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Abstract

This study used CdS as a pair of TiOz Nanotube Arrays (TNTAs), considering the position and width of the energy
band gap, which is expected to increase photocatalyst performance. The nancomposite was synthesized using the
successive ionic layer adsorption reaction (SILAR) method, with Cd(CH3COO)2: and NasS as precursors. The
CdS/TNTAs nanocomposite is expected to reduce the energy band gap to enable the visible and UV spectrum to ac-
tivate the photocatalyst. Additionally, the formed heterojunction mechanism provides opportunities for the trajec-
tories of electrons and holes to be farther apart and reduce the recombination rate. The degradation ability of
CdS/TNTAs nanocomposite in the photocatalytic process was evaluated using samples of ciprofloxacin liquid waste
as an antibiotic, which is quite challenging to decompose completely. The ability of the photocatalytic process to
produce hydrogen gas was also observed and its performance synergized with the electrocoagulation process. The
result showed that the use of CdS as a TNTAs partner in CdS/TNTAs nanocomposites affects increasing photo-
catalyst performance, both in degrading ciprofloxacin and producing hydrogen gas. Furthermore, the CdS/TNTAs
nanocomposite increased the photocatalytic process’s ability to degrade ciprofloxacin and produce hydrogen from
8.5 t0 20.5% and 6 to 23.5 umol/m2 compared to using TNTAs alone. The processing capability is further enhanced
when run in synergy with the electrocoagulation process where the removal of ciprofloxacin reaches 86.55% and
the hydrogen produced is 2.62X106 umol/m2.
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1. Introduction tabolism hence the rest is excreted into the en-
vironment and detected in various environmen-
tal matrices [3]. Sanseverino et al. [4] stated
that CIP is one of the antibiotics found in high
concentrations in various water (>10 ng/L).
Advance Oxidation Processes (AOPs) are con-
sidered to have a good performance in degrading
antibiotics. Photocatalysis is one of the devel-
oped AOPs technology with a significant ability

The presence of antibiotic pollutants in wa-
ters can increase bacterial resistance to antibi-
otics [1], thereby potentially endangering hu-
man health[2]. Ciprofloxacin (CIP) is an antibi-
otic used to treat various types of infections,
and when consumed, it undergoes partial me-
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simple and low-cost process. TiOzwas widely
selected in the design of this technology due to
its strong oxidizing ability, economical price,
non-corrosiveness, non-toxic, and abundance in
nature [4—6]. The reduction reaction in the pho-
tocatalyst produces hydrogen gas in aqueous
solutions; hence it acts as an alternative energy
source. However, there are several obstacles to
TiO2, such as the high recombination rate,
which reduces the efficiency of the redox reac-
tions in the electrons and holes formed during
the process [7]. Another condition is the large
energy band gap (3 — 3.2 eV), which indicates
that the TiO2 photocatalyst can only be active
on irradiation using light in the UV spectrum
range [5]. Several studies have been conducted
to improve the performance of TiO2z in the pho-
tocatalyst process, such as by changing the sur-
face morphology capable of increasing the con-
tact area of the immobilized photocatalyst [8—
10]. Other methods include metal or non-metal
doping, dye sensitization, co-catalysts, or cou-
pling with other semiconductors with narrower
bandgap energy to form TiO2 nanocomposites
[6,11,12]. These ways increase its photocatalyt-
ic activity by broadening the light absorption
ability towards visible light. Moreover, this pro-
cess also increases the separation efficiency be-
tween electrons and photogenerated holes
[6,13].

In our previous research, we tested the ef-
fectiveness of the TiO2 photocatalyst with the
morphology of the immobilized titania nano-
tube array (TNTAs) in the photocatalyst pro-
cess of dye waste[14]. The nanotube array mor-
phology increases surface area and irradiation
effectiveness and can suppress the recombina-
tion rate between electrons and holes [14]. Sub-
sequently, a study by Pelawi et al. [15] im-
proved the performance of TiNTAs by deposit-
ing CuO as an electron trapper and providing a
smaller energy band gap of the photocatalyst.
In another study, adding Fe as a dopant was al-
so tried, which gave an improved photocatalyst
performance effect [16,17]. Both modifications
successfully suppressed the electron-hole pair
recombination rate and became more respon-
sive to visible light exposure.

Efforts to increase the efficiency of the
waste treatment process can be made by com-
bining several alternative processes sequential-
ly or simultaneously through the photocatalysis
process with electrocoagulation. According to
Ahmadzadeh et al. [18], electrocoagulation is
an efficient method of removing dissolved pollu-
tants that involves an electrochemical reaction
with aluminum or iron electrodes as anodes
and stainless steel as cathodes. This process

produces a coagulant from the oxidation of alu-
minum or iron capable of adsorbing dissolved
pollutants. At the same time, the production of
hydrogen gas occurs from the reduction of H*
ions by electrons on the cathode surface. The
disadvantage of this method is that the pro-
cessing of pollutants is limited to removing
their contents, and the hazardous nature of
toxins is not eliminated from the waste. Fur-
thermore, the separation process using electri-
cal resources results in an expensive electro-
coagulation process [19].

The combination of photocatalytic processes
with electrocoagulation has been carried out in
several studies. In a sequential combination of
processes, the electrocoagulation sequence fol-
lowed by photocatalysis combined solute re-
moval efficiency of more than 90% [20]. Mean-
while, in the reverse order, photocatalysis fol-
lowed by electrocoagulation, lower efficiency
was obtained [21]. A preliminary study on pho-
tocatalysis and electrocoagulation was conduct-
ed simultaneously in one reactor. Research by
Sharfan et al. [14], Pelawi et al. [15], and Mut-
taqin et al. [16] tested the combined perfor-
mance of photocatalysis and electrocoagulation
processes simultaneously. It gave much better
results regarding dissolved pollutant removal
and hydrogen gas production.

In this study, the modification of TiO2 pho-
tocatalysts was done differently by using im-
mobilized TiO2 (TNTAs) combined with CdS
semiconductors to form photocatalyst nanocom-
posites. The position and value of the energy
band gap of CdS which is more responsive to
visible light, are used to increase the photo-
catalyst ability of the CdS/TNTAs nanocompo-
site. The heterojunction mechanism reduces
the rate of electron-hole recombination and
widens the spectrum of light capable of activat-
ing photocatalysts [22,23]. The SILAR method
was used in synthesizing nanocomposites by
considering the easy process, with minimal en-
ergy requirements and a pretty good deposit
capability. XRD, UV-Vis DRS, FESEM, and
EDX characterizations were made on the syn-
thesis of nanocomposites to validate crystallini-
ty, energy band gap, morphology, and the pres-
ence of appropriate components.

Efforts to optimize the process are also car-
ried out by combining photocatalysis and elec-
trocoagulation simultaneously to determine
how to improve the process performance signif-
icantly. The similarity of electrocoagulation
and photocatalysis in their ability to remove
dissolved pollutants while producing hydrogen
has beneficial and optimization effects when
carried out simultaneously. The effect of con-
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ducting both processes was observed and meas-
ured to determine their ability to remove dis-
solved ciprofloxacin and produce hydrogen gas.
The process of merging both processes is likely
to increase performance and act as an alterna-
tive waste treatment process that is effective,
environmentally friendly, and cost-effective.

2. Materials and Methods

2.1 Preparation of TNTAs and Synthesis of
CdS/TNTAs

Ti plates (8.0 cm X 4.0 cm X 0.1 cm) were
purchased from Shaanxi Yunzhong Metal Tech-
nology Co. LTD. They were first polished me-
chanically with sandpapers (1500 CW) before
utilizing the chemical process in a solution con-
taining HF, HNOs, and distilled water (1:3:46
volume based) for two minutes. The polished Ti
plate was then rinsed with distilled water and
sonicated for five minutes to remove all impuri-
ties. Next, the anodization process was carried
out 1n a beaker glass using glycerol 98% as an
electrolyte containing NH4F 0.5 wt%, 25 %(v/v)
of distilled water and constantly stirred for 2
hours. Ti plate was used as an anode, Pt as the
cathode at a fixed potential of 50V, and pow-
ered using a CD power supply for 2 hours. For
the anodization, TiNTAs were rinsed with dis-
tilled water to remove excess glycerol, dried at
room temperature, and then stored in a desic-
cator.

The SILAR method used Cd(CH3COO)z2 and
NasS as precursors to form CdS/TNTAs nano-
composites. The Cd2+ and S2- concentrations
varied at 0 M, 0.05 M, 0.1 M, and 0.2 M in an
aqueous solution with the prepared TiNTA
plates immersed in Cd2* solution for 5 minutes,
then rinsed with water to remove excess Cd2+.
Furthermore, the plate was immersed in a so-
lution of S2- for 5 minutes and rinsed with wa-
ter to remove excess S2-, thereby completing a
single SILAR deposition cycle. This process was
repeated for six cycles based on the study of the

C

optimal conditions for the synthesis of
CdS/TiO2 nanocomposites [24]. By varying the
concentration of the precursors using compo-
site values of 0 M, 0.05 M, 0.1 M, and 0.2 M,
composite samples with different CdS contents
were obtained and denoted as T, CT 0.05, CT
0.1, and CT 0.2, respectively.

2.2 Sample Characterization

The morphology of the photocatalyst was in-
vestigated using FESEM-EDX comprising
Thermo Scientific — Quatro S in high vacuum
mode with 20,000 magnification, a spot size of
4.0, 15 kV voltage, and mapping EDX mode.
The crystallite formation was observed using
an x-ray diffractometer (Empyrean Series 3 —
Panalytical) at voltage and current rates of 40
kV and 30 mA current using Cu anode (Ka =
0.15406 nm). The optical properties of the pho-
tocatalyst and gap energy were measured and
calculated using the UV-Vis diffuse reflectance
spectroscopy (Harrick Scientific Agilent Cary
600 UV-Vis DRS) and the Kubelka-Munk
method.

2.3 Electrocoagulation-Photocatalytic Activity
Test

An electrocoagulation activity test was car-
ried out in a reactor vessel containing a 500
mL ciprofloxacin (CIP) concentration of 10 ppm
at pH 10. The reactor was equipped with an
aluminum plate of 10 cm X 4 cm X 0.1 cm as
the anode and stainless steel 316 plates of 2.5
cm X 8 em X 0.1 cm as the cathode with a dis-
tance of 1.5 cm and each of which is connected
to a DC generator (Zhaoxin RXN-605D, 60 V, 5
A). The reactor was placed in a box full of re-
flectors, and the combined system of electro-
coagulation-photocatalysis was tested in the
same reactor by adding a photocatalyst plate
on the opposite side of 8 cm X 4 cm X 0.1 ecm to
the system, as shown in Figure 1. The reactor
was well isolated, and the hydrogen produced

Notes :

1 = Phillips Mercury Lamp 250 Watt
2 = CdS/TiINTAs photocatalyst

3 = Stainless Steel 316 Cathode

4 = Aluminum Anode

5 = Power DC Supply

6 = Sampling Port

7 = Reactor Vessel

Figure 1. Experimental set-up of electrocoagulation-photocatalysis.
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was measured every 60 min using a 1 mLL Ham-
ilton syringe, while the decrease in the solution
concentration was also investigated every 60
min. During the performance test, the solution
was stirred continuously while being exposed to
illumination from two mercury lamps consist-
ing of 17.25% UV, 82.75% visible light, and 250
W. Before each experiment, argon gas is flown
through the reactor for 5 min to remove oxygen
from the system.

Ciprofloxacin removal was measured by tak-
ing the solution sample every 60 min and ob-
served using UV-Vis Spectrophotometer
(Shimadzu, UV Mini 1240). The measurement
was conducted around 272 nm, with the de-
crease in ciprofloxacin concentration measured
using the following equation:

c,-C

Removal Efficiency (%) = C 1)
0

where Cy and C denote the concentration of CIP
in mg/L (ppm) at the initial and at a particular
time, respectively. The hydrogen produced from
the combined system of electrocoagulation-
photocatalysis was analyzed every hour using a
Gas Chromatography (Shimadzu GC-8A) sys-
tem equipped with a Molecular Sieve (MS) Hy-
drogen 5 A column, with a known retention
time for argon as the gas carrier.

3. Results and Discussion
3.1 FESEM-EDX Characterization

FE-SEM/EDX characterization determines
the morphology and elemental composition of
the modified photocatalyst surface. Figure 2
shows the images of T, CT0.05, CTO0.1, and
CT0.2 with TiO2 in nanotubular shapes and
self-organized. The tube diameters vary due to
the inconstant stirring with EDX characteriza-
tion used to confirm the formation of
CdS/TNTAs.

Table 1 contains information about the ele-
mental composition at the photocatalyst sur-
face. It shows that the mass ratio of Cd in-
creases with the rise in the amount of Cd add-
ed to the TiO2 photocatalyst. Therefore, it can
be concluded that the synthesized composite
was high in Cd, also known as Cd-rich. It is
common when the composite is synthesized via
a solution-based phenomenon. This condition is
usually due to titania’s isoelectric point at pH

Table 1. Elemental composition on the photo-
catalyst surface.

% Component Mass

Photocatalyst T 0 C  Cd 3
T 60.7 371 22 0 0
CT 0.05 53.2 386 34 1.8 0.1
CT 0.1 56.8 34.7 2.1 41 0.3
CT 0.2 52.3 355 4.4 47 0.4

Figure 2. FE-SEM images with magnification of 20000X for (a) T; (b) CT 0.05; (¢c) CT 0.1; (d) CT 0.2.
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6. Excess hydroxyl ion is obtained during the
synthesis process, hence the adsorption of Cd2*
is higher than the S2- [25].

The results of the Field Emission Scanning
Electron Microscopy (FESEM) readings shown
in Figure 2 show the distribution of Ti, O, Cd,
and S components on the surface of the photo-
catalyst. It can be seen that Cd and S are con-
centrated in parts resembling white mist, alt-
hough these components are also visible in oth-
er parts. A correlation between the precursor
concentrations used during the synthesis of
nanocomposites and the amount of CdS on the
TNTA surface can also be seen. The size of the
white mist on the surface of the nanotube tends

to increase when the precursor concentration is
more significant. Under certain conditions, the
larger the size of the mist, which contains Cd
and S, have a shading effect on TNTAs, there-
by affecting the performance of TNTA in the
photocatalytic process. This explains the effect
of precursor concentration on the performance
of CdS/TNTAs nanocomposites.

3.2 XRD Characterization

Figure 3 shows the peaks found at 26 and
matching the diffraction peaks of the anatase
phase at (101), (200), (105), and (221) (JCPDS
No. 21-1272) are 25.4°, 48.2°, 54.1°, and 55.2°.
However, no CdS peak was detected because
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Figure 3. XRD patterns of TNTAs and CdS/TNTAs.
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Figure 4. (A) Absorption behavior of UV-visible diffuse reflectance spectrum of photocatalysts, (B) Tauc

plot of Kubelka-Munk equation.
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the total amount was relatively low. No signifi-
cant difference exists between the TNTAs XRD
pattern and the modified CdS/TNTAs X-ray dif-
fraction pattern. The slight shift and size of the
anatase crystal peaks indicate the presence of
CdS in TNTAs crystals. Furthermore, this is
strengthened by FESEM readings which con-
firm the presence of CdS on the surface of the
photocatalyst.

3.3 UV-Vis DRS Characterization

The photocatalyst bandgap of unmodified
TNTAs and the CAS/TNTAs composites was es-
timated by establishing the Kubelka-Munk
function and Tauc plot. The band gap energy
resulted from the extrapolation of the linear
portion of the Tau plot (F(R).hv) to the energy
(HV) axis, as shown in Figure 4. Furthermore,
the figure shows that the CdS/TNTAs compo-
site lowers the bandgap energy of pure TNTAs
from 3.16 eV to 2.92 eV. CdS extends the pho-
ton absorption towards the visible light area;
hence, this photocatalyst exhibits enhancement
in photoresponse under visible light.

3.4 Electrocoagulation-photocatalysis Test on
Ciprofloxacin Degradation and Hydrogen Pro-
duction

Ciprofloxacin degradation and hydrogen
production are tested on three systems: electro-
coagulation, photocatalysis, and electrocoagula-
tion-photocatalysis. The ability of each system
to remove pollutants and produce hydrogen is
also compared.

CIP Removal (C/Cy)

0 60 120 180 240

Time (minutes)

3.4.1 Electrocoagulation test on ciprofloxacin
removal and hydrogen production

Electrocoagulation is an electrochemical
process in which an oxidation reaction occurs
on the surface of the anode (aluminum), which
then bind to hydroxyl ions to form a coagulant
AI(OH)s. The direct current voltage of 20 V
used in the electrocoagulation test was based
on the results from preliminary studies [16].
The reaction happened in an electrocoagulation
process for the Ciprofloxacin removal:

Al — A3 + 3e- 2)
Al3* + 3(H*+ OH-) — AI(OH)s + 3H* 3)
Al(OH)s + C17H1sFN303 —

Pollutant Adsorption (4)
2H20 + 2¢-~ — 20H~ + Ha( (5)

According to research by Muttaqin et al.
[16], the electrocoagulation process is carried
out in an alkaline state because it produces
abundant coagulants hence the absorption effi-
ciency of dissolved pollutants is expected to be
better. Additionally, the amount of hydrogen
produced is more significant in the electrocoag-
ulation process in the alkaline phase. Mean-
while, in chemical equilibrium, more hydroxyl
ions form the coagulant, with a decrease in hy-
drogen ions to gas [16]. Figure 5 shows the
electrocoagulation test result conducted for 4
hours, indicating that the removal of ciproflox-
acin has an efficiency of 62.77% with a sedi-
ment mass of 0.4521 g and simultaneously pro-
duces hydrogen gas of 0.94 mol/m2.

B) ]

0.8

0.6

0.4

Hydrogen Accumulation (mol/m?)

0 60 120 180 240
Time (minutes)

Figure 5. (A) CIP removal on electrocoagulation system; (B) Hydrogen accumulation.
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3.4.2 Photocatalysis Test

The photocatalyst T, CT 0.5, CT 0.1, and CT
0.2 were tested to determine their ability to de-
grade ciprofloxacin and produce hydrogen sim-
ultaneously in a single photocatalysis system.
Figure 6 shows that CT 0.05, CT 0.1, and CT
0.2 exhibit a better photocatalytic activity than
T. This indicates that the composite formation
of CdS/TiNTAs has successfully enhanced the
photocatalytic performance of ciprofloxacin deg-
radation and also hydrogen production.

Furthermore, Figure 6 shows that CT 0.1
exhibited the highest performance. From the
trend, it can be concluded that the higher con-
centration of the precursor Cd2* and S2- can in-
crease the photocatalytic activity. Wang et al.
[13] study on Metronidazole degradation using
CdS/TiO2 evaluated the possible mechanism of
ciprofloxacin degradation on CdS/TNTAs pho-
tocatalyst under visible light.

CdS + hv — CdS (hvst + e") (6)
CdS (hvs* + e) + TiO2 —
CdS(hvs*) + TiO2(ecs™)  (7)

CdS(hvs*) + OH- — CdS + OH* 8
TiOz2(ecs™) + O2 — TiO2 + Oz~ )
02+~ +ecs~ + 2H* — H202 (10)
O3z + 2ecp~ + 2H* — H202 (11)
H202 + ecs= — OH* + OH- (12)

O32+-, HoOg, OH*, hvs*, ... + C17H1sFN —
Degraded Products (13)

The condition of the sample solution using
water as a solvent allows the water splitting re-
action to produce hydrogen according to the re-
action:

TiOs2(ecs”) + 2H* — TiO2 + H2 (14)

S
€09
=
2
"
= 0.8
£
oy —a— No Photocatalyst
a
g —+— CT 0.05
Z 0.6 - —&— (CTO0.1
= —h—
& CT 0.2 A
0.5 L T L]
0 60 120 180 240

Irradiation Time (minutes)

The combination and contact between TiO:
and CdS provide space for electron transfer,
photogeneration, and hole separation [26]. The
position of the energy band gap of CdS which is
responsive to visible light exposure, allows the
incorporation of CdS and TiO: to expand the
light spectrum capable of activating photocata-
lysts, as shown in the results of the UV-Visible
DRS test. However, the most optimal photo-
catalytic activity was obtained when the CdS
precursor concentration was added at 0.1 M to
the TNTAs photocatalyst. Conversely, the pho-
tocatalyst’s ability to degrade ciprofloxacin de-
creased when 0.2 M of the CdS precursor was
added. This condition occurs because the excess
CdS prevents photons from entering the TiO:
surface; as shown in the FESEM results. Thus
the limitations of the photon energy received
result in not optimal process of excitation of
electrons on the surface of the photocatalyst.
Meng et al. [26] stated that the excessive addi-
tion of CdS reduces the active site of the TiO2
photocatalyst, which is correlated with the de-
creased surface area exposed to the light
source. Therefore, an appropriate concentra-
tion of CdS precursor is required to synthesize
CdS/TiO2 composites to obtain optimal photo-
catalytic activity.

3.4.3 Electrocoagulation-photocatalysis test

The highest performance of CT0.1 was used
as the photocatalyst in the combination of the
electrocoagulation and photocatalysis process
to observe the activity of ciprofloxacin degrada-
tion and hydrogen production. The combined
process was carried out in a reactor with a vol-
ume of 500 mL containing 10 ppm ciprofloxacin
at pH 10, as shown in Figure 8. The integrated
system was tested on varying voltages of 5 V,

25 1

b2
=

[
h
il

(nmol/m2)

Hydrogen Accumulation
S

0 60 120 180 240
Irradiation Time (minutes)

Figure 6. (A) CIP removal on photocatalysis system and (B) hydrogen accumulation.
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10 V, and 20 V. Figure 7 shows that different
voltages result in further pollutant degradation
efficiency. The highest pollutant degradation
efficiency was achieved at 86.55%, and the re-
sult showed that the bigger the voltage applied,
the more the pollutant degraded. During the
electrocoagulation process, the electric current
flows through the anode and cathode following
Ohm Law, which states that current is directly
proportional to voltage. Therefore, when the
voltage is increased, the amount of Al3* ions al-
so rises, with an increase in the adsorption of
AI(OH)3, more pollutants, and the formation of
precipitating flocs, separated by the gas pro-
duced.

Figure 7(A) shows that the concentration of
CIP decreased significantly during the initial
process because the Al3* solubility increased at
the beginning of the reaction. Furthermore, the
anode experienced passivation due to the pres-
ence of oxide ions on the electrode surface;
hence the coagulant produced is less than that
of the beginning process [27].

CIP concentration ratio, C/Co

0 30 60 90 120 150 180 210 240

Time (minutes)

The same thing can also be observed in the
amount of hydrogen produced in Figure 7(B),
where the effect of voltage on hydrogen produc-
tion and a combination of electrocoagulation
and photocatalysis system is 0.85 mol/m2, 1.3
mol/m2, and 2.62 mol/m2, respectively. In the

Hz

+ aej :sssw
H0

+

3H0

cip :

cP o
H,0,+e —» OHe+ CIP ) ”
AoH), <

Degraded Products ce

Figure 8. Illustration of the combined system of
electrocoagulation and photocatalysis.
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Figure 7. The effect of voltage in the performance of combined system (electrocoagulation and photoca-
talysis): (A) CIP concentration ratio, (B) Accumulation of hydrogen production, (C) Comparison the per-

formance of process at various voltage.
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combined electrocoagulation and photocatalysis
system, Al is oxidized to Al3+, followed by form-
ing a coagulant with OH- to become Al(OH)s.
According to preliminary studies, voltage af-
fects the current in the electrocoagulation pro-
cess, as shown in Figure 7(C). The higher the
current, the greater the amount of Al3+ solution
and more electrons. Therefore, the amount of
H: produced increases as the voltage rises. Ad-
ditionally, the reaction at the anode will shift to
the right to produce more electrons due to the
abundance of OH- that reacts with Al3+. The
electrons produced from the oxidation of Al to
A3+ are also able to reduce H* ions and form
hydrogen gas [16].

3.4.4 Comparison between electrocoagulation,
photocatalysis, and electrocoagulation-
photocatalysis using CdS/TiNTAs photocatalyst

Ciprofloxacin removal and hydrogen produc-
tion tests were carried out on a combined elec-
trocoagulation and photocatalysis (E-P combi-
nation) system using various voltages. The re-
sults showed that the system had the highest
efficiency at a voltage of 20 V with a removal
ciprofloxacin efficiency and hydrogen produc-
tion of 86.55% and 2.62 mol/m?2 in 240 min, re-
spectively. Figure 9(A) shows the comparative
profile of ciprofloxacin removal in various pro-
cesses, with higher efficiency obtained in the E-
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P combination system than the single photo-
catalytic and electrocoagulation. The efficiency
of the photocatalysis, electrocoagulation and E-
P combination systems are 20.43%, 62.57%,
and 86.55%, respectively. The E-P combination
system 1s proven to provide a synergistic effect
to increase process efficiency.

The standard limit for ciprofloxacin before
being released into the environment is 1 pg/L
[28]. In the E-P combination system, the con-
centration of ciprofloxacin decreased by 86.55%
from 10 ppm to 1.32 ppm within 240 min. How-
ever, the additional processing time is needed
to reduce the concentration to the quality
standard of 1 pg/L. The concentration of ciprof-
loxacin in a single electrocoagulation process
decreased from 10 ppm to 3.75 ppm, which is
62.57% reduction for 240 min. Meanwhile, in
the single photocatalysis process, the concen-
tration of ciprofloxacin successfully decreased
by 20.43% from 10 ppm to 7.71 ppm within 240
min.

Figure 9(B) shows that the accumulation of
hydrogen from the E-P combination system is
much higher when compared to the single elec-
trocoagulation and photocatalytic systems. In
the E-P combination, single electrocoagulation,
and photocatalysis systems, the hydrogen accu-
mulation obtained at 240 minutes consecutive-
ly were 2.6 mol/m2, 0.94 mol/m2, and 23.5
umol/m2. The hydrogen accumulation obtained
from the E-P combination system increased to
more than twice the accumulation produced
from the single electrocoagulation system. This
tends to occur because there is a synergistic ef-
fect between the two systems; hence more H* is
used to produce H: gas. The application of a
simultaneous process allows for the Le Cathel-
ier’s effect to occur between the reactions in the
electrocoagulation process and in the photo-
catalytic process. This can be explained in the
reactions (5) dan (8):

=]
&
™

Figure 9. Comparison between single system of photocatalysis, electrocoagulation, and E-P combina-
tion: (A) CIP removal (B) hydrogen accumulation (C) CIP removal efficiency vs hydrogen accumulation.
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Hydrogen production reaction in the electro-
coagulation process :

2H20 + 2e- — 20H- + Hyy) 5)

Oxydation reaction at valence band in the pho-
tocatalysis prosecess :

CdS(hvs*) + OH- — CdS + OH* 8

The H* and OH- ions seen in the reaction
are ions produced from water molecules be-
cause the system contains a ciprofloxacin solu-
tion with abundant water molecules. Equation
(8) shows that the presence of holes on the pho-
tocatalyst surface conducts an oxidation reac-
tion of (OH)-. The more successfully the photo-
catalyst inhibits electron-hole recombination,
and the more holes are available so that more
(OH)~ can be oxidized. The Le Chatelier effect
1s then seen when other reactions occur, such
as reaction (5), where continuous consumption
of (OH)~ in reaction (8) shifts the equilibrium in
reaction (5) to the right. These conditions mean
that hydrogen gas production, according to re-
action (5), increases.

Thus when a simultaneous process occurs,
and the performance of the photocatalyst in
suppressing the optimal electron-hole recombi-
nation rate, the production of hydrogen gas in-
creases significantly. In addition, the success in
suppressing the photocatalyst's recombination
rate also affects the ability to eliminate the CIP
content in the sample solution. When the re-
combination rate 1s optimally reduced, the
availability of more holes increases the ability
of the photocatalyst to degrade ciprofloxacin.

The E-P combination using 10 V power with
a processing time of 240 min had the same
ciprofloxacin removal ability as a single electro-
coagulation system at 20 V with CIP efficiency
removal of 62.36% and 62.57%, respectively.
Meanwhile, the hydrogen gas produced in the
E-P combination system at 10V was higher
than the yield in the 20 V single electrocoagula-
tion system, at 1.36 mol/m2 and 0.94 mol/m2,
respectively. In conclusion, the combination of
electrocoagulation-photocatalysis has a syner-
gistic effect on increasing the efficiency of
ciprofloxacin removal and the simultaneous
production of hydrogen.

This analysis follows several preliminary
studies on the hydrogen yield from ciprofloxa-
cin wastewater treatment at values of 0.0544
mmol/g/h and 2.725 mmol/g/h [29]. The accu-
mulation of hydrogen from the simultaneous

degradation of ciprofloxacin in the E-P combi-
nation process has a much higher amount of
2.6 mol/m? for 240 min or 0.65 mol/m2/h [30]. In
addition, using ciprofloxacin wastewater as a
sacrificial agent in producing hydrogen is an
alternative to the difficulty of using water as
raw material for fuel cells to produce pure hy-
drogen from the electrolysis process.

4. Conclusions

In conclusion, composite 0.1 M CdS/TiNTAs
(CT 0.1) has the most optimal photocatalytic
activity with the ability to degrade ciprofloxa-
cin by 20.43% and simultaneous hydrogen pro-
duction of 23.5x10-6 mol/m2. The SEM charac-
terization and the EDX spectrum confirmed
the presence of nanotubular morphology and
Cd -S composites. The CAS/TNTAs nanocompo-
site synthesis produced a photocatalyst with an
energy band gap of 2.92 eV without changing
the crystallinity of the nanocomposite, as evi-
denced by XRD assays. The combined electro-
coagulation and photocatalysis system (E-P
combination) conducted using 0.1 M
CdS/TiNTAs operated optimally at 20 V with
86.55% ciprofloxacin removal and hydrogen
production of 2.6 mol/m2 within 240 min. The
E-P combination process increased the degra-
dation ability of ciprofloxacin by 24% and 66%
against the single electrocoagulation or photo-
catalytic systems. The E-P combination also in-
creased hydrogen production by 2.8 times com-
pared to the single electrocoagulation system
at 20 V, which is much higher than the single
photocatalysis system of 110 thousand times.
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