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Abstract

Oxidized activated carbon (AC) based on commercial coconut-shell carbon Aquacarb 607C has been prepared. This AC has
micro-mesoporous structure and contains surface carboxyl and phenol/enol groups. Cu- and Co-containing ACs have been
synthesized via ion-exchange in acid medium. According to potentiometric titration and XPS data, cation-exchanged forms
of AC contain about 0.5% of metal ions. Such cation-containing ACs possess narrowed band gap compared oxidized AC
as it is observed for doped oxides. Oxidized and cation-containing ACs have been tested as catalysts in photodegradation
of dyes and phenol under UV- and visible irradiation. Initial oxidized AC is photoactive toward rhodamine B and methyl
orange under UV illumination but inactive under visible light. For the first time it is shown that cation-exchanged forms
of AC have enhanced activity towards rhodamine B, methyl orange and phenol in both UV and visible region. Therefore,
the principal possibility of improving the photocatalytic properties of AC by introducing a minimal amount of copper and

cobalt cations is shown.

Keywords Activated carbon - Cation-exchanged forms - Photocatalytic degradation - UV and visible irradiation -

Decolourisation and mineralization

1 Introduction

Activated carbons (ACs) are high-porous materials with a
huge specific surface area. ACs are much more frequently
used as a catalyst support than as catalyst on its own (Rod-
riguez-Reinoso 1998; Trogadas et al. 2014). ACs also are
universal and effective adsorbents for removal of organic
and inorganic pollutants from gaseous and liquid media,
including aqueous solutions (Moreno-Castilla 2004; Radovic
et al. 2000). Besides, oxidized ACs possess excellent cation-
exchange properties and can bind metal ions (Tarkovskaya
1981; Moreno-Castilla et al. 2004). Therefore, the use of
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AC:s for wastewater purification is based on their adsorption
ability (Wong et al. 2018).

Photodegradation of organic pollutants using carbon
materials as catalysts can be an alternative technique for
water purification (Bagheri et al. 2015; Wang et al. 2014; Lu
and Panchapakesan 2006). ACs possessing developed porous
structure and adsorption capability also can be prospective
in photocatalytic processes, particularly as support of pho-
toactive species or constituent element in compositions with
oxides (Trogadas et al. 2014; Bagheri et al. 2015; Wang et al.
2014; Haro et al. 2012; An et al. 2009). However, the pho-
tocatalyst must be a semiconductive material with an elec-
tronic band structure that can generate electron—hole pairs
and others highly reactive radical species after irradiation
at a given wavelength (in the visible or UV region). It is
known that either a photocatalyst or a molecule is excited
by light that has energy greater than the band gap of the
semiconductor or the transition energy of an excited state of
the molecule, respectively, for a reaction to occur. Carbon
materials show different electronic structure: band gap, E,,
is varied in range from the values characteristic for conduc-
tors to dielectrics (Mrozowski 1971; Oh et al. 2016). Thus,
diamond has Eg = 5.5¢eV, i.e. is a semiconductor (Klimm
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2014). Graphite is a conductor while graphite oxide as well
as graphene oxide are semiconductors with E, = 1.8-4.7 and
E, = 1.2-4.0 eV, respectively (Jeong et al. 2010; Bustos-
Ramirez et al. 2015; Velasco-Soto et al. 2015). Therefore,
these solid carbon oxide materials must be photoactive under
UV- and visible irradiation, which was confirmed (Bustos-
Ramirez et al. 2015; Yeh et al. 2010; Cao et al. 2011).

It is well known that ACs are constructed from aromatic
sheets crosslinked in a random manner and contain various
oxygen-containing groups in an oxidized state (Rodriguez-
Reinoso 1998; Moreno-Castilla 2004; Radovic et al. 2000;
Tarkovskaya 1981; Moreno-Castilla et al. 2004). The pres-
ence of oxygen-containing groups determine the adsorption,
and therefore also photocatalytic properties of ACs to a great
extent. Theoretical calculations and experimental measure-
ments showed that ACs can have E, within 2.9-4.8 eV
depending on their origin, chemical composition and mode
of preparation (Cao et al. 2011; Bandosz et al. 2012; Strelko
et al. 2004; Velo-Gala et al. 2013). In principle, these val-
ues allow utilizing ACs as photocatalysts in UV and visible
region although there is a limited amount of studies devoted
to the photocatalytic properties of ACs where carbon itself
acts as catalyst. The application of ACs without semicon-
ductor additives for photocatalytic degradation of organic
pollutants in aqueous media were reported earlier (Cao et al.
2011; Bandosz et al. 2012; Velo-Gala et al. 2013; Velasco
et al. 2012, 2013). In these works, it has been shown that
some ACs were photocatalytically active under UV and
visible irradiation. Thus, sulphur-doped carbon showed
2 times higher activity in photodegradation of methylene
blue under visible and UV illumination as compared to com-
mercial TiO, (Bandosz et al. 2012). Gamma radiation treat-
ment reduces the band gap values of the ACs and increases
sodium diatrizoate removal rate under UV light (Velo-Gala
et al. 2013). The presence of oxygen-containing groups on
the surface is prerequisite for photocatalytic activity of ACs
(Bandosz et al. 2012). Nevertheless, the nature of photocata-
lytic activity of ACs and mechanism of initiating oxidation
reactions on carbon surface require further investigations.

In present communication, the activity of oxidized AC
and its copper- and cobalt-exchanged forms in photodeg-
radation of dyes and phenol under UV- and visible irradia-
tion were studied. The formulation of the problem is due to
several reasons. First, the oxidized AC selectively adsorbs
Cu?* and Co?* cations (Radovic et al. 2000; Tarkovskaya
1981; Biniak et al. 1999; Demirbas 2003). Secondly, copper
and cobalt oxides are photocatalysts or dopants for semi-
conductor oxides, first and foremost for titania (Ni et al.
2017; Dhas et al. 2015; Li et al. 2008; Savio et al. 2016).
Moreover, copper and cobalt oxides supported on carbons as
separate phases are active in different adsorption and oxida-
tion processes, including pollutant degradation (Shu et al.
2017, Park, and; Shin 2004; Zabihi et al. 2015; Shukla et al.
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2010). However, ACs doped with copper and cobalt ions as
well as with other cations were not yet investigated as pho-
tocatalysts. As to authors’ knowledge the only study dealt
with this topic (Xiaoyan et al. 2011). This work describes
photocatalytic degradation of pyrocatechol using Cu,O/AC
catalysts containing 7.15-35.8% of Cu,O. However, copper
(D oxide forms a separate phase that is a photocatalytically
active component while AC, obviously, plays only the role
of a support.

2 Experimental
2.1 Materials

Commercial coconut-shell-based AC Aquacarb 607C
(Chemviron, Belgium) was oxidized with 20% nitric acid for
5 h. After oxidation, carbon was extensively washed with hot
water in a Soxhlet extractor until neutral pH of wash waters
and dried at 110 °C. As-obtained oxidized carbon was abbre-
viated as Ox—H. Copper and cobalt doped carbons were pre-
pared by equilibrating 0.5 g of oxidized carbon Ox—H with
20 mL of 0.01 M solution of corresponding nitrates for 24 h.
Initial pH of solution was 2.3 for copper and 2.6 for cobalt
nitrates, respectively. After equilibrating carbon was washed
with distilled water and dried at 110 °C. Under these condi-
tions, the nitrates are not subjected to hydrolysis. Therefore,
adsorption of cations exclusively by ion exchange mecha-
nism was expected. As a result, cation-exchanged types of
ACs (Ox—Cu and Ox—Co) were obtained.

2.2 Porous structure

Nitrogen adsorption—desorption isotherms were measured
at -196 °C using Autosorb-6 adsorption analyzer (Quan-
tachrome, USA). Pore size distributions (PSD) were calcu-
lated by Autosorb-1 software (Quantachrome, USA) using
QSDFT method (Gor et al 2012; Landers et al. 2013; Nei-
mark et al. 2009) with a slit/cylindrical pore model. Specific
surface area, Aggy, was calculated by BET method using
nitrogen adsorption data in the relative pressure range cho-
sen by recently proposed procedure (Rouquerol et al. 2007).
The total pore volume, V., was calculated by converting the
amount of nitrogen adsorbed at a maximum relative pressure
to the volume of liquid adsorbate. The micropore, V ;, and
mesopore, V, ., volumes were calculated from the cumula-
tive pore size distribution (PSD) as the volume of pores with
sizes less than 2 nm and between 2 and 50 nm, respectively.

2.3 Surface chemistry

Surface chemistry of oxidized carbon Ox—H was investi-
gated by potentiometric titration method (Liitzenkirchen
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et al. 2012) performed in thermostatic vessel at 25 °C using
a DL25 Titrator (Mettler-Toledo, Switzerland). The proton
concentration was monitored using an LL pH glass electrode
(Metrohm, Switzerland). The method is based on calculation
of proton binding from raw potentiometric titration data fol-
lowed by computation of Proton Affinity Distribution using
CONTIN method (Puziy et al. 2001, 2017; Myglovets et al.
2014).

2.4 XPS

All carbon samples were studied by the XPS method in
powdered form before and after metal ion uptake. The XPS
spectra were measured using the UHV-Analysis-System
equipped with a hemispherical PHOIBOS 150 analyzer
SPECS Surface Nano Analysis (Berlin, Germany). The XPS
spectra were measured in an ion-pumped chamber of the
System at a base pressure less than 8 x 107! mbar. The
spectra were excited by a Mg Ka source of X-ray radiation
(E=1253.6 eV) and were acquired at constant pass energy
of 30 eV. The binding energy scale was calibrated by assign-
ing 284.6 eV to the C Is line (Khyzhun et al. 1996, 2013).

2.5 FTIR

The FTIR reflectance spectra in the range 4000—400 cm™!
for ACs were registered using the “Spectrum-One” spec-
trometer (Perkin-Elmer). The ratio of sample and KBr pow-
ders was 1:250.

2.6 Diffuse reflectance spectra

Diffuse reflectance spectra (DRS) of the powdered ACs were
registered using spectrometer Shimadzu UV-2450. Base-line
spectra were obtained from a sample of pressed barium sul-
fate. ACs samples for spectra registration were prepared by
diluting the ACs with barium sulfate at a ratio of 1:10 in
accordance with the methodology described in detail in the
work (Velo-Gala et al. 2013). This methodology is based on
Kubelka—Munk equation. To authors’ knowledge this is the
only study in which the absorption edge for ACs was experi-
mentally measured and band gap was calculated.

2.7 Photocatalytic tests

Photocatalytic degradation under visible irradiation was per-
formed in a glass reactor. LED Cool daylight lamp (Philips,
100 W) with emission spectra exclusively in the visible range
with broad maximum in the region 500-700 nm and local
maximum around 440 nm was used as illumination source
(Fig. 1S). UV-photocatalytic degradation was realized in
quartz reactor using low pressure Hg lamp with emission
maximum at 254 nm, local maximum at 185 nm and power

30 W. The solution before and after substrates degradation
were analyzed spectrophotometrically (Shimadzu UV-2450)
at Ay, =553, 461 and 265 nm for rhodamine B (RhB),
methyl orange (MO), and phenol (Ph), respectively, after
centrifugation of reaction mixture (10 min at 8000 rpm). The
initial concentrations of RhB, MO and Ph were 1-3 x 107>
mol L™!, 1-2 x 107> mol L™}, and 10 mg L™! (1.06 x 107*
mol L"), respectively. First, the dark adsorption of all sub-
strates was studied to determine the time needed to establish
the adsorption equilibrium. It should be noted that photolytic
degradation of all substrates even under the influence of UV
radiation does not exceed 5%. The calculation of photodeg-
radation rate K, (K" und K,¥* for reactions under UV and
visible illumination, respectively) was based on the temporal
changes of optical density D (substrate concentration) after
reaching the adsorption equilibrium in dark. The obtained
results are satisfactorily described by the first-order kinetic
equation (R?=0.88-0.98). The control of pH value during
photocatalytic reaction was performed using apparatus pH-
150M. The total organic carbon (TOC) for selected solu-
tions was measured using a Shimadzu TOC analyzer (model
5050A).

3 Results and discussion
3.1 Porous structure

Nitrogen adsorption—desorption isotherms for oxidized
carbon Ox—H (Fig. 1a) can be attributed to a combination
of type I and type IVa of IUPAC classification (Thommes
et al. 2015). A steep raise of nitrogen uptake at very low p/
Py is due to adsorption in narrow micropores with enhanced
potential while gradual increase in nitrogen adsorption at
medium to high relative pressures corresponds to monolayer-
multilayer adsorption in mesopores followed by capillary
condensation accompanied by small hysteresis of type H4.
The isotherm is typical to micro-mesoporous carbons. Pore
size distribution of oxidized carbon Ox—-H (Fig. 1b) shows
two sharp peaks corresponding to micropores (1.1 nm) and
mesopores (2.2 nm). Oxidized carbon Ox—H shows high spe-
cific surface area of 1070 m? g~! with a total pore volume of
0.45 cm? g~! distributed in micropores (82%) and mesopores
(18%). Since cation-exchanged forms contain few amount
of metals (as will be shown below), the isotherms and PSD
curves obtained for Ox—Cu and Ox—Co samples practically
do not differ from those for the Ox—H and therefore are not
shown here.

3.2 Surface chemistry

Proton-binding isotherm for oxidized carbon Ox-H
(Fig. 2a) decreases with increasing pH due to gradual
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carbon Ox—H is characteristic to multifunctional cation
exchangers containing surface groups of different acidity.

Proton affinity distribution of acid groups calculated
by CONTIN method shows four peaks for oxidized car-
bon Ox—H (Fig. 2b). The peaks may be classed as strong
carboxylic (0.13 mmol g~!, pK 3.0), weak carboxylic
(0.01 mmol g~!, pK 5.3) and two types of phenolic and/
or enol groups (0.06 mmol g~!, pK 9.0; 1.32 mmol g,
pK 11.2). Total amount of surface groups, 1.52 mmol g,
corresponds to an oxygen content of 2.7%. Based on the
assumption that metal ions are bound to strong carboxyl
groups at experimental pH (Myglovets et al. 2014; Khyz-
hun et al. 1996) and taking into account the amount of
strong carboxylic groups, the content of copper and cobalt
in the cation-exchanged forms is estimated as 0.42% and
0.38%, respectively.

XPS survey scans showed the presence of carbon, oxygen
and modifying metals (Fig. 3; Table 1). The oxygen con-
tent is about 9% for all carbons due to oxidation with nitric
acid. The amount of heavy metals was about 0.5% which is
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Fig.3 Survey XPS spectra for samples Ox—H, Ox—Cu, Ox—Co

satisfactorily in line with calculations from content of strong
carboxylic groups.

High-resolution XPS spectra of C 1 s excitation showed
complicated envelope that indicated several carbon species at
the carbon surface (Fig. 4a). The spectra were deconvoluted



Adsorption (2019) 25:267-278

271

Table 1 Mass concentration of the elements and relative concentra-
tion of the components of Cls and Ols envelopes

Peak component Ox-H Ox—Cu Ox—Co
Survey
C 91.0 90.6 90.5
(0] 9.0 8.9 9.0
Cu 0.5
Co 0.5
Cls
sp® (284.3-284.4 eV) 41% 47% 50%
C-0 (285.4-285.6 eV) 44% 29% 33%
C=0 (287.1-288.2 eV) 10% 21% 14%
n — ¥ (290.6-291.4 eV) 4% 4% 3%
Ols
C=0 (531.0-531.1eV) 10% 18% 11%
C-0 (532.5-532.9¢eV) 70% 41% 73%
H,0 (534.0-535.4 eV) 20% 40% 15%
(a) Cls: Ox-H

into four components adopted in the analysis of carbon mate-
rials (Biniak et al. 1999; Puziy and Poddubnaya 1998; Puziy
et al. 2006, 2008; Estrade-Szwarckopf 2004). The compo-
nents represent sp>-hybridized carbon, carbon singly bonded
to oxygen (C-0), carbon doubly bonded (C=0) to oxygen
and © — ¥ transition (Table 1). Adsorption of heavy metals
caused changes in chemical environment of C atoms which
is reflected in decreasing C—O component and increasing
C=0 component (Fig. 4b, c). The stronger impact on redis-
tribution of C1s components is observed for copper.

O1s peak for oxidized AC (Fig. 5a) was deconvoluted
to three components assigned to oxygen double bonded
to carbon (C=0), to singly bonded oxygen (-O-) in C-O
and to chemisorbed oxygen and water (Biniak et al. 1999;
Puziy et al. 2008; Moulder et al. 1992). The presence of cop-
per altered chemical environment of oxygen atoms, which
resulted in increasing contribution of doubly bonded oxy-
gen and decreasing relative amount of singly bonded oxygen
(Fig. 5b) while impact of cobalt is much smaller (Fig. 5c).
These findings are in line with observations from the Cls
components (Fig. 4a, b).

Cls: Ox-Cu

(b)

298 296 294 292 290 288 286 284 282 280
BE (eV)

Cls: Ox-Co

(c)

298 296 294 292 290 288 286 284 282 280
BE (eV)

Fig.4 Cls XPS spectra for Ox—H (a), Ox—Cu (b), Ox—Co (c) samples

298 296 294 292 290 288 286 284 282 280
BE (eV)
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(a) O1s: Ox-H (b) 0O1s: Ox-Cu

542 540 538 536 534 532 530 528 526
542 540 538 536 534 532 530 528 526 BE (eV)
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(c) 0O1s: Ox-Co
542 540 538 536 534 532 530 528 526
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Fig.5 Ols XPS spectra for Ox—H (a), Ox—Cu (b), Ox—Co (c) samples
(a) Cu2p: Ox-Cu (b) Co2p: Ox-Co
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Fig.6 Cu2p XPS spectrum for Ox—Cu sample (a) and Co2p spectrum for Ox—Co sample (b)

High resolution XPS spectra from metal-containing car- ~ 2005; Rajagopal et al. 2010). The presence of relatively
bons showed Cu 2p (bond energy BE 932.6 eV) and Co 2p  strong satellite peak for Cu (943.0 eV) confirms valence
(781.5 eV) peaks (Fig. 6a, b), which correspond to Cu(Il) state of copper as 2+ (Shu et al. 2017; Park and Shin, 2014).
and Co(II) species, respectively (Li et al. 2008; Shu et al.  From the above it appears that copper and cobalt occupy
2017; Zabihi et al. 2015; Shukla et al. 2010; Khyzhun et al. ~ cation-exchange positions.
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Fig.7 The Tauc plots for Ox—H and Ox—Co samples

3.3 Diffuse reflectance spectra

The Tauc plots for oxidized AC and its Co-exchanged form
(Ox-H and Ox—Co, respectively) are presented in Fig. 7. It
can be seen that bang gap E, for Ox-H sample is 4.1 eV.
Such a high value can be associated with a relatively low
content of oxygenated groups, namely about 2.7% w/w (see
above) although total content of oxygen is about 9% due to
adsorbed forms of oxygen (XPS data, Table 1). Indeed, from
the relationship between E, value and total oxygen content,
which was obtained by the authors of work (Velo-Gala et al.
2013) for ACs, it follows that the value of the band gap
for Ox—H sample should be higher than 4 eV. Introduction
of Cu and Co into the carbon structure causes the narrow-
ing of band gap to 3.9 and 3.7 eV, respectively. This is a
known doping effect, which is well studied for oxides (Ni
et al. 2017; Dhas et al. 2015). The obtained values of band
gap show the semiconductor nature of the studied ACs. It
seems that the order of this magnitude, as well as the estab-
lished tendency of its changes after introduction of metals,
are the most important results that explain the photocatalytic
properties of ACs.

3.4 Dose of carbon photocatalyst and substrate
concentration

Since ACs have high specific surface area and, consequently,
high adsorption capacity, the optimal content in reaction
mixture is much less, than that for oxide photocatalysts.
Recent studies (Bandosz et al. 2012; Velo-Gala et al. 2013;
Velasco et al. 2013) used 0.05-0.2 g L~! of AC, while the
content of 1-2 g L™! is optimal for processes using TiO,
as photocatalyst (Kapinus et al. 2009; Gupta et al. 2007).
It is well known that adsorption at the surface of catalysts
(including photocatalyst) is the first stage of the catalytic

processes. We found that adsorption of dyes by AC catalyst
reaches 90-95% when the content of AC is 0.15-0.2 g L™
Therefore, we used for all experiments the content of AC
equal to 0.1 g L™! as optimal. In this case, adsorption of dyes
and phenol is 40-75% and 25-30% (depending on substrate
concentration), respectively. The difference in adsorption is
obviously because molecules of RhB and MO contain basic
groups and could be specifically adsorbed onto acid surface
of AC. On the other hand, phenol has only acidic group and
hence phenol is less adsorbed on an acidic surface of AC.
Indeed, the pH values are 6.9, 6.8 and 4.7 for initial solu-
tions of RhB, MO and Ph, respectively. From proton binding
curve (Fig. 2a) it follows that carbon Ox—H shows about
0.13 mmol g~! of dissociated acid groups at pHs of substrate
adsorption. Adsorption equilibrium was established for 2 h
for all substrates (Fig. 8). These results are consistent with
the data from other studies devoted to photocatalytic degra-
dation of dyes using ACs (Bandosz et al. 2012; Velo-Gala
et al. 2013; Velasco et al. 2012).

The influence of substrate concentration on photocatalytic
activity of ACs samples was also studied. Thus, the depend-
ence between RhB concentration and catalytic activity of
Ox—Cu was established: K;”V value monotonically dimin-
ishes from 9.4 to 1.4 x 10™* s™! when RhB concentration
increases within 1-2 x 10~ mol L™". It should be noted that
this is a well-known and obvious pattern for photocatalytic
processes. All carbon catalysts become inactive at the RhB
concentration 3.0 X 107> mol L', It is obviously that this is
due to the blocking of active surface centers by the adsorbed
dye. As a result, the most suitable concentrations for pho-
tocatalytic testing were found as following: 1.8 x 10> mol
L™, 2.0x 10 mol L™!, 1.06 x 10~* mol L™! for RhB, MO
and phenol, respectively. As mentioned above photolysis of
these substrates even under UV irradiation is not more than
5%.

D/D
11+ —&— phenol solution

—@— rhodamine B solution
—&— methyl orange solution

08
074
064
054
04
034

0.24

— T T T T T T T T T T T 1 T(S)
0 1000 2000 3000 4000 5000 6000 7000 8000

Fig.8 Kinetic curves of substrates adsorption in dark by carbon

Ox-H
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Table 2 The values of rate constant degradation at optimal concentra-
tion of substrates

N Photocatalyst Substrate K"V x 10* (s71)  K,V¥ x 10% (s71)
1 ACOx-H RhB 1.8 Inactive
2 ACOx-Cu RhB 2.7 1.2
3 ACOx-Co RhB 29 0.5
4  ACOx-H MO 0.1 Inactive
5 ACOx-Cu MO 0.3 0.6
6 ACOx-Co MO 0.6 0.5
7 ACOx-H Phenol Inactive Inactive
8 ACOx-Cu  Phenol  0.15 0.1
9 ACOx-Co  Phenol  0.24 0.1
>
S Ox-H Vis
8
E -

Ox-Cu Vis

Ox-Cu UV
Ox-Co UV

T 1
10000 12000

T (8)

T T T T
0 2000 4000 6000 8000

Fig.9 Kinetic curves of RhB degradation for Ox—H Vis, Ox—Cu Vis,
Ox—Cu UV, Ox-Co UV

3.5 Photocatalytic degradation of RhB

First, RhB was tested as substrate because the spectrum of
its absorption is overlapped in a wide region with the emis-
sion spectrum of lamp—illumination source (Fig. 1S5): the
maxima are located at 553 and 565 nm, respectively. There-
fore, the absorption of light and the direct excitation of dye
molecules without the participation of a photocatalyst are
very likely, at least the most probable of all the substrates
used.

It is necessary to note that initial oxidized carbon Ox-H
predictably has no photocatalytic activity under visible illu-
mination but exhibits noticeable activity under UV irradia-
tion (Table 2; Fig. 9). The photocatalytic properties of oxi-
dized carbon are improved after introduction of Cu** and
Co?* cations into its structure (Fig. 9). KdUV value for these
doped samples is practically the same (within measurement
error) and increases by one and a half times compared with
Ox-H sample (Table 2). The electron spectrum of RhB does
not changed under UV irradiation, only intensity of band
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at 553 drastic decreases (Fig. 2S). Under UV irradiation,
Ox—Cu sample showed somewhat less photocatalytic activ-
ity as compared with Ox—Co since the former carbon has
larger value of band gap E, than the latter. On the contrary,
Ox—Cu is more active under visible light (Table 2). It should
be also noted that Ox—Cu and Ox—Co samples can be re-used
three cycles without loss of activity in degradation of RhB
under UV illumination. The activity in the third cycle is at
least 90-95% of that for the fresh samples.

MO has maximum of absorption at 461 nm. So, its
absorption spectrum to a minimum degree overlaps with
the emission spectrum of the used lamp. At the same time,
maximum of absorption for phenol is located in the UV
region, namely at 265 nm. The character of the changes in
the spectrum during the degradation of MO and Ph is shown
in Fig. 10a, b. Monotonic decrease of band at 461 nm is
observed with an increase in the duration of UV irradiation
of MO solution. Besides, a slight blue shift of the absorption
maximum (up to 445 — 442 nm) for MO is seen after 6-8 h
illumination. The kinetic curve of this process is presented
in Fig. 11. Similar spectra and kinetic curves were obtained
for the photocatalytic degradation of phenol (Figs. 10b, 11,
respectively): as can be seen intensity of band at 265 nm
decreases 4 times for 7 h. Based on these results, kinetic
curve of Ph degradation, which well described by first-order
equation, was plotted.

The rate constant of degradation calculated for these pro-
cesses as well as for visible photocatalytic degradation are
also presented in Table 2.

3.6 Discussion

Initial oxidized carbon (Ox—H) showed activity toward the
RhB and MO only under the action of UV light. From the
data of spectrophotometric measurements, it can also be
seen that photocatalytic processes using Cu- and Co-con-
taining carbons result in degradation of substrates under
both UV- and visible illumination. The optical density of
dye solutions after illumination (D) reduces 4—12 times for
7 h compared with that for solutions after adsorption (D).
Therefore, the degree of dye discoloration reaches 90-95%
for catalysts with highest activity. At the same time, decreas-
ing in TOC value is a measure of pollutants total miner-
alization (Rauf and Ashraf 2009). In our case, the degree
of mineralization calculated on the base of TOC values is
within 16-73%. Moreover, the comparison of FTIR spectra
for Ox—Cu catalyst (Fig. 12) indirectly indicate possibil-
ity of degradation of adsorbed RhB. Thus, spectrum after
RhB adsorption contains broad poorly resolved absorp-
tion bands in the region 950-1350 cm™' where there are
characteristic absorption bands for RhB. At the same time,
these absorption bands are absent in the spectrum of the
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Fig. 10 The absorption spectra of MO solution after degradation under UV irradiation in the presence of Ox—Co (a) and phenol solution after

adsorption and degradation for 420 min under UV irradiation (b)
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Fig. 11 The kinetic curves of photocatalytic degradation of phenol
and methyl orange under UV illumination using Ox—Co as catalyst

same sample after photocatalysis. This fact provides sup-
port for disappearance of RhB at the carbon surface after
photodegradation.

There are several mechanisms for initiation of photo-
catalytic processes. The contribution of each of them to the
resulting overall effect depends on the nature of the sub-
strate and the photocatalyst, as well as on the type of used
irradiation. Thus, when a catalyst is exposed to radiation
with energy equal or higher than band gap, electrons are
promoted from the valence band to the conduction band. As
a result, an electron—hole pairs are produced and photoactive
species (likely OH® radicals) generated which initiate the
processes of substrate oxidation. This well-known mecha-
nism was described in detail in the literature (Xiaoyan et al.
2011; Rauf and Ashraf 2009) and therefore is not discussed

rhodamine B initial
Ox-Cu catalysts with adsorbed rhodamine B

Ox-Cu catalysts after photocatalytic degradation
of rhodamine B

Absorption (%)

T T T T T T T T T T T T T T
2000 1800 1600 1400 1200 1000 800 600
A
Wavenumber (cm™)

Fig. 12 FTIR spectra for initial RhB, Ox—Cu catalyst with adsorbed
RhB and the same after phocatalysis

here. UV degradation of RhB, MO and Ph on all carbons
obviously occurs according to similar mechanism since
energy of photons is within 3.6-6.7 eV while band gap
values for oxidized and cation-exchanged carbons are 4.2
and 3.9 eV, respectively. Due to the narrowing of the band
gap for metal-containing carbons, the rate of degradation
of all studied substrates is higher as compared with Ox—-H
(Table 2). Besides, the photocatalytic activity of the cation-
exchanged carbons can be favored not only by the decrease
in E, values but also by the amount of carbon atoms with sp’
hybridization state as suggested in Velo-Gala et al. (2013).
As can be seen from Table 1, the content of Cls with sp>
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hybridization increases from 41% for Ox—H to 47% and 50%
for Ox—Cu and Ox—Co, respectively. Photocatalytic activity
increases under the action of UV light in the same order
confirming experimentally the assumption made in Velo-
Gala et al. (2013). Taking into account the fact of low metal
content, it can also be assumed that small additions of metals
can act as nanodots similar to the results of works (Demirbas
2003; Ni et al. 2017).

On the other hand, visible irradiation with energy of
photons less than 3.3 eV does not promote the formation
of electron—hole pairs. Nevertheless, as indicated above,
the cation-containing carbons show photocatalytic activity
in degradation of all studied substrates. Obviously, other
mechanisms are involved for initiation of oxidation pro-
cesses under visible light. The maximal rate of degrada-
tion is observed for rhodamine B. This may be due to the
fact that RhB molecules absorb visible light photons and
their excitation is possible, i.e. photosensitization is real-
ized (Xiaoyan et al. 2011; Rauf and Ashraf 2009; Wu et al.
1998): in this case the excitation of dye molecules occurs
and excited adsorbed molecules of dye inject electron to
conduction band of the catalyst. As a consequence, active
species at the catalyst surface are generated. This mechanism
of photocatalytic process initiation was also described (Rauf
and Ashraf 2009; Wu et al. 1998; Sangami and Dharmaraj
2012).

It is also well-known that photocatalytic degradation of
RhB can occur by two pathways (Wu et al. 1998; Sangami
and Dharmaraj 2012): (i) as de-ethylation process in a step-
wise manner with the formation of the three intermediates
from RhB to completely de-ethylated Rh110 or (ii) as a
direct cleavage of the chromophore rings. The gradual blue
shiftin A ,, on spectrum of RhB is observed in the first case
and the reduction in the absorbance without shift takes place
in the second case. As can be seen from Fig. 2S, the RhB
degradation in the presence carbon photocatalyst occurs in
accordance with the second route: only decrease in intensity
of band at 553 nm is observed. Simultaneously, reduction
in intensity of band in UV region, namely around 260 nm,
takes place (Fig. 2S). The latter indicates the destruction of
benzene rings in the dye molecules (Merka et al. 2011). The
same results were obtained using all photocatalysts under
UV and visible illumination. The similar findings were
described for degradation of rhodamine B and safranin T
using vanadium and molybdenum oxides as photocatalysts
(Sydorchuk et al. 2013).

The lowest values of photodegradation rate constant K
are obtained for MO and phenol (Table 2). This may be
due to a decrease in the role of the photosensitization pro-
cess because the absorption spectra of these substances are
minimally overlapped with emission spectrum of the lamp
for visible region (Fig. 1S). This is especially true for phe-
nol. It is possible that absorbed energy causes oxidation of

@ Springer

substrates as observed in the wet oxidation of phenol on
ACs, including copper-containing catalyst (Santos et al.
2005; Moreno-Pirajan and Giraldo 2013). Such an alterna-
tive mechanism of photocatalytic oxidation initiation can be
connected with formation of several radical species at the
surface of carbon in contact with aqueous solution contain-
ing dissolved oxygen (Velo-Gala et al. 2013; Hayyan et al.
2016; Boehm 2012):

02 + ecarbon_ - 02_
0, +H,0 - HO, + HO™
2HO, — O, + H,0, — 0, + 2HO'

Indeed, XPS showed that more than 60% of total oxygen
is in the adsorbed state. It is well known that superoxide ion
takes an important part in oxidation reactions via interac-
tion with adsorbed molecules of substrates (Strelko et al.
2004, 2000; Xiaoyan et al. 2011; Matzer and Boehm 1998;
Hayyan et al. 2016), including in photocatalytic processes
(Tang et al. 2018; Xu et al. 2018). HO' radicals, as active
species of all photocatalytic processes, can also be produced
by the disproportionation of O, — ions.

4 Conclusions

Initial oxidized AC has micro-mesoporous structure with
predominance of micropores and contains four types of sur-
face acidic groups. Cu- and Co- containing ACs were pre-
pared via cation exchange with protons of surface carboxylic
groups. Metal-doped carbons are characterized by narrower
band gap compared with oxidized carbon and increased con-
tent of carbon with sp? hybridization.

Initial oxidized AC is photocatalytically active towards
dyes (RhB and MO) under UV illumination but inactive
under visible light. Cation-exchanged forms of AC like
doped semiconductor oxides have narrowed band gap and
improved photocalytic activity (compared with initial AC)
in the degradation of dyes and phenol under UV and visible
irradiation. The substrates can be graded in the degree of
degradation under UV irradiation: RhB > MO > Ph.

It is important that the degradation is accompanied by
partial mineralization of substrates. For 7 h irradiation, the
degree of discoloration of dye solutions reaches 90-95% and
degree of mineralization for dyes and phenol in solutions
(according to TOC measurements) is 16-73%. The practical
significance of the results obtained is that spent carbons with
adsorbed cations, instead of regeneration, can be re-used in
photocatalytic degradation of pollutants in aqueous media.
As aresult, the formation of secondary contaminated water
during regeneration is prevented. Besides, a low content of
carbon photocatalysts in the reaction mixture (practically
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an order of magnitude smaller than that of oxide photocata-
lysts) is their additional advantage. Therefore, two problems
can be solved simultaneously, namely re-using spent carbon
cation exchanger and the purification of water from organic
pollutants.
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