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� Photodegradation of methylene blue and ciprofloxacin is combined with H2 production.

� Modified Fe-TiNTAs composites enhance the photocatalytic performance.

� The combined process enhances H2 production more than it does the degradation.
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a b s t r a c t

The study reported in this paper combines the electrocoagulation and photocatalysis for

the simultaneous degradation of methylene blue dyes (MB)-antibiotic ciprofloxacin (CP)

and production of hydrogen. The pollutant removal process was conducted by combining

adsorption by electrocoagulation and degradation by photocatalysis. Meanwhile, H2 was

produced by reducing the Hþ on the cathode and the photocatalyst surface in a reactor

made of acrylic equipped with aluminum as the anode, stainless steel 316 plates as a

cathode, Fe-doped titania nanotube arrays (TiNTAs) as a photocatalyst, and a 250-W

mercury lamp as the light source. TiNTAs were synthesized via anodization and fol-

lowed by the successive ionic layer adsorption and reaction (SILAR) method to incorporate

Fe as the dopant. In particular, the effects of Fe loading in the composite photocatalyst are

investigated. XRD results showed that TiO2 nanotubes arrays comprise a 100% anatase

phase. FESEM, EDX, TEM, and HRTEM analysis confirmed the formation of the nanotubular

structure of TiO2 and the presence of Fe deposited on the surface. The UVeVis DRS indi-

cated that the bandgap of Fe-TiNTAs reduced with Fe introduction, as compared to that of

the undoped TiNTAs. The results showed that accumulation of the produced hydrogen

from the combination of electrocoagulation-photocatalytic system is greater than that

which is obtained using individual electrocoagulation or photocatalytic system. The

combined process exhibited an enhanced degradation ability of methylene blue and cip-

rofloxacin, as well as in the H2 production.
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Introduction
One of the environmental issues that have not been fully

resolved is indiscriminate disposal of hospital wastewater

which contains dyes and antibiotics that can disrupt the bal-

ance of the aquatic ecosystem. Ciprofloxacin (C17H18FN3O3) is

an example of antibiotics that is commonly used to treat

respiratory tract infections, gastrointestinal infections, and

urinary tract infections caused by bacteria [1], and it is widely

detected in the environmentwith concentrations from 5.6 mg L
�1 to 10 mg L �1 [2]. Meanwhile, methylene blue (C16H18CIN3S) is

also widely used in hospitals for diagnosis, surgery, and

methemoglobinemia [3]. The accumulation of these two toxic

elements in public waters may severely impact living things.

Electrocoagulation is one of the technologies widely used in

hospital wastewater treatment due to its ability to effectively

remove dissolved pollutants in high concentrations. This

technology is an electrochemical method that uses direct cur-

rent to reduce turbidity and color, thereby leading to the in situ

formation of coagulant by aluminum or iron electrodes [4].

Metal ions at the anode react with hydroxides (OH�) to produce

coagulant, while the reduction of water at the cathode pro-

duces OH� and hydrogen ions (Hþ) which will further be

transformed to H2. The latter product is important because,

with industrial development, the production of renewable en-

ergy such as H2 is also needed to replace the fossil energy that

depletes over time. This thereby gives an idea of integrating a

system that effectively eliminates pollutant, while at the same

time offers production of H2 as a source for green energy. The

presence of hydrogen (H2) also helps to float flocculated parti-

cles on the surface of thewastewater [5]. However, based on the

mechanism, the ability of electrocoagulation is limited to

removing and degrading dissolved pollutants. Therefore,

further processing is needed to handle the formed coagulant

and prevent it from polluting the environment. One promising

strategy to circumvent this issue is by employing photo-

catalysis that is capable of chemically degrading pollutants

and, at the same time, generating hydrogen. The utilization of

photocatalysis for simultaneous pollutant degradation and

hydrogen production has been addressed by many authors

[6e8] due to its reliability and cost-effectiveness.

Some researchers have conducted studies on ways to

improve the effectiveness of wastewater treatment by

combining the two technologies, namely electrocoagulation

and photocatalysis. In the direct order (i.e. electrocoagulation

followed by photocatalysis), the sequential combination of

these techniques has increased the solute removal efficiency

by more than 90% [9e12]. Meanwhile, in the reverse order (i.e.

photocatalysis followed by electrocoagulation), this process

also enhances its efficiency [11,12].

In our previous study, we developed a method capable of

treating wastewater using electrocoagulation and photo-

catalysis in one reactor simultaneously. The optimal condi-

tions, which include the electrical voltage used in

electrocoagulation, pH, photocatalyst morphology, and pho-

tocatalyst dopants, had been studied to obtain a functioning

system that is capable of removing dissolved pollutants

[5,13,14]. Since electrocoagulation and photocatalytic tech-

nologies produce hydrogen during the water purification
process (pollutants removal), therefore, efforts to increase H2

production are also conducted through the modifications.

Semiconducting TiO2 is used as the photocatalyst in this

combined system due to its abundance, cost-effectiveness,

photoactivity, and excellent stability [9]. Along with these

virtues, some drawbacks of TiO2 have also been acknowl-

edged, namely low surface area and relatively high bandgap

(3e3.2 eV), which constitutes that it can only be activated by

illumination of the ultraviolet light. Another obstacle in using

TiO2 is its high recombination rate between the holes and the

excited electrons, thereby preventing the occurrence of the

oxidation-reduction reaction on the surface [9,14]. These

intrinsic conditions affect the effectiveness of TiO2 as a pho-

tocatalyst in its application. Therefore, the non-metal and

noble metal doping and TiO2 sensitization with e.g. CdTe,

Bi2WO6, Bi2MoO6 have been used to eliminate the drawbacks

[6,15,16]. Introducing the transition metal ions as dopant can

give rise to the formation of a doping energy level between

valence and conduction bands of TiO2. Furthermore, this

dopant may act as electron-holes trapping, which enhances

the photocatalytic performance of TiO2.

As mentioned above, a combination of electrocoagulation

and photocatalytic processes in waste treatment and

hydrogen production has been developed in our previous

studies. For example, we used TiO2 nanoparticles coated with

aluminum to expand the photocatalyst surface, thereby

increasing its ability to degrade dye pollutants in the simul-

taneous processes [5]. We furthermore developed the com-

bined processes using TiO2 nanotube Arrays (TiNTAs), which

has a wider specific surface area with excellent response to

photon energy exposure and better electron transport.

Therefore, the photocatalytic process becomes more effective

in degrading dissolved pollutants [13]. Subsequently, we

improved the performance of TiNTAs by depositing CuO as an

electron trapper and providing a smaller energy band gap of

the photocatalyst [14]. The modifications managed to sup-

press the recombination rate of electron-hole pairs and be

more responsive to visible light exposure.

Doping with transition metal ions such as Pt, Pd, Ag, Fe on

TiO2 increases photocatalytic activity in visible light exposure

(reduce the band-gap), and trap electrons to reduce electron-

hole recombination [14]. Fe is one of the transition metals

capable of increasing photoactivity by inhibiting electron-hole

recombination and effectively increasing hydrogen production

[17,18]. Furthermore, Fe is abundant, cost-effective, and of

particular interest due to its ability to degrade organic and

inorganic pollutants. Feþ3 can also be easily integrated into the

TiO2 lattice because its radius (0.64 �A) is close to that of Tiþ4

(0.68 �A) [18,19]. Accordingly, in this paper we report the com-

bination of electrocoagulation and photocatalytic process in a

novel, integrated system (single reactor) using Fe-TiNTAs for

simultaneous degradation of methylene blue-ciprofloxacin

and hydrogen production. The pollutant model used, which

is a mixture of methylene blue-ciprofloxacin contained in

hospital waste, has also not been widely studied.

This study analyzed the combination process of electro-

coagulation and photocatalysis using Fe-TiNTAs to degrade a

mixture of ciprofloxacin and methylene blue as a wastewater

model and to produce hydrogen simultaneously. Fe was
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https://doi.org/10.1016/j.ijhydene.2022.04.031


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 1 8 2 7 2e1 8 2 8 418274
introduced on TiNTAs using the successive ionic layer

adsorption reaction (SILAR) method, and the amount of Fe

deposited on TiO2 was varied. The photocatalyst character-

izations were conducted using FESEM, EDX, TEM, XPS, XRD,

and UVeVis DRS, and the results were used to examine the

effect of specific parameters on ciprofloxacin-methylene blue

removal and hydrogen production. Finally, this study aims to

obtain an effective, environmentally friendly, and relatively

inexpensive system for degrading dissolved pollutants to

produce hydrogen.
Experimental

Preparation TiNTAs and synthesis of Fe-TiNTAs

A titanium plate (Shaanxi Yunzhong Metal Technology Co.,

LTD) of 8 cm � 4 cm was mechanically polished with sand-

paper and mixed in a chemical solution of HF (Merck), HNO3

(Merck, 65%), and distilled water by volume ratio of 1:3:46 for

1 min. The titanium plate was then rinsed with distilled water

and sonicated for 20 min to remove all impurities completely.

Anodization was carried out to obtain the TiNTAs photo-

catalyst using a glycerol electrolyte solution containing 0.5%

wt NH4F and 25%v/v volume of water. A platinum plate of

8 cm � 4 cm and titanium were used as the cathode and the

anode, at a voltage of 50 V for 2 h.

Deposition of Fe on TiNTAs was carried out using succes-

sive ionic layer adsorption and reaction (SILAR) method with

Fe(NO3)3.9H2O (Merk analytical, EMSURE® ACS) as the a pre-

cursor for Fe. TiNTAs plates were immersed in Fe(NO3)3 so-

lution at various concentrations of 0.05 M, 0.07 M, 0.1 M, and

0.2 M, and rinsed in distilled water for 30 s. The samples were

then dried at room temperature for 30 s. The procedure counts

as one SILAR cycle, and it was repeated 20 times to ensure

sufficient Fe deposition. The Fe deposited on TiNTAswas then

calcined in a furnace at 500 �C for 3 h to improve their

crystallinity.
Fig. 1 e Combination of electrocoagulat
Characterizations of Fe-TiNTAs

The morphology and superstructure of the prepared samples

(TiNTAs and Fe-TiNTAs) were scrutinized using Field Emis-

sion Scanning Electron Microscope (FESEM, FEI Inspect F50,

and JEOL JIB-4610F) and Transmission Electron Microscope

(TEM, FEI Tecnai G2 20 S-Twin). X-ray photoelectron spec-

troscopy (XPS, ULVAC-HPI Quantera II) was performed to

evaluate the oxidation states of Ti, O and Fe, which are esti-

mated from element peak areas of XPS signals. X-ray diffrac-

tion analysis (XRD, Shimadzu 7000 Maxima-X) was employed

to determine the crystal structure and material composition

at a voltage of 40 kV and a current of 30 mA using CueNi a

radiation (l ¼ 0.15406 nm) as the beam source. The crystallite

size of the specimen was estimated from the full-width half-

maximum (FWHM) of XRD peaks using the Scherrer equation

[20]. Band-gap energy values were obtained using the

UVevisible diffuse reflection spectra (Harrick Scientific, Agi-

lent Cary 600 UVeVis, DRS).

Test on electrocoagulation-photocatalytic system

The performance tests of the electrocoagulation system were

carried out in a reactor vessel containing 1-L solution of cip-

rofloxacin (CP, 10 ppm) and methylene blue (MB, 10 ppm)

equipped with aluminum (1 mm thick, 10 cm � 4 cm) and

stainless steel 316 (1 mm thick, 8 cm � 2.5 cm) plates as the

anode and the cathode, respectively. The distance between

the two electrodes is 1.5 cm, each one of which is connected to

a DC generator (Zhaoxin RXN-605D, 60 V 5 A) set at a voltage of

20 V.

The electrocoagulation-photocatalytic system was tested

by combining both technologies in a reactor vessel, as shown

in Fig. 1. The same solution conditions were used, and the

reactants were stirred throughout the process. The electro-

coagulation system used one 316 stainless steel plate (1 mm

thick, 8 cm � 2.5 cm) and one aluminum plate (1 mm thick,

10 cm � 4 cm in size) as cathode and anode, respectively. The
ion - photocatalytic reactor system.
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8 cm � 4 cm Fe-TiNTAs photocatalyst plate was mounted on

the opposite side. The Pyrex tubemounted on the SS-316 plate

was connected to a Tedlar bag as a hydrogen collector. During

the performance test, and the solution was stirred continu-

ously, while being exposed to illumination from a mercury

lamp (17.25% UV and 82.75% visible light, 250W). Prior to each

experiment, argon gas flows through the reactor for 5 min to

remove oxygen from the system. Measurements were made

every hour on changes in the concentration of ciprofloxacin,

methylene blue, and hydrogen produced.

Measurement of pollutant removal and hydrogen production

The pollutant samples were separated by centrifugation to

remove fine particles from the catalyst capable of affecting the

absorption data through a UVeVis spectrophotometer (Shi-

madzu, UV Mini 1240). The equipment worked at the wave-

length of 665 nm and 336 nm for absorbance measurement of

methylene blue and ciprofloxacin, respectively. Equation (1) is

used to calculate the decrease in methylene blue and cipro-

floxacin concentration as follows:

Removalð%Þ¼C0 � C
C0

� 100% (1)

C0 and C are the concentration of methylene blue and

ciprofloxacin in mg/L (ppm) at initial and at a certain time,

respectively. The concentration of hydrogen produced by
Fig. 2 e (a) EDX spectra of 0.07 M Fe-TiNTAs, FESEM image of (b) T

Fe-TiNTAs, and (f) 0.2 M Fe-TiNTAs at 50,000£ magnification.
electrocoagulation and photocatalysis was analyzed every

hour using a Gas Chromatography (Shimadzu GC-8A) system

equipped with a Molecular Sieve (MS) Hydrogen 5 A column,

with a known retention time for argon as the carrier gas.
Results and DISCUSSION

Characterization of modified Fe-TiNTAs

The FESEM characterization was performed to determine the

morphology of photocatalyst samples. Based on FESEM results

shown in Fig. 2, deposition of Fe does not cause apparent

changes on the morphology and nanotubular structure of

TiNTAs, which most likely is attributable to small amount of

Fe being deposited. Importantly, Fig. 2(bef) shows that incor-

poration of Fe into TiNTAs up to 0.2 M does not cause

agglomeration and particle clusters that may interfere with

the active surface of titania nanotubes. The EDX spectra are

shown in Fig. 2 (a), while the average diameter, tube wall, and

EDX result of photocatalyst samples are presented in Table 1.

The average diameter and the averagewall thickness of the

Fe-doped nanotubes decreased with increasing Fe concen-

tration, as informative in Table 1. This is likely because Fe3þ

possesses a great electron affinity, hence capable of entering

the Ti4þ crystal lattice. Therefore, the attractive force with O

atoms becomes stronger, leading to shrinkage of the nanotube
iNTAs, (c) 0.05 M Fe-TiNTAs, (d) 0.07 M Fe-TiNTAs, (e) 0.1 M
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size. Meanwhile, according to the EDX results, the increase in

Fe precursor concentration on TiNTAs is positively correlated,

though not proportional, to the eventual loading (wt%) of Fe.

Due to the fact that TiO2 has limited active sites to which Fe

particles may attach, the non-linear relationship between Fe

loading and the precursor solution is somewhat expected. The

trend may thereby be described as a saturation-growth-like

model in which the linearity is expected only at low concen-

trations of Fe precursor, while Fe begins to reach saturation on

TiO2 surface at high concentrations. Importantly, the EDX

results (average value from three different areas) confirm that

Fe has been deposited on TiNTAswith an expected correlation

between the precursor concentration and the eventual

loading. TEM analysis was carried out to prove further the

presence of Fe deposited on TiNTAs, as shown in Fig. 3.

The TEM and HRTEM micrographs shown in Fig. 3 further

clarify the presence of Fe that are evenly distributed on the

TiNTAs surface. Fig. 3(a) illustrates that Fe is well dispersed

along the surface of TiNTAs, not only on the tube mouth but

also on the tube wall. Based on Fig. 3(b), the presence of the

anatase crystal phase (101) with the corresponding d-spacing

value of 0.359 nm is confirmed. On the other hand, the crystal

phase (002) with lattice fringes of 0.687 nm confirms the

presence of Fe2O3. This result is in good agreement with pre-

vious reports [21]. Fig. 3(a) presents the morphology of the

nanotubes, revealing a diameter of ca. 150 nm. This further

corroborates our findings from the FESEM data presented in

Table 1. Fig. 3(a) also shows that the nanotube is larger on the

bottom part than it is on the upper part. Such a profile is likely

to affect the absorption of photons, as well as access for Fe

dopant to the interior of the tubes.
Table 1 e EDX analysis results of the synthesized nanocompo

Photocatalyst Average tube diameter (nm) Averag

TiNTAs 126

0.05 M Fe-TiNTAs 184

0.07 M Fe-TiNTAs 174

0.1 M Fe-TiNTAs 151

0.2 M Fe-TiNTAs 180

Fig. 3 e (a) TEM and (b) HRTE
The valence states and chemical compositions of the pho-

tocatalyst samples were studied by XPS. Four elements were

detected in the survey spectrum, namely Fe, Ti, O, and C as

shown in Fig. 4(a). Fig. 4(b) infers the observation of peak signals

of Fe at 710.92 eV and 724.02eV, attributable to Fe 2p3/2 and Fe

2p1/2 respectively [22]. The results are indicative of the presence

of Fe in the Fe-TiNTAs composite. Meanwhile, in Fig. 4(c), the

XPS spectra of Ti 2p at a binding energy of 458.33 eV and

464.03 eV are assigned to Ti 2p3/2 and Ti 2p1/2 respectively,

which indicates the presence of Ti element in the state of Ti4þ

on the photocatalyst sample [6]. As depicted in Fig. 1(a), the XPS

signal of O 1s is observable at the binding energy of 530.5 eV,

corresponding to O in the lattice structure of TiO2 [6]. Further-

more, the C 1s peak at the binding energy around 284 eV may

indicate external carbon contamination [7].

The X-Ray Diffraction (XRD) characterization was con-

ducted to obtain information on the structure and crystallite

phases of the nanocomposites. Fig. 5 shows the XRD pattern

for TiNTAs compared to 0.2 M Fe-TiNTAs. The observed peaks

at 2q of 25.3�, 37.7�, 48.4�, and 54� correspond to the diffraction

peaks in the fields of (101), (004), (200), and (105), which

conform to an anatase phase according to the JCPDS card No.

21-1272 [18]. Peaks at 2q values of 27.4� and 36�, which corre-

spond to the rutile crystal phase, were not observed, indi-

cating that all synthesized TiNTAs and Fe-TiNTAs

photocatalysts are composed of 100% anatase crystal.

For the Fe-TiNTAs sample, no signal is observed in the XRD

patterns for iron-based oxides, while the absence of an im-

purity phase or a new diffraction peak for the 0.2 M Fe-TNTAs

may be because the characterization technique used is not

very sensitive to the low content of Fe3þ. This may also be
sites.

e tube wall thickness (nm) wt% of Element

Fe Ti O

34 0 81.15 18.74

52 0.47 86.60 12.92

47 0.93 89.15 9.90

32 1.09 88.33 10.57

44 1.30 88.05 10.63

M image for Fe-TiNTAs.
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attributed to the Fe3þ substituting Ti4þ in the TiO2 lattice

structure. The low concentration of Fe deposited onto the TiO2

nanotubes (which agrees with the EDX results) was advanta-

geous in this case as they did not lead to a shading effect,

hence the active site of the TiO2 nanotube photocatalyst is not

reduced. The presence of Fe in 0.2 M Fe-TiNTAs increases the

crystallite size from 19 to 20 nm for the TiNTAs and Fe-TiNTAs

respectively. This condition is related to the presence of a

sintering effect at high temperatures, which can increase the

catalyst's crystal size. Another possibility that causes the in-

crease in crystal size is the presence of Fe dopant, which has a

higher conductivity of 79.5 W/mK, compared to the pure TiO2

of only 4.8 W/mK.

TheUVeVis DRS analysis results shown in Fig. 6 are used to

evaluate the bandgap, employing the KubelkaeMunk
Fig. 5 e XRD patterns of (a) TiNTAs and (b) Fe-TiNTAs.
equation when [F(R).hv]0.5 ¼ 0 by extrapolating the linear re-

gion of the (F(R) hv)0.5 curve vs energy (hv) [23]. The bandgap of

Fe-TiNTAs with 0.05 M, 0.07 M, 0.1 M and 0.2 M dopant solu-

tions were 3 eV, 2.94 eV, 2.9 eV and 2.78 eV respectively, and

less than that of pure TiO2 nanotubes (3.16 eV). The band-gap

energy decreased due to the presence of Fe dopant in TiO2

nanotubes. The reduced bandgap leads to extended absorp-

tion of light into the visible-light region, as the absorption

onset is red-shifted to longer wavelength range.

Electrocoagulation test on pollutant removal and H2

production

Electrocoagulation is a process that uses electrochemical

principles to oxidize aluminum (Al) or Fe metal on the anode

plate, which reacts with hydroxyl ions in solution to form a

coagulant. This study used oxidized anode aluminum (Al) to

form Al3þ ions on the surface of the anode plate, as shown in

Equation (2). Al3þ ions dissolve in the solution, which is then

bound to hydroxyl ions to form a coagulant Al(OH)3 and finally

adsorb the pollutants according to Equations (4) and (5).

Meanwhile, at the cathode, electrons reduce H2O and produce

hydrogen (Equation (3)) as follows [24]:

Anode: AlðsÞ / Al3þ ðaqÞ þ 3e� (2)

Cathode: 2H2OðaqÞ þ 2e� / 2OH� ðaqÞ þ H2 ðgÞ (3)

Al3 þðaqÞ þ 3H2O ðaqÞ /AlðOHÞ3 ðsÞ þ 3Hþ ðaqÞ (4)

AlðOHÞ3ðsÞ þ Pollutant / Pollutant� AlðOHÞ3 ðsÞ (5)

https://doi.org/10.1016/j.ijhydene.2022.04.031
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Fig. 6 e UVeVis DRS spectrum of (a) TiNTAs, (b) 0.05 M Fe-TiNTAs, (c) 0.07 M Fe- TiNTAs, (d) 0.1 M Fe- TiNTAs and (e) 0.2 M

Fe- TiNTAs.
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The electrocoagulation process at an electrical voltage of

20 V is employed to remove dissolved CP and MB pollutants in

the solution, based on the optimum results in the previous

study [14]. Although the voltage value is linearly correlatedwith

the amount of coagulant produced, a value greater than the

optimum condition insignificantly affects the process [25]. The

initial pH of the solution plays an essential role in the effec-

tiveness of the electrocoagulation process [26]. Furthermore, an

initial pH of 10was used to obtain alkaline conditions that were

not too concentrated and capable of working adequately in

producing coagulant at aluminum electrodes in slightly alka-

line conditions [25]. The process was conducted for 4 h, based

on the optimal reaction time in the previous study [14].

Fig. 7 shows the process of removing dissolved pollutants

(a mixture of CP and MB) and the cumulative amount of

hydrogen produced using the electrocoagulation process. The

result shows that the system managed to remove MB than CP

rather effectively. It is understandable because the presence

of hydroxyl groups causes the surface of the coagulant to be

negatively charged and is responsible for its ability to adsorb

dissolved pollutants [27]. The MB is easily attracted to the
Fig. 7 e Electrocoagulation process at 20 V with the initial pH o

hydrogen production. (For interpretation of the references to co

version of this article.)
negative charges of the surface of the coagulant because it is a

cationic dye. On the other hand, CP is a chemical whose

charge and solubility depend on the pH of the solution. During

the process with initial pH of 10, the solution pH increases due

to the continuous generation of hydroxyl ions (OH�) in the

cathode, while CP is negatively charged [9,28]. Under these

conditions, the ability of the negatively charged coagulant

becomes weaker in facilitating the binding process.

During the electrocoagulation process, the cathode pro-

duces gas bubbles, which carries the impurities in the water

surface. In this case, the voltage and the reaction time

significantly affect the effectiveness of simultaneous

pollutant removal and H2 generation. The voltage on the

electrocoagulation system affects the hydrogen produced on

the cathode surface. The greater the applied voltage, themore

Al3þ ions are released at the anode. The ions than interact

with OH� and, due to alkaline conditions, the reaction equi-

librium shifts to the direction of the products, generating

more electrons. As electrons are generated, the production of

H2 effectively takes place at the cathode, thereby bringing the

pollutants to the surface for the floc to be easily concentrated,
f 10 for (a) removal of methylene blue and ciprofloxacin, (b)

lor in this figure legend, the reader is referred to the Web
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collected, and separated. A low voltage was chosen to allow

less coagulant effects because floating coagulants are carried

away by the hydrogen formed during the reaction. Fig. 7(b)

shows the time course of the hydrogen evolution, in which it

is evident that ca. 100 mmol/m2 of hydrogen is generated after

4 h reaction. It is worth noting that the abrupt increase in

hydrogen production between 2 h and 3 h is likely due to the

saturation of hydrogen in the solution before it bubbles out

from the solution. The rate becomes slower afterward as the

product concentration becomes higher in the solution.

Photocatalysis test on pollutant removal and H2 production

The presence of Fe dopant at TiNTAs photocatalysts, as

proven in the FESEM/EDX and TEM/HRTEM characterization,

plays a significant role in photocatalyst performance, as it

enhances the degradation of methylene blue and ciprofloxa-

cin. The higher the concentration of Fe deposited in TiNTAs,

themore effective the degradation of pollutants and hydrogen

production. Fig. 8 shows a significant increase in the perfor-

mance of Fe-TiNTAs as compared to the pure TiNTAs photo-

catalyst, even with the lowest dopant concentration (0.05 M

Fe). According to crystal field theory, Fe2þ and Fe4þ are rela-

tively unstable compared to Fe3þ. These reactions favor the

formation of hydroxyl radicals or superoxide, as follows:

Fe3þ þ e�cb/Fe2þ ðelectron trapperÞ (6)

Fe2þ þ O2/Fe3þ þ O�
2 ðmigrationÞ (7)

Fe3þ þhþ
vb/Fe4þ ðhole trapperÞ (8)

Fe4þ þOH�/Fe3þ þ �OH ðmigrationÞ (9)

Fig. 8(a) and (b) show the effects of the Fe concentration

deposited in TiNTAs. The greater the amount of Fe deposited,
Fig. 8 e Effect of Fe dopant concentration on TiNTAs in the % re

methylene blue and ciprofloxacin for 4 h process. (For interpret

reader is referred to the Web version of this article.)
the smaller the energy band-gap, thereby facilitating pollutant

degradation and hydrogen production. However, the addition

of Fe at a concentration of 0.2 M with an energy band-gap of

2.78 eV, this photocatalyst has reduced in the photocatalytic

activity.

In this experiment, the optimum condition was achieved

when the Fe concentration added to TiNTAswas 0.1M. Similar

results were also found in the previous research [17,22], indi-

cating that the higher the concentration of optimum condi-

tion, the lower the photocatalyst activity obtained. This is

because, at a higher concentration of Fe deposited on TiNTAs,

Fe acts as a recombination center for electron-holes pairs

before diffusing into the TiO2 crystal lattice with the ability to

agglomerate on the surface to form the Fe2O3 phase [29]. Fe3þ

ions can also act as a recombination center causing deterio-

ration of reducing photocatalytic activity [19] according to the

following reactions:

Fe2þ þhþ
vb/Fe3þ ðrecombinationÞ (10)

Fe4þ þ e�cb/Fe3þðrecombinationÞ (11)

Fe4þ þFe2þ/2Fe3þðrecombinationÞ (12)

Fe4þ þTi3þ /Fe3þ þ Ti4þðrecombinationÞ (13)

According to Fig. 8 (c), the MB removal is better than that of

CP. As shown in Fig. 9, the Fe-TiNTsA photocatalyst is more

easily activated on visible light illumination and generates

hydroxyl radicals when used in an aqueous solution. Under

preferable conditions, more hydroxyl ions are oxidized by the

holes on the Fe-TiNTAs photocatalyst to become hydroxyl

radicals (�OH) capable of degrading pollutants. The positively

chargedmethylene blue becomesmore easily adsorbed on the

negatively charged catalyst surface in an alkaline condition,

which can lead to high degradation efficiency. In contrast, CP,
moval of (a) methylene blue, (b) ciprofloxacin, and (c)

ation of the references to color in this figure legend, the
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Fig. 9 e Schematic illustration of Fe-TiNTAs photocatalyst in pollutant degradation and hydrogen production.
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which has an anionic group in an alkaline environment, reacts

with hydroxyl radicals at a slower rate.

In this system, along with photocatalytic degradation of

pollutants, hydrogen is also produced. Photon irradiation on

TiNTAs causes the excitation of electrons from the valence to

the conduction band. The electrons at the surface of the

photocatalyst reduce hydrogen ions that are originated from

the decomposition water molecules into hydrogen and oxy-

gen as follows:

Fe� TiO2 þ hv/hþ þ e� (14)

Valence band: H2O þ 2hþ /
1
2
O2 ðgÞ þ 2Hþ (15)

Conduction band: 2Hþ þ 2e�/H2ðgÞ (16)

In using TiNTAs photocatalyst with various Fe concentra-

tions in the range of 0, 0.05, 0.07, 0.1, and 0.2 M, the hydrogen
Fig. 10 e Accumulation of the H2 generated on the photocatalyt

the initial pH 10.
produced is 16.46, 17.18, 21.71, 27.38 mol, and 14.79 mmol/m2,

respectively, as presented in Fig. 10. The decrease in hydrogen

production when Fe content is excessively high suggests the

occurrence of recombination centers in the photocatalyst,

which decreases the effectiveness of the redox reactions.

Then, hydrogen produced is directly proportional to the %

decrease in pollutant concentration.

Combination of electrocoagulation and photocatalytic
process

Fig. 11 shows the primary set of equipment used in the com-

bination of electrocoagulation and photocatalytic process,

where a glass sheath protects stainless steel electrode and Fe-

TiNTAs plate to provide more accurate measurements of

hydrogen. The combined processes of electrocoagulation and

photocatalysis is superior to the individual process, as pre-

sented in Fig. 12. In the case of combined processes, two
ic process with a variation of Fe deposited on TiNTAs with

https://doi.org/10.1016/j.ijhydene.2022.04.031
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Fig. 11 e Illustration of the combination electrocoagulation and photocatalysis.

Fig. 12 e Degradation of (a) methylene blue and (b) ciprofloxacin as a function of various processes. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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mechanisms simultaneously drive the process as a whole,

namely pollutant removal via adsorption by the coagulant

Al(OH)3 in the electrocoagulation process and the oxidation

reaction of pollutants by �OH or �O2� radicals generated from

the photocatalytic process.

However, despite having the same trend, where the

degradation ability of the simultaneous electrocoagulation-

photocatalysis (E-P) process is better than the individual,

there are differences in the performance of each pollutant.

Fig. 12(a) and (b) show that methylene blue is easier to remove

than ciprofloxacin, as elucidated in the previous section. It

also indicates that the type of pollutant affects the effective-

ness of pollutant removal through the concurrent processes.

In removing methylene blue and ciprofloxacin, the photo-

catalytic process is dominant as compared to electro-

coagulation. It means that the pollutants react more easily

with the hydroxyl radicals generated in an alkaline solution.

From this study, the simultaneous use of the E-P process does

not provide significant changes. As for the results in Fig. 12(b),

it shows that, after 2 h, the difference in ciprofloxacin degra-

dation between the use of photocatalyst only and that of

combinationwith electrocoagulation is noticeable. After 2 h of

illumination, the combined process managed to degrade 70%

ciprofloxacin, while only 50% is achieved when only photo-

catalyst is present. At the third hour, ciprofloxacin is degraded

by 80% in the case of the combined processes, and only 63% in
the case of photocatalysis. Finally, after 4 h, the combined

processes managed to reach 90% decomposition of ciproflox-

acin, while photocatalysis can only impose 83% of

decomposition.

Fig. 13 shows that hydrogen production using the com-

bined electrocoagulation and photocatalytic processes in-

creases H2 production by 98.74% as compared to the total H2

produced by electrocoagulation and photocatalysis systems.

In the electrocoagulation process using aluminum electrodes,

Al3þ ions are formed, which react with OH- from the solution

to form a coagulant. The continuous process causes the con-

centration of OH- in the solution to decrease. In the principle

of equilibrium, a solution containing water as the solvent

medium reduces the OH- in an excess concentration of Hþ

ions in the solution, thereby leading to the production of

hydrogen [26]. The use of electrocoagulation and photo-

catalysis processes simultaneously will consume OH- more

intensively due to the formation of coagulants in the electro-

coagulation section and the oxidation reaction of the forma-

tion of hydroxyl radicals in the photocatalysis, thereby leading

to excessive concentration of Hþ in the solution.

The type of pollutants (single or mixture) affect the per-

formance of the degradation process, as shown in Fig. 14 (a)

and (b). It is better to use a mixture of the two pollutants than

individual MB or CIP in the solution because it forms a

concentrated solution that facilitates degradation reaction in

https://doi.org/10.1016/j.ijhydene.2022.04.031
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Fig. 13 e Hydrogen production as a function of various process.

Fig. 14 e Degradation of (a) methylene blue (b) ciprofloxacin and, (c) H2 production at various pollutants (single and mixture)

with combination process of electrocoagulation and photocatalytic process. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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photocatalysis. Moreover, the adsorption process in electro-

coagulation runs more effectively and therefore increases the

ability to remove dissolved pollutants and produce hydrogen.

The more intensive the process of removing pollutants from

the solution, the greater the consumption of OH- solution.

This then leads to abundant Hþ ions in the solution. Conse-

quently, the possibility of Hþ ions undergoing a reduction re-

action to produce hydrogen gas is more significant, as shown

in Fig. 14(c).
Conclusion

In conclusion, this study analyzed the simultaneous treat-

ment of mixed waste containing methylene blue dye and

ciprofloxacin. Fe-TiNTAs have been effectively fabricated by

an anodization and a SILAR method. The FESEM results

confirm the formation of the nanotubular structure as it is also

supported by TEM images. The EDX spectra of Fe-TiNTAs

https://doi.org/10.1016/j.ijhydene.2022.04.031
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indicated that Fe was deposited on titania nanotubes with

optimum conditions for the degradation of pollutants using

the photocatalytic system with a precursor solution concen-

tration of 0.1 M Fe. The effect of Fe dopant in TiNTAs reduces

the band-gap from 3.16 eV to 2.90 eV for the optimum con-

centration of 0.1 M Fe. Meanwhile, the absorbance spectra of

Fe-TiNTAs shifted to the visible light domain, which verified

that the presence of Fe inducedmore optimal light absorption

in the visible region. However, increasing the concentration of

Fe to 0.2 M resulted in lower photocatalytic activity, most

likely due to the fact that excessive doping promotes recom-

bination, although the band gap is further reduced. The

degradation of mixed waste containing methylene blue and

ciprofloxacin with a combination of electrocoagulation and

photocatalysis with Fe-TiNTAs has also been evaluated. The

combination of the electrocoagulation and photocatalytic

processes managed to generate 393 � 103 mmol/m2, as

compared to the electrocoagulation and photocatalytic

methods with 190 � 103 and 27 mmol/m2, respectively. On the

other hand, the combined electrocoagulation and photo-

catalysis system exhibited an enhanced degradation ability

formethylene blue and ciprofloxacin aswell as the production

of H2.
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