOM MSFrs would 
certainly express diverse affinities either by self-inter/intra 
transformation, or by degradation via loss of DOC.

UV–vis spectroscopic evaluation

Photocatalytic degradation of HA was performed using 
selected photocatalysts and humic structural changes were 
evaluated in a similar trend (Fig. 3). Specified and specific 
UV–vis spectroscopic properties of HA MSFrs upon pho-
tocatalytic treatment using  TiO2 based specimens were 

(1)3DOM
∗
+ H

2
O → DOM− H∗ + HO

∙

(2)3DOM
∗
→

3DOM
∙+
e−

(3)DOM
∗
+ SC + hv → DOM

∙+
+ SC(e−)
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Fig. 3  Specific UV–vis param-
eters (L/mg m) and  A253/A203 
quotient of HA upon photoca-
talysis using  TiO2,  synTiO2, 
Cu-TiO2, and Cu-synTiO2
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evaluated and specified UV–vis parameters were illustrated 
in Table S1 (SI Part 1).

Photocatalytic performance of  TiO2 was signifi-
cantly evident in comparison to all other specimens in 
MSFrs < 10 kDa. Affinities of  synTiO2 as well as Cu-doped 
specimens could be recognized as non-specific with respect 
to each MSFr and specified UV–vis parameter.

Specified UV–vis parameters could better be envisioned 
by normalization to respective DOC contents as expressed 
by specific UV–vis parameters (Fig. 3). Comparative evalu-
ation of  CbUV254 illustrated that  synTiO2 and Cu-TiO2 
behaved similarly. Irrespective of the photocatalyst used, 
significant decrease of  CbUV254 was evident for size frac-
tions < 10 kDa. Upon use of  TiO2,  CbColor436 decreased 
gradually down to 10 kDa, for lower MSFrs an increasing 
trend was attained. From photocatalyst specimen point of 
view, differences were notable for 450–10 kDa size fraction; 
however, for lower MSFrs (3 kDa-1 kDa), insignificant vari-
ations could be indicated.

Following initial adsorption and light exposure, during 
photocatalysis substantial change of  A253/A203 quotient 
would be expected. A continuous almost linear decrease 
of  A253/A203 (0.58–0.23) for all MSFrs was attained by 
 TiO2 photocatalysis. Upon  synTiO2 photocatalysis, a rather 
smooth declining feature was attained for higher MSFrs, 
exhibiting a sharp decrease for 100–30 kDa fractions fol-
lowed by a decreasing profile for lower MSFrs. Cu dop-
ing of  TiO2 and  synTiO2 affected the descending profile of 
 A253/A203 almost similarly for lower MSFrs being more pro-
nounced for Cu-synTiO2. As expressed for t = 0 condition, 
almost all  A253/A203 values displayed the predominant role 
of aromatic moieties with respect to aliphatic groups. The 
changes in  A253/A203 quotients were mainly attributed to the 
presence of the aromatic skeleton dominated by functional 
groups in response to removal and generation during oxida-
tive degradation simultaneously resulting in a substantial 
loss of DOC. Formation of lower MSFrs via degradation 
and/or depolymerization of organic matrix could be related 
to non-selective action of ROS with humic MSFrs even lead-
ing to the formation and accumulation of smaller molecules 
that were nonchromatic (Thomson et al. 2004; Turkten et al. 
2019). However, gross parameters could not directly indicate 
any apparent increase in any particle size fraction due to 
continuously operating non-selective oxidation mechanism 
of •OH as well as reactions of other ROS species.

A continuous declining feature of  A253/A203 was attained 
for all humic MSFrs expressing molecular sizes greater 
than 10 kDa. Within this framework, surface of Cu-TiO2 
was more prone to preferential adsorption of UV absorbing 
centers. Lower MSFrs (3 kDa and 1 kDa) of HA expressed 
distinctly different tendencies towards surface active sites 
of the photocatalyst specimens. The most remarkable 
variation was attained for 3 kDa fraction the outcome of 

which could be expressed as a decreasing trend: Cu-
TiO2 >  TiO2 >  synTiO2 > Cu-synTiO2. Furthermore, 1 kDa 
fraction expressed almost similar  A253/A203 quotient (≈ 0.36) 
with an exception of 0.30 upon introduction of Cu-synTiO2.

A slightly decreasing trend of  A253/A203 quotient was 
attained for all humic MSFrs upon photolysis expressing 
molecular sizes greater than 10 kDa that could be regarded 
as similar to HA. Upon photocatalysis,  TiO2 displayed 
a rather consistent trend (0.58 to 0.30) whereas  synTiO2, 
Cu-TiO2 and Cu-synTiO2 followed a similar behavior with 
respect to decreasing molecular size. As previously reported, 
size of MSFRs could well correlate with the respective pore 
size of the photocatalyst specimens. With respect to BJH 
pore diameters, diverse MSFrs could be located within 
mesoporous pore structures, i.e.,  TiO2 less than 100 kDa, 
 synTiO2 less than 10 kDa, Cu-synTiO2 less than 3 kDa. 
Owing to lower pore diameter of Cu-TiO2, insignificant 
interaction through pores could be expected (Turkten et al. 
2019).

As presented previously, the selected photocatalyst spec-
imens exerted different affinities towards HA in terms of 
specified UV–vis parameters excluding almost similar min-
eralization rates (Turkten et al. 2019). From fundamental 
point of view, absorbed light intensity is directly related to 
the mechanism and kinetics of photocatalysis (Emeline et al. 
2000). The resulting effect could be envisaged in diversity of 
HA MSFrs and respective descriptive parameters.

Aromaticity and functionality of humic acid could well 
be represented by  A253/A203 quotient. Additionally,  CbUV254 
indicated hydrophobicity/hydrophilicity and aromaticity. 
Accordingly, HA MSFrs expressed a positive correlation 
between  A253/A203 quotient and  CbUV254  (R2 = 0.719) under 
all conditions covering initial, photolytic, initial adsorption, 
and photocatalysis. Photocatalyst type revealed insignificant 
effect on correlation for all HA MSFrs (Fig. 4).

Synchronous scan fluorescence features and EEM 
fluorescence contour plots

System-based comparisons of the synchronous scan fluo-
rescence features and EEM fluorescence contour plots were 
presented in respective figures (SI Part 2 Fig. S3 and SI 
Part 1 Fig. S2). HA displayed a major peak at λemis470 nm 
(± 10 nm) that could be considered as expressing almost 
similar fluorescence intensities  (FIsync,470) for MSFrs 
450–100 kDa followed by a decreasing profile for 100 kDa 
MSFr. For smaller MSFrs (< 30 kDa), a non-consistent 
trend was attained in  FIsync,470. A shoulder–like peak was 
also observed at around λemis400 nm following a decreas-
ing trend in accordance with decreasing molecular size. On 
the other hand, variable distribution of fluorescence intensi-
ties was evidently recorded in λemis range of 200–600 nm. 
Moreover, little is known at the molecular level about the 
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nature of the constituents or interactions that produce these 
rather unique spectral features. Upon exposure to irradia-
tion, HA displayed a major peak at λemis470 nm that could 
be considered as following an inconsistent trend with respect 
to decreasing molecular size. Both the shoulder–like peak 
at around λemis400 nm and variable distribution of fluores-
cence intensities in λemis range of 200–600 nm were also 
evident. The most noteworthy difference was attained in both 
100 kDa and 30 kDa MSFrs expressing considerably higher 
fluorescence intensities in the emission range of 200–600 nm 
(SI Part 2 Fig. S3).

Upon instantaneous introduction of  TiO2 to HA solution, 
each MSFr expressed almost similar tendencies towards sur-
face active sites for electrostatic attractions excluding 10 kDa 
fraction (SI Part 2 Fig. S3). In the presence of  synTiO2, each 
MSFr was attracted to the surface in a decreasing order of 
λemis470 nm excluding 100 kDa and 30 kDa fractions of 
which fluorescence profiles reflected an almost coinciding 
behavior. Fluorescence intensities recorded at λemis < 400 nm 
displayed practically similar tendencies. Cu doping of both 
 TiO2 and  synTiO2 could disturb fluorescence patterns due to 
possibility of complexing tendency of substitutional lattice 
of  CuII and/or  TiIV atoms under dark conditions. The role of 
preparation methodology of  TiO2 and  synTiO2 could also 
be encountered with respect to physicochemical properties 
(Turkten et al. 2019). The peak maxima at 385 nm is evident 
both in the presence of Cu-TiO2 and Cu-synTiO2 for high 
MSFrs (450 kDa and 220 kDa). However, there was a shift 
of maxima to 400 nm for 100 kDa fraction that gradually 
decreased with decreasing molecular size. More signifi-
cantly, the fluorophores recorded in λemis200–300 nm region 
were completely removed as a result of surface adsorption.

As previously presented, upon  TiO2 photocatalysis, a 
remarkable shift to lower emission wavelengths was attained 
for all MSFrs in accordance with DOC removal (SI Part 2 

Fig. S3). More significantly, due to the formation of lower 
MSFrs, considerably higher fluorescence intensities were 
recorded for 3 kDa and 1 kDa MSFrs. In comparison to 
 TiO2,  synTiO2 displayed a noteworthy difference that could 
be visualized by the emergence of fluorophores at λemis300 
nm for MSFrs < 30 kDa (following an intensity order as 
1 kDa > 3 kDa > 10 kDa) although no significant fluoro-
phores were detected for either initial HA or HA upon intro-
duction of  synTiO2. Since DOC removal was considerably 
lower in comparison to  TiO2 photocatalysis under the speci-
fied experimental conditions, it could be deduced that intra-
molecular rearrangements and conformational changes could 
possibly lead to dissimilar performance. Cu-TiO2 photoca-
talysis displayed the removal of all fluorophores in almost 
a consistent trend along with the emergence of new fluoro-
phores at λemis 300 nm more specifically for 3 kDa and 1 kDa 
fractions with considerably higher fluorescence intensities. 
The reason could be attributed to the formation of lower 
MSFrs through non-selective oxidation mechanism. Moreo-
ver, an accumulation around λemis = 350–400 nm region with 
a peak around λemis375 nm should also be encountered.

A comparative evaluation of the synchronous scan flu-
orescence spectral features of Cu doped specimens could 
be assessed by disassembling of the accumulation around 
λemis = 350–400 nm region. In a similar manner, fluorescence 
intensities at λemis300 nm  (FIsync > 30) followed an order as 
1 kDa > 3 kDa > 10 kDa in MSFrs in comparison to fluores-
cence intensities  (FIsync > 10) recorded for higher MSFrs. 
Besides general evaluation of the synchronous scan fluores-
cence spectral patterns recorded for all HA MSFrs under all 
specified experimental conditions, as the indicative major 
 FIsync,470 values were also presented in a comparative man-
ner (Fig. 5). Exposure to irradiation did not affect  FIsync,470 
of 100 kDa fraction contrary to the consistent trend attained 
for other MSFrs.

Fig. 4  Correlation between 
 A253/A203 quotient and  CbUV254 
of HA MSFrs under all condi-
tions
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Initial surface attractions resulted in a division in MSFrs 
as group 1 as 10–450 kDa and group 2 as 3 kDa and 1 kDa 
fractions. Since group 2 fractions displayed almost similar 
 FIsync,470 values, the main fluorophore groups affecting the 
initial adsorptive interactions should be related to group 1 
as comprised of higher MSFrs. It should also be indicated 
that the whole fluorescence spectral features should also be 
considered along with the remaining UV absorbance and 
DOC contents (Korak et al. 2014). The most striking point 
was attained upon  TiO2 photocatalysis, at which all MSFrs 
expressed almost similar fluorescence intensities in the range 
of 25.5–16.6. It should be noted that higher MSFrs were 
mineralized or transformed to lower MSFrs along with DOC 
removals. Following photocatalysis, subsequent formation of 
higher 450 kDa, and 220 kDa MSFrs through recombination 
and/or polymerization via radical mechanism should not be 
considered.

Almost under all conditions, lower MSFrs (≤ 10 kDa) 
exhibited considerably lower  FIsync,470 (< 25) during pho-
tocatalysis. Non-selective oxidation mechanism distinctly 
affected MSFrs in terms of  FIsync,470 parameter emphasiz-
ing the discrimination of degradation pathways proceeding 
either on direct surface of the photocatalyst or in close vicin-
ity of the surface depending on the type of ROS species. 
Cu doping of either  TiO2 or  synTiO2 did not represent any 
significant effect in comparison to initial  synTiO2 indicating 
the selective effectiveness of higher MSFrs.

Moreover, FI values of all HA MSFrs (0.96–1.5) were 
compared to respective humic FI values under all condi-
tions (Fig. 6). Upon photolysis, no significant variation 
was observed for all MSFrs (Hansen et al. 2016). Upon 
initial adsorption, all MSFrs excluding 1 kDa fraction dis-
played almost similar FI values through a stepwise increase 

as “450 kDa-220 kDa,” “100 kDa-10 kDa,” and a steep 
increase. On the other hand, all photocatalyst specimens 
expressed almost similar tendencies with minor changes for 
Cu-TiO2 most probably due to presence of substitutional Cu 
on the  TiO2 surface.

Upon photocatalysis, extensive variations were observed 
for all MSFrs and photocatalyst specimens.  TiO2 photo-
catalysis resulted in substantial increase of FI for MSFrs 
greater than 10 kDa fraction in comparison to initial HA. 
On the other hand, Cu doping of  synTiO2 displayed com-
paratively higher FI values for MSFrs smaller than 10 kDa. 
Furthermore, the effect of  synTiO2 photocatalysis was more 
pronounced in comparison to  TiO2 and Cu-doped respective 
counterparts.

Three-dimensional images have revealed the entire 
domain of excitation/emission spectra for humic fractions 
(SI Part 1 Fig. S2). It should also be noted that fluorescence 
spectral overlaps in 3D-EEM might hinder an accurate eval-
uation of the changes in different fluorophores. Compared 
to Fig. 5, a non-specific correlation with synchronous scan 
fluorescence spectral features could be expressed due to con-
curring behavior of fluorophores.

EEM fluorescence contour plots of HA displayed 
humic-like (Region V) and fulvic-like (Region III) fluo-
rophoric regions and were devoid of Regions I, II, and IV 
that were related to aromatic proteins and microbial by-
products for MSFrs of 450 kDa to 10 kDa. Lower MSFr 
as 3 kDa expressed a decreasing profile of Region III and 
almost complete removal of Region V. Moreover, 1 kDa 
fraction expressed a shift to regions I and II and no indica-
tion of other regions were detected. Upon solar irradiation 
of HA, EEM fluorescence contour plots significantly dis-
played the presence of Region III and V and were lacking 

Fig. 5  FIsync,470 variations of 
HA MSFrs under the specified 
conditions (PC signifies photo-
catalysis)
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of Regions I, II, and IV as were detected for initial HA. 
MSFr of 3 kDa expressed a decreasing profile of Region 
III and partial removal of Region V. A slight shift to 
Regions I and II and absence of other regions were visual-
ized for 1 kDa fraction. From a general perspective, EEM 
fluorescence contour plots of initial HA and HA upon pho-
tolysis displayed considerably similar trends. In both of 
the profiles, Region III and IV were evident and Regions 
I, II, and IV were absent for MSFrs > 10 kDa. 3 kDa MSFr 
expressed a fading profile of Region III and Region V. Red 
coloration of 100 kDa, 30 kDa, and 10 kDa was signifi-
cant for HA, while 30 kDa and 10 kDa MSFrs were more 
intense in fluorescence intensity upon photolysis.

Upon introduction of  TiO2 to HA, EEM fluorescence 
contour plots of all MSFrs were similar to both initial and 
photolytic conditions in terms of regional distribution 
excluding intensity factor. More significantly, 3 kDa frac-
tion displayed the presence of Regions I-III whereas 1 kDa 
fraction displayed the presence of Regions I and II. Intense 
red coloration indicating higher fluorescence intensity was 
more dominant for 30 kDa MSFr. Likewise, upon introduc-
tion of  synTiO2 to HA EEM fluorescence contour plots of 
all MSFrs were similar to both initial and photolytic condi-
tions. The presence of Region III was still evident for 3 kDa 
MSFr and more significantly, 1 kDa fraction displayed the 
presence of Regions I and II. The presence of Cu in  TiO2 

Fig. 6  FI variations of HA 
MSFrs under photolysis and 
photocatalytic oxidation condi-
tions with respect to initial HA 
(PC signifies photocatalysis)
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matrix was more effective for 100 kDa MSFr under t = 0 
condition in intensity of both Regions III and V. However, 
lower MSFrs displayed almost similar EEM fluorescence 
contour plots. Effect of Cu-doping of  synTiO2 was similar to 
undoped  synTiO2 MSFr in intensity of both Regions III and 
V. Lower MSFrs displayed almost similar EEM fluorescence 
contour plots.

Upon  TiO2 photocatalysis, mainly Regions III and V were 
evident for 450–10 kDa fractions. Lower MSFrs displayed 
complete absence of humic-like and fulvic-like regions 
expressing initially the fluorophoric regions of I and II. Upon 
 synTiO2 photocatalysis, mainly Regions III and V were evi-
dent for 450–10 kDa fractions. Lower MSFrs displayed com-
plete absence of humic-like and fulvic-like regions express-
ing initially the fluorophoric regions of I and II as recorded 
for HA upon  TiO2 photocatalysis. The most striking inten-
sity was observed in 30 kDa fraction as was also attained for 
Cu-doped specimens. On the other hand, Cu-doping of  TiO2 
specimens did not directly affect the fluorophore intensities 
excluding any surface interactions due to the substitutional 
location of Cu species.

Fourier transform infrared and Raman spectroscopy

Under all conditions for all MSFrs, ATR-FTIR and SERS 
features were evaluated with respect to band positions in a 
system dependent comparative style.

ATR‑FTIR spectroscopic features

Infrared spectra of humic substances have been reported 
in literature as a complementary tool to identify functional 
groups within the humic macromolecular arrangements 
(Davis et al. 1999; Senesi et al. 2003; Sillanpää et al. 2014; 
Rodríguez et al. 2016). A compilation of the band regions 
expressed by the aforementioned studies was presented in 
SI Part 3 Table S1.

It was important to note that a thorough interpretation 
of infrared spectra of the structural features of humic sub-
stances was challenging due to significant overlapping of 
individual bands by various functional groups (Chen et al. 
2002). Although a vast number of researchers investigating 
FTIR spectra of humic substances mostly utilized powder 
samples rather than aqueous samples, similar results with 
different band intensities that were not comparable have 
been reported in literature. (Summers et al. 1987; Shin et al. 
1999; Chen et al. 2002; Rodríguez et al. 2016).

In general, similar ATR-FTIR spectra of the HA MSFrs 
indicated that chemical structure remained unaltered dur-
ing the fractionation process. Related findings were reported 
by investigating the ATR-FTIR spectral features of various 
lyophilized commercial and standard humic substances com-
posed of humic and fulvic acids (Summers et al. 1987). Shin 

and colleagues studied the MSFrs of HA by ultrafiltration 
and indicated that the molecules of the fraction of 100 kDa 
were primarily aliphatic, while the smaller molecules of 
10 kDa fraction were predominantly of aromatic nature 
(Shin et al. 1999). Rodríguez and co-workers also analyzed 
various standard and commercial humic/fulvic acids moni-
toring structural changes by UV–vis and FTIR spectroscopic 
techniques upon oxidative treatment (Rodríguez et al. 2016).

Detailed ATR-FTIR spectra can be found in SI Part 
3. Figure 7 was chosen to be a representative figure and 
includes the FTIR spectra of all the photocatalysts  (TiO2, 
 synTiO2, Cu-TiO2, Cu-synTiO2) after 60 min of photo-
catalytic degradation. ATR-FTIR spectra of initial HA and 
treated HA fractions (initial adsorption, i.e., t = 0 condition, 
photolysis and photocatalysis) exhibited numerous differ-
ences (SI Part 3 Fig. S4-S5). Considering this variation and 
complexity of the system, ATR-FTIR spectra were presented 
with respect to specific band comparison rather than based 
on catalyst-surface explanations. It should be noted that the 
red and blue shifts in the frequencies of some of the peaks in 
ATR-FTIR spectra are directly related to the bond lengths of 
hydrogen bonds where H-bonded complexes can alter either 
the nature of the shift or the band intensities (Behera and Das 
2018). The broad band at 1260–1200  cm−1 corresponded to 
several oxygenated groups, i.e., carboxylic acids, phenols, 
and aromatic or unsaturated ethers (Kim and Yu 2005; Kim 
et al. 2006), while some authors attributed it preferentially 
to C-O stretching and O–H deformation of COOH groups 
(Chen et al. 2002; Sillanpää et al. 2014). Initial HA spectra 
showed peaks in this region, which totally disappeared under 
photolytic conditions as well as through surface attractions 
resulting in initial adsorption and photocatalysis. Following 
photocatalysis, notable presence of peaks in lower wavenum-
ber region as 1170–1120  cm−1 was assigned to the formation 
of organic moieties of aliphatic character.

Analysis of ATR-FTIR spectra showed that upon  TiO2 
photocatalysis, significant changes in HA MSFrs were 
detected with the removal of the band at 1455  cm−1 that 
was related with C-H bending, also the bands correspond-
ing to oxygenated groups at ~ 1200  cm−1 and the bands at 
1095–1030  cm−1 that were assigned to C-O stretching. In 
the presence of  synTiO2, the change was similar, although 
the band related with C-O stretching of alcohols, and ali-
phatic ethers was not totally removed. The band centered 
around 1000–1080  cm−1 was observed in all HA MSFrs, 
however disappeared upon oxidative degradation in all 
fractions. This band was also related to C-O stretching of 
alcohols and aliphatic ethers that might either be removed 
or altered through degradation. Moreover, the emergence 
of band around 1170–1120  cm−1 (C–OH stretching of ali-
phatic O–H) indicated the formation of organic moieties 
of aliphatic character following photocatalysis. A new 
peak around 1337  cm−1 emerged upon  TiO2, Cu-TiO2, and 
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Cu-synTiO2 photocatalysis that was not evident in ini-
tial HA and its MSFrs. The reason could be attributed to 
 NO3

− formation as reported by Rodríguez and colleagues 
after ozonation of humic substances (Rodríguez et al. 
2016). Data acquired also confirmed  NO2

− (0.0613 mg/L) 
and  NO3

− (0.1299 mg/L) formation following  TiO2 pho-
tocatalysis of HA. As the band around 1460–1440  cm−1 
corresponded to aliphatic C-H deformation, initial HA 
showed significant peaks in this band which could not be 
visualized upon non-oxidative as well as oxidative condi-
tions irrespective of the photocatalyst type. The band at 
1630  cm−1 was ascribed to either aromatic rings (C = C 
stretching at about 1650  cm−1 was downshifted in con-
jugated aromatic systems) (Ma 2004) or C = O stretch-
ing vibration of double bonds in cyclic and alicyclic 
compounds, ketones, and quinones (Kim and Yu 2005; 
Kim et al. 2006) and aromatic carboxylic acids (Lums-
don and Fraser 2005; Pernet-Coudrier et al. 2011). Both 
features were likely to overlap and contribute together 
to this band at 1660–1630   cm−1 region (Chen et  al. 

2002; Giovanela et al. 2004). Rodríguez and co-workers 
reported that this band dropped following ozonation due 
to preferential ozone attack to aromatic structures (Rod-
ríguez et al. 2016). In a similar fashion, due to non-selec-
tive behavior of hydroxyl radical reaction mechanism, 
the band at 1620–1600  cm−1 region either disappeared 
during photolysis and initial adsorption or decreased 
in intensity following photocatalysis. The band around 
1720  cm−1 corresponding to carboxylic groups was not 
detected in HA spectra upon  synTiO2 and Cu-synTiO2 
photocatalysis. However, emergence of peaks for MSFrs 
lower than 30  kDa after Cu-TiO2 photocatalysis was 
observed. This might indicate different behavior related 
to either adsorption on the surface or conversion of car-
boxylic moieties to  CO2. Hence, analysis of HA spectra 
recorded upon t = 0 min condition for specified catalysts 
repetitively showed loss of band at 1720  cm−1; therefore, 
initial adsorption on the surface was evident under all 
circumstances (SI Part 3 Fig. S5). Interestingly, only in 
the presence of Cu-TiO2, the band at 1660–1630  cm−1 

Fig. 7  FTIR spectra of photocatalysts after 60 min photocatalytic degradation. (a)  TiO2, (b)  synTiO2, (c) Cu-TiO2, (d) Cu-synTiO2
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corresponding to C = O stretching of amide groups totally 
disappeared after photocatalytic oxidation. The peak was 
apparent in all initial HA MSFrs and respective oxidized 
fractions upon photocatalysis performed using  TiO2, 
 synTiO2 and Cu-TiO2. The band around 1260–1200  cm−1 
that was present in initial HA disappeared totally in the 
presence of  TiO2 and upshifted to 1267–1241   cm−1 
band for 450–10 kDa fractions in the presence of Cu-
synTiO2. The band region 1080–1030  cm−1 assigned to 
C-O stretching of polysaccharides or polysaccharide like 
substances, stretching of alcohols, aliphatic ethers was 
present in HA however, disappeared by photocatalysis 
using  TiO2,  synTiO2, Cu-TiO2 and Cu-synTiO2 and gener-
ally upshifted to 1170–1120  cm−1 region indicating the 
evidence of C–OH stretching related to aliphatic O–H. 

As presented, upon photocatalysis, random changes were 
observed with respect to photocatalyst type (Fig. 7).

SERS features

As evidenced by infrared spectroscopic features, due to the 
slight variations in humic structure during photolysis and 
upon initial surface interactions, application of Raman spec-
troscopy would not be expected to bring substantial infor-
mation. Considering that during solar photocatalysis, both 
the initial as well as the non-adsorbed humic components 
would concomitantly be present in bulk solution along with 
the degraded fractions, SERS analyses were selectively per-
formed on initial HA MSFrs and HA subjected to photoca-
talysis focusing on two key MSFr as 450 kDa and 10 kDa 

Fig. 8  Fingerprint region of the Raman spectra of HA upon (a)  TiO2, (b)  synTiO2, (c) Cu-TiO2, and (d) Cu-synTiO2 photocatalysis 450 kDa, and 
10 kDa
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(SI Part 3 Fig. S6-S10). The fingerprint regions of Raman 
spectra of HA for all photocatalysts were given in Fig. 8.

SERS spectrum of HA 450 kDa size fraction displayed 
a broad band between 3000 and 2500  cm−1 with a maxi-
mum at 2730  cm−1 as related to asymmetric C-H vibra-
tions corresponding to the aliphatic components. The 
bands at 1587  cm−1 and 1403  cm−1 could be attributed to 
asymmetric and symmetric  COO− vibrations respectively 
indicating the presence of carboxylate groups (SI Part 3 
Table S2). The intense band at 1336   cm−1 and a weak 
band at 1302  cm−1 revealed the high aromatic character of 
HA corresponding to in-plane ring motions of substituted 
benzene groups. Besides, these bands could be related to 
the hydroxybenzoic acids and polycyclic aromatic hydro-
carbons. A very weak band at 1542  cm−1 could be attrib-
uted to the ring vibrations of N–H (Francioso et al. 1996; 
Sánchez-Cortés et al. 1998, 2006). Aromatic ring stretch-
ing band at ~ 1600  cm−1 was not observed that could be 
attributed to the possible conformational changes due to 
the protonation of the carboxylate groups. The result could 
lead to an enhancement of intramolecular hydrogen bonds 
and the less orientation of hydrophilic aromatic groups 
towards the interior of HA matrix (Sánchez-Cortés et al. 
1998). The band at 1234   cm−1 could be related to C-O 
stretching motions in phenolic moieties, while the band at 
1160  cm−1 could be assigned to C-H bending in aromatic 
rings. The other bands at 1457  cm−1 (C-H2 deformation, 
C-H bending), 1071  cm−1 (C–C stretching, C–OH deforma-
tion, C-N stretching), 1030  cm−1 (ring breathing vibration 
C–C aromatic ring stretching (phenylalanine) in proteins), 
817  cm−1 (C-H out of plane deformation and  COO− defor-
mation), 973  cm−1 (aromatic C-H out of plane deformation 
and anions,  SO3

2−), 748  cm−1 (out of plane deformation of 
C-H), 652  cm−1 (skeletal ring or C-S stretching and C–C 
twisting of proteins (tyrosine)), 594  cm−1 (C-H out of plane 
bending), 531  cm−1 (out of plane deformation of C–C), and 
471  cm−1 (C = O out of plane deformation, carbohydrates) 
could belong to the skeletal vibrations of benzene rings. 
The band at 354  cm−1 as assigned to skeletal rings cor-
responding to in-plane vibrations of benzene ring coupled 
with external hydroxyl groups was not noticed. Existence 
of a wide band at 893  cm−1 could be related to the presence 
of anions. The spectrum of HA 10 kDa MSFr was similar 
to the high MSFr of HA (450 kDa) expressing the presence 
of bands with minor downshifts and lower intensities.

From an overall perspective, SERS profiles of humic 
matter upon  TiO2,  synTiO2, Cu-TiO2, and Cu-synTiO2 pho-
tocatalysis exhibited strong similarities to spectral charac-
teristics of initial HA (SI Part 3 Fig. S7-S10). Neither the 
presence of Cu substitutionally located within  TiO2 matrix 
nor the expected oxidative changes in HA structure affected 
SERS features (SI Part 3 Fig. S6-S10). A plausible expla-
nation could be attributed to the consecutive removal and 

formation of main constitutional groups of humic during 
photocatalysis.

Conclusions

Considering that humic organic matrix is an integrated 
pool of dissolved compounds with complex interactions, 
the main purpose of this study was to understand the pho-
tocatalytic behavior of different bare and Cu-doped  TiO2 
specimens on HA MSFrs.

Photolytic as well as photocatalytic behaviors in the 
presence of various  TiO2 specimens, i.e., bare  TiO2 (P-25), 
sol–gel prepared  TiO2  (synTiO2), and their respective Cu-
doped specimens (i.e., Cu-TiO2 and Cu-synTiO2) resulted 
in variations of discrete MSFrs of humic matter upon 
non-selective/selective degradation mechanism under 
simulated solar light. Selectivity of different  TiO2 and Cu-
doped specimens induced chromophoric changes in humic 
structure, which could be deduced by specific parameters 
of UV–vis and fluorescence spectroscopy along with ATR-
FTIR and SERS features.

Taking into account high BET surface area and com-
paratively abundant positive charge of  TiO2 at the reaction 
pH, steady decrease was observed in all UV vis parameters 
compared to  synTiO2. Preferential removal of 450 kDa and 
220 kDa MSFrs was observed in the presence of  TiO2 rela-
tive to  synTiO2. Analysis of specific UV parameters and 
fluorescence spectral indicators expressed highest values 
for 450 kDa MSFr and lowest values for 3 kDa fractions of 
HA. Humic acid molecular size fractions revealed a posi-
tive correlation between  A253/A203 quotient and  CbUV254 
under all conditions covering initial, photolytic, initial 
adsorption, and photocatalysis expressing an insignificant 
effect on photocatalyst type. In general,  FIsync470 parameter 
of MSFrs pointed out the possible degradation pathways 
proceeding either on the surface of the photocatalyst or in 
close vicinity of the surface.

Upon photolysis, FI values of all HA MSFrs displayed 
insignificant variations. However, by initial adsorption, all 
MSFrs excluding 1 kDa fraction displayed almost simi-
lar FI values through a stepwise increase as “450 kDa-
220 kDa,” “100 kDa-10 kDa,” and a steep increase. On the 
other hand, all photocatalyst specimens expressed almost 
similar tendencies with minor changes for Cu-TiO2 most 
probably due to the presence of substitutional Cu  onTiO2 
surface. Cu doping could only induce intra-system diver-
sity in degradation pathway affecting the performance of 
the photocatalyst specimen rather than bringing significant 
alteration in HA structure.

Excluding non-specific effect of photolysis, system-
dependent minor variations were deduced by Raman and 
SERS data. Complex and diverse organic associations of 
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humic matter MSFrs were reflected in all spectral features 
although organic carbon pool was subjected to photocata-
lytic degradation and thereby to incomplete mineraliza-
tion. All spectroscopic parameters demonstrated incon-
sequential role of Cu-doping enabling the utilization of 
solar light.
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