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ABSTRACT

Electroplating effluents are a significant source of toxic heavy metals, with hexavalent chromium being of par-
ticular concern due to its severe health hazards. This research investigates the efficiency of a Resin-Immobilized
Photocatalyst (RIP-TiO2) in removing Cr®" from wastewater using a fixed-bed photocatalytic reactor. Experiments
were carried out with both actual electroplating wastewater and synthetic wastewater, employing three RIP-TiO-
dosages (30, 40, and 50 g) and sampling intervals of 0, 5, 15, 30, 45, 60, 75, 120, and 180 minutes. The reactor
was operated with three column beds under UV-C irradiation (15 W). The study used two different types of media,
electroplating wastewater (real wastewater) and synthetic wastewater (Cr®" solution). The comparison initial Cr*
concentrations measured were 1004.7 mg/L for real wastewater and 84.97 mg/L for synthetic wastewater. After
180 minutes of treatment with 50 g of RIP-TiO, removal efficiencies reached 70.67% for real wastewater and
37.64% for synthetic wastewater respectively. Datas were statistically evaluated using One-Way ANOVA followed
by Tukey’s test. The findings demonstrate that resin-supported TiO: effectively reduces Cr¢* levels, with optimal
performance obtained under acidic pH and prolonged contact time.

Keywords: hexavalent chromium, photocatalysis, resin-immobilized TiO-, electroplating wastewater, fixed-bed
reactor.

INTRODUCTION

diffusion processes can causing heavy metals in
water to migrate into groundwater through soil
layers (Wei et al., 2023). Heavy metals present
severe risks and are highly hazardous to ecologi-

Recently, Industrial electroplating activities
essentially produce various outputs, one of which

is wastewater containing many heavy metals,
such as cadmium (Cd), copper (Cu), zinc (Zn),
mercury (Hg), chromium (Cr), lead (Pb), and
others (Ayub et al., 2020). In the wide range, the
production of electroplating wastewater is esti-
mated to exceed 10 million tons per year, pos-
ing considerable environmental threats (Ma and
Xiong, 2025). In nature, leaching, seepage, and

cal systems especially human health (Elystia et
al., 2021). The toxicity and stability effects of
hexavalent chromium (Cr®") require special atten-
tion because they are harmful to living organisms
(Suharjo et al., 2022). According to the World
Health Organization (2017), the maximum con-
centration of chromium in water is 0.05 mg/L. In
addition, due to the chemical stability of Cr¢* and
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its toxicity level reported to be approximately 100
times higher than the trivalent form of chromium,
which causes the permissible concentration of
Cr®" to be strictly limited. (Alvarez et al., 2021).

The development of efficient and effective
wastewater treatment technologies is essential for
reducing heavy metal concentrations in contami-
nated water. Among the available technologies,
Advanced Oxidation Processes (AOPs) represent
a promising option due to its degrade or elimi-
nate pollutants through oxidative reactions. AOPs
are chemical treatment methods specifically de-
signed to decompose organic compounds in water
and wastewater, thereby reducing chemical oxy-
gen demand (COD), by generating highly reac-
tive hydroxyl radicals (Wijayanti et al., 2023).
AOPs have advantages over other methods, such
as high degradation efficiency and the ability to
break down persistent and toxic pollutants more
effectively than conventional methods. Hydroxyl
radicals, which are present in this process, can
be generated through several techniques, such
as photocatalysis, which is the most widely used
technique (Shoneye et al., 2022).

Photocatalysis is a reaction process in which
light energy (photons) activates semiconductor
materials, such as titanium dioxide (TiO2), to gen-
erate hydroxyl radicals that oxidize pollutants.
TiO: has relatively wide band gap (3.0-3.2 eV),
which enables it to absorb high-energy ultraviolet
(UV) photons than other semiconductor (Rah-
man et al., 2019). Several previous research have
demonstrated the effectiveness of TiO: in remove
both inorganic and organic contaminants by pho-
tochemical reactions. Although the application of
TiO: in powder form presents certain challenges,
including difficulties in recovery after treatment
and the potential risk of secondary contamina-
tion. Photocatalyst immobilization on resin has
been proposed as an effective strategy to cover its
limitation. This approach maintains the catalytic
activity of TiO: in pollutant degradation while
simplifying separation after the reaction (Zakria
et al., 2021).

Photocatalysts are typically semiconducting
materials capable of generating charge carriers
when exposed to photons with energy equal to or
greater than their band gap (hv > Eg) (Ramadhika
et al.,, 2021). In photocatalysis, semiconductor
catalysts such as TiO: are activated under UV-C
irradiation to produce hydroxyl radicals (¢OH),
facilitating the reduction of Cr®" to its less tox-
ic Cr** form. The present study investigates the
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efficiency of resin-immobilized TiO: (RIP-TiOz),
supported on Dowex resin, for the photocatalytic
reduction of Cr®" in electroplating wastewater.
The performance was evaluated using a multi-
column continuous fixed-bed reactor with actual
industrial effluent from electroplating processes,
and results were directly compared with synthetic
wastewater (K2Cr207 solution) under identical
operational conditions by varying catalyst dosage
and sampling intervals.

The primary operational parameters consid-
ered in this study were those relevant to large-
scale applications, including the influence of
catalyst dosage on removal efficiency, pH varia-
tions, turbidity effects on UV penetration, and
the likelihood of clogging within the fixed-bed
system. Such parameters have seldom been com-
prehensively addressed in prior investigations of
RIP-TiO:. Earlier research on immobilized photo-
catalysts has largely focused on synthetic waste-
water at lower contaminant concentrations and
employed different supports or immobilization
approaches — for instance, studies on immobiliza-
tion techniques (Zakria et al., 2021), applications
of photocatalyst resins to other parameters (Hi-
dayah et al., 2022), and photocatalytic removal of
Cr®* and pigments (Kangralkar et al., 2021).

Only a limited number of studies have system-
atically evaluated photocatalyst performance in real
wastewater with high contaminant concentrations
under continuous fixed-bed reactor operation. To
the best of our knowledge, this work represents the
first direct comparison of RIP-TiO: performance
between actual electroplating effluent containing
elevated Cr¢* levels and synthetic wastewater in a
continuous-flow fixed-bed system. The results high-
light important scale-up considerations, including
turbidity effects and reactor clogging, which have
seldom been addressed in earlier research.

RESEARCH METHOD

The materials used in this study consisted of
electroplating wastewater, synthetic wastewa-
ter (Cr®* solution), TiO2 semiconductor catalyst,
Dowex resin, and deionized (DI) water. Prior to
application, the resin was immobilized with TiO».
The procedure resin immobilization process is
shown in Figure 1 and the visualization of the
RIPT-TiO, reactor used is shown in Figure 2.

The performance of RIP-TiO: in removing
Cr¢" was evaluated by plotting the percentage
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of Cr® removal against different sampling
times. Cr®" concentration was measured in ac-
cordance with SNI 6989.71-2009, while turbid-
ity was analyzed following SNI 06-6989.25-
2005. Removal efficiency was expressed as the
percentage reduction of Cr¢'. Statistical evalu-
ation was performed using Minitab 17 (Free
User) with the Two-Way ANOVA method to as-
sess the influence of wastewater type, catalyst
mass, and sampling time on removal efficiency.
The statistical analysis specifically examined
whether a significant difference existed in Cr®*
removal performance between real wastewa-
ter and synthetic wastewater. This compari-
son was emphasized as it distinguishes actual
effluent conditions from controlled laboratory
conditions, thereby forming the central focus
of the study. Two-Way ANOVA was selected
as it satisfies the underlying assumptions: the
response variable (Cr®" removal percentage)
is quantitative, observations are independent,

and although additional factors such as catalyst
mass and contact time were considered, these
were evaluated descriptively through trend
analysis. Thus, the inferential hypothesis test-
ing was primarily directed at comparing treat-
ment effectiveness between real and artificial
wastewater. The general research methodology
is depicted in Figure 3.

The independent variables considered in this
study were the type of wastewater (synthetic
Cr®* solution and electroplating effluent), RIP-
TiO:2 catalyst dosage (30, 40, and 50 g), and
sampling intervals (0, 5, 15, 30, 45, 60, 75, 120,
and 180 minutes). Sampling was carried out in
duplicate, constrained by the limited availability
of real electroplating wastewater. The controlled
variables included the type of immobilized resin,
the initial Cr®" concentration of the wastewater,
and the reactor configuration (fixed-bed system).
The research matrix listing the studied param-
eters is summarized in Table 1.

Initial characterization of the real wastewa-
ter revealed a Cr®" concentration of 1004.7
mg/L, considerably exceeding regulatory li-
mits. The turbidity was measured between 204
and 263 NTU, indicating a substantial presen-
ce of suspended solids, and the pH was 3.6,
reflecting acidic conditions below the accep-
table range. These findings demonstrate that
real wastewater is highly polluted and unsu-
itable for direct environmental discharge. In
comparison, artificial wastewater was prepa-
red by adding potassium dichromate (K.Cr207)
to mimic the acidic pH of the original sample,
which was adjusted to pH 3. Analysis of this
artificial solution showed a Cr®" concentration
of 84.97 mg/L, markedly lower than that of the
real wastewater. Moreover, the turbidity was
minimal (0.64 NTU), while the pH of 3 confir-
med acidic conditions outside the standard pH
range of 6-9.
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Table 1. The research matrix listing the studied parameters

Wastewater type Resin immobilized mass (g) Sampling time (min) Code

30 A

Artificial Cr®* solution 40 B

50 C

0-180

30 D

Electroplating effluent 40 E

50 F

RESULT AND DISCUSSION

The role of pH in photocatalyst effectiveness

The pH of a solution is a critical parameter inf-
luencing photocatalyst performance, particularly
for TiO2. The activity of TiO: is strongly affec-
ted by the initial solution pH, which significantly
determines its crystal phase (anatase, rutile, or a
combination), crystallite size, and overall morp-
hology (Yalcin, 2022). The solution’s acidity also
governs electrostatic interactions at the catalyst
surface, as explained by the concept of the isoe-
lectric point (IEP). When the pH approaches the
IEP, the zeta potential of TiO- approaches zero,
weakening repulsive forces between particles and
promoting agglomeration (Gomez-Polo et al.,
2021). This aggregation reduces the catalyst’s ac-
tive surface area, thereby lowering photocatalytic
efficiency. Previous studies indicate that unmodi-
fied TiO: exhibits an IEP between pH 4.5 and 5.5
(Wang et al., 2021), whereas modified TiO2 can
have an IEP around pH 4.2 (Zare et al., 2021).
Consequently, the initial pH of wastewater is a
key factor that influences the effectiveness of the
photocatalysis process (Al-Nuaim et al., 2023).

In the fixed-bed reactor experiments with ar-
tificial wastewater, RIP-TiO: catalyst masses of
30, 40, and 50 g were employed. As presented
in Figure 4a, all conditions began with the same
initial pH of 3 at time zero, confirming uniform
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starting conditions. Within the first 5 minutes of
treatment, the pH decreased across all dosages,
reaching 1.8 for the 30 g and 40 g variations,
while the 50 g dosage exhibited a slightly hig-
her value of 1.9. This rapid decline is attributed
to ionization processes and the early interaction
between the TiO:2 photocatalyst and H* ions in the
medium, which increases proton concentration
and consequently lowers the pH.

Between 15 and 45 minutes, the pH values
remained nearly constant across all catalyst dosa-
ges, with 1.8 recorded for the 30 g and 40 g mas-
ses, and 1.8—1.9 for the 50 g mass. This stability
suggests that the majority of H" ions generated
during the initial stage had reached equilibrium,
while the reduction of Cr®* to Cr** continued at a
steady rate. At 60 and 75 minutes, slight variati-
ons were observed among the different dosages:
the 30 g mass showed a decline to pH 1.7, the 40
g mass remained at 1.8, and the 50 g mass main-
tained stability at 1.8. These differences can be
attributed to variations in adsorption capacity and
surface area of the TiO: catalyst, with the higher
dosages (40 and 50 g) providing greater capacity
to regulate H* ion concentration.

At 120 and 180 minutes, more pronounced
variations in pH were observed among the dif-
ferent catalyst dosages. The 30 g mass showed
a further decline to 1.7, whereas the 40 g mass
dropped more substantially, reaching 1.4 at 120
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minutes and 1.0 at 180 minutes. In contrast, the
50 g mass maintained stability at 1.8 throughout
this period. These trends suggest that at the lower
dosage (30 g), the limited amount of catalyst
restricts H™ adsorption, leading to the accumula-
tion of protons in solution as the Cr® reduction
progresses. The sharper decrease with 40 g may
reflect a stronger photocatalytic activity, where
the reduction of Cr¢* generates more H* ions than
the system can buffer. By comparison, the 50 g
mass exhibited superior pH stability, likely due
to the higher quantity of TiO: providing greater
capacity to adsorb H* ions and preserve surface
electrostatic balance.

In this study, the real wastewater had an ini-
tial pH of 3.6, whereas the artificial wastewater
was prepared at pH 3 to mimic the acidic con-
ditions of the real sample (Figure 4b). This low
pH was selected because the behavior of Cr®* ions
is highly dependent on the solution’s acidity. Du-
ring photocatalysis in a fixed-bed reactor, the pH
of both wastewaters varied due to the reduction of
Cr®* to Cr**, which releases H* ions into the solu-
tion (Gao and Meng, 2021). The reduction of Cr®*
requires both electrons and protons, with elec-
trons provided by semiconductor excitation un-
der light irradiation and H* ions readily available
under acidic conditions. This explains why Cr¢*
reduction is more efficient at low pH compared to
alkaline environments. Consistently, Kangralkar
et al. (2021) reported that the highest degradation
efficiencies are observed under acidic conditions,
decreasing as the solution becomes more alkaline.

An interesting condition to note is the final pH
value or pH of the sample after passing through
the photocatalytic reactor. In electroplating
waste, the pH value fluctuates significantly over
a period of up to 180 minutes, while in artificial

waste it remains fairly constant up to 180 min-
utes. In electroplating waste, there is an increase
from pH 3.6 to 4.5 and then a decrease to 3.2.
In contrast, artificial waste shows a significant
decrease from pH 3 to a range of 1.7-1.8. This
significant decrease is possible due to the photo-
catalytic reaction itself, which produces H+ ions
that can lower the pH value of the solution. This
can be explained by the following reaction equa-
tion (Navidpour et al., 2023):

Semikonduktor + h9 -

— Semikonduktor (h*yp + e ¢p) M)
h*yg + e ¢ > heat (energy) (2)
H,0+ h*yg —»-OH + H* A3)

From the reaction equation, it can be seen
that the photocatalytic process produces holes
(h*) that react with water to form H* ions. Artifi-
cial waste itself only contains water and Cr®" ions
from dissolved potassium dichromate (K,Cr,0.).
This is different from electroplating waste, which
contains other substances or compounds. Accord-
ing to (Riahi et al., 2022), electroplating waste
can contain alkalinity in the form of CaCO,, or-
ganic materials, and other heavy metals. This may
indicate the presence or absence of a pH buffer
system that can maintain the pH of the solution
so that it does not change significantly when un-
dergoing a process or reaction. In electroplating
waste, the buffer can be carbonate ions (CO,»)
from alkalinity in the form of CaCO,. These ions
will react with the H* ions formed so that the pH
of the sample will not drop significantly. Artificial
waste itself does not contain other substances or
compounds, so it does not have buffer capacity,
allowing its pH to drop significantly.
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Figure. 4. The pH change of a) artificial wastewater (A: 30 g, B: 40 g, C: 50 g), b) real wastewater
(D:30g,E:40 g, F: 50 g)

361



Journal of Ecological Engineering 2026, 27(2), 357-370

Suspended particles and photocatalyst
performance

Wastewater with high turbidity contains nu-
merous suspended solids that hinder light pen-
etration (Suhendara et al., 2020). This limitation
reduces the efficiency of photocatalyst activation,
as effective photocatalysis requires adequate light
exposure. Furthermore, the particles responsible
for turbidity may adhere to the photocatalyst sur-
face, masking active sites and diminishing cata-
lytic performance. As a consequence, the reduc-
tion of Cr¢* to Cr*" is suppressed, leading to lower
overall removal efficiency. In both real wastewater
and synthetic solutions, turbidity gradually decre-
ased with treatment time (0, 5, 15, 30, 45, 60, 75,
120, and 180 minutes), as illustrated in Figure 5.

In artificial wastewater, the initial turbidity
was relatively low, measured at 0.64 NTU for
all catalyst dosages. This suggests the absence of
suspended solids, complex organic matter, or he-
avy metals other than Cr¢* that could contribute to
turbidity. As shown in Figure 2(a), turbidity inc-
reased at the 5-minute mark across all RIP-TiO-
dosages, with the highest value recorded for 50 g
(8.78 NTU), followed by 40 g (3.24 NTU) and
30 g (2.59 NTU). This rise was attributed to the
leaching of TiO: particles from the resin, which
elevated the particle concentration in solution.
With continued treatment, turbidity levels prog-
ressively declined, ultimately dropping below the
initial values. The lowest turbidity was observed
at 180 minutes for both the 50 g and 30 g dosa-
ges (0.16 NTU), while the 40 g dosage reached
its minimum (0.25 NTU) at 60 minutes. In terms
of turbidity removal efficiency, the 50 g and 30
g dosages achieved the highest reduction of 75%
at 180 minutes, whereas the 40 g dosage reached
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60.94% at 60 minutes. The enhanced performance
of the 40 g dosage at earlier stages may be linked
to sufficient generation of reactive radicals (¢*OH
and Oz¢"), which accelerated pollutant degradati-
on and resulted in a faster reduction of turbidity.

Turbidity in wastewater is typically attributed
to suspended solids, complex organic matter, or
heavy metals other than Cr®". As illustrated in Fi-
gure 5(b), turbidity gradually declined during tre-
atment in the fixed-bed reactor. By 180 minutes,
the lowest turbidity level was observed with the
50 g RIP-TiO: dosage (15.5 NTU), followed by
the 40 g (44.2 NTU) and 30 g (56.1 NTU) dosa-
ges. In terms of removal efficiency, the 50 g mass
achieved the highest reduction at 92.4%, whereas
the 40 g and 30 g masses reached 78.44% and
78.67%, respectively.

Performance of RIP-TiO, in Cr®* removal

The results presented in Figure 6 indicate
that Cr®* removal gradually increases with higher
RIP-TiO- dosages and longer reaction times. At
the beginning of the process (0 min), the removal
efficiency was minimal, but it progressively rose
at 5, 15, 30, 45, 60, 75, and 120 min, achieving
the maximum efficiency at 180 min. This trend
can be explained by the fact that activation of the
photocatalyst surface under irradiation is not im-
mediate; a certain duration is necessary for the
consistent generation of hydroxyl radicals (¢*OH)
(Chakravorty and Roy, 2024). Such behavior
aligns with the principles of heterogeneous pho-
tocatalysis, which state that a newly introduced
catalyst attains stable activity only after reaching
a steady-state condition (Arinda et al., 2025). Ac-
cordingly, the surface of the photocatalyst must
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Figure 5. Turbidity concentration of a) artificial wastewater (A: 30 g, B: 40 g, C: 50 g), b) real wastewater
(D:30g,E:40¢g,F:50¢g)
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undergo a response period under irradiation be-
fore its performance stabilizes.

At the initial stage of the reaction, RIP-TiO-
exhibits limited photocatalytic activity, leading
to low Cr¢* removal efficiency. The reduction of
Cr®* to Cr** becomes more pronounced, it showed
from the higher removal performance (Song et
al., 2022). Based form overall efficiency, photo-
catalytic efficiency is strongly dependent on the
intrinsic characteristics of the semiconductor
employed. TiO: is considered an excellent op-
tion photocatalyst due to its chemical stability,
low cost, non-toxicity, and favorable electronic.
Specifically, electrons excited into the conduction
band of TiO: can interact with dissolved oxygen
to form superoxide radicals (Oz¢"), which enhance
the degradation process (Shoneye et al., 2022).
Because of the attributes, TiO: has found wide
application such as in catalytic processes, mineral
membranes, dielectric materials, and environ-
mental remediation. TiO: occurs in three major
crystalline forms — anatase, rutile, and brookite
— with band gap energies of 3.2, 3.0, and 3.1 eV,
respectively (Navidpour et al., 2023).

Figure 6a illustrates that the percentage of
Cr®" removal in artificial wastewater increased
progressively during photocatalysis. At the be-
ginning of the process, the inlet Cr®* concentra-
tion was 84.97 mg/L. After 180 minutes of treat-
ment with different RIP-TiO. dosages, a notable
enhancement in removal efficiency was observed.
Using 30 g of catalyst, Cr*" removal reached
14.47% (72.68 mg/L remaining), while 40 g
achieved 22.88% (65.53 mg/L remaining). The
highest performance was obtained with 50 g of
RIP-TiO., corresponding to 37.64% removal and
a residual concentration of 52.99 mg/L.

Figure 6b shows that Cr®" removal in real
wastewater increased throughout the photocataly-
sis process. At the start, the inlet Cr®" concentra-
tion was 1004.7 mg/L. Following 180 minutes of
treatment with varying RIP-TiO: dosages, the
removal efficiency increased substantially. Using
30 g of catalyst, Cr®* removal reached 60.56%,
corresponding to a residual concentration of
396.30 mg/L. With 40 g, the removal improved to
63.09% (370.80 mg/L remaining), while the hig-
hest efficiency of 70.67% was achieved with 50 g,
leaving 299.70 mg/L of Cr¢*.

In addition to electroplating wastewater, ar-
tificial wastewater was employed in this study
to evaluate the consistency of photocatalyst per-
formance under controlled conditions. Potassium
dichromate (K.Cr-0-) was used to prepare artifi-
cial wastewater containing Cr®", which exhibited
a bright orange color, no detectable odor, and an
acidic pH. The aim of the treatment process was
to reduce hexavalent chromium (Cr®") via photo-
catalysis. During this reduction, Cr®" is converted
into trivalent chromium (Cr*"), which is less toxic
and environmentally safer. The following section
presents the results of Cr®" removal in the artifici-
al wastewater system.

The removal of Cr®" using TiO: under dif-
ferent conditions has also been investigated in
previous studies. For instance, Kangralkar et al.
(2021) reported that photocatalysis with ZnO
under UV irradiation achieved up to 65% Cr®*
removal; however, their experiments were limi-
ted to artificial wastewater with an initial Cr®*
concentration below 100 mg/L, which is com-
paratively low. Similarly, Song et al. (2022) de-
monstrated a maximum Cr®" removal efficiency
of 60% using a TiO2-based micro-nano reactor,

363



Journal of Ecological Engineering 2026, 27(2), 357-370

although this system was tested only in a cont-
rolled artificial matrix.

In comparison with the previous studies, the
present work achieved a higher Cr®" removal ef-
ficiency of up to 70.67%, even when treating real
wastewater with an initial concentration as high
as 1004.7 mg/L. These results suggest that the im-
mobilized resin configuration enhances stability
against turbidity and interference from complex
ions in real wastewater, while also facilitating ca-
talyst recovery. Navidpour et al. (2023) observed
and find the different between artificial and real
wastewater artificial systems, the result showed
that the performance of TiO: photocatalysis is
strongly influenced by operational factors such as
pH, turbidity, and ionic competition. Therefore,
the findings of this study extend previous know-
ledge by demonstrating the new exploration of
treating high-concentration industrial wastewater
practical applicability of RIP-TiOs..

Characterization of functional groups
and BET analysis

The FTIR analysis results in Figure 7 show
a broad band in the 3200-3550 cm™ region, ca-
tegorized as O-H stretching vibration from a
hydrogen-bonded hydroxyl group. The peak ab-
sorption occurs at a wavelength of 3200-3500
cm, indicating the presence of O-H stretching
(Fanani and Ulfindrayani, 2019). In Figure 7, the
FTIR spectrum of resin (a) and RIPT-TiO: (b)
shows this broad band in the region of 3200-3600
cm™! with q peak at 3456.44 cm™ for resin with a
transmittance intensity of approximately 58.47%.

After immobilization with TiO2, the band shifted
to 3390.86 cm ™' with transmittance increasing to
78.47%. The shift of the q peak to a lower wave
number indicates the formation of stronger hy-
drogen bonds between OH groups in the resin
and the TiO: surface. Meanwhile, the increase in
transmittance indicates a decrease in the number
of free —OH groups capable of absorbing infrared
radiation, as most of the —OH groups are involved
in interactions with TiOs.

After the use of RIPT-TiO: with artificial
waste in Figure 7(c), the —OH band experienced a
decrease in intensity with peak q at 3508.52 cm™!
along with transmittance increase to 88.88%.
This indicates a reduction in hydroxyl groups, ei-
ther due to involvement in reduction reactions or
because they were covered by Cr species on the
photocatalyst surface. This condition is consis-
tent with the low Cr®* removal efficiency, namely
14.47% (72.68 mg/L) at 30 g, 22.88% (65.53
mg/L) at 40 g, and 37.64% (52.99 mg/L) at 50 g.
In contrast, the RIPT-TiO: used for electroplat-
ing waste in Figure 8, the —OH band detected
with peak q at 3444.87 cm™! and a transmittance
of 64.44%. The relatively high presence of —OH
groups indicates that the photocatalyst surface
still provides active sites for Cr®" ion adsorption
and hydroxyl radical (*OH) formation. This is in
line with the much higher Cr®* removal efficiency,
namely 60.56% (396.30 mg/L) at 30 g, 63.09%
(370.80 mg/L) at 40 g, and 70.67% (299.70 mg/L)
at 50 g. Thus, the presence of hydroxyl groups
plays an important role in accelerating the reduc-
tion of Cr"to Cr** through the mechanism:
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Figure 7. (a) resin (b) RIPT-TiO2, (¢) RIPT-TiO: on artificial Cr®* waste (d) RIPT-TiO: on real wastewater
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Several important properties such as specific
surface area, pore size, and pore volume were
analyzed using the Brunauer, Emmett and Teller
(BET) method. The multipoint BET graph in the
Figure 8 shows more accurate surface area calcu-
lations compared to single point. From the multi-
point BET analysis, it is known that the correla-
tion coefficient (R) value for the four samples is
in the range of 0.960—0.992. The highest R value
was obtained in the RIPT-TiO: sample in arti-
ficial Cr®" waste code (c) of 0.992, followed by
Resin code (a) of 0.989, and RIPT-TiO: sample in
electroplating waste code (d) at 0.983, while the
RIPT-TiO: sample code (b) at 0.960 had the low-
est value. In general, an R value > 0.95 indicates
that the analysis results are reliable and suitable
for calculating specific surface area.

The adsorption isotherm results show that
all samples have a characteristic curve of meso-
porous material (type IV isotherm according to
IUPAC classification), marked by an increase in
adsorption volume as the relative pressure in-
creases in the range of 0-0.3 p/po. This is con-
sistent with the specific surface area (SA) data,
which ranges from 111.8 to 159.5 m?/g, gener-
ally associated with a mesoporous structure. The
highest adsorption volume was observed in the
RIPT-TiO: sample on artificial Cr®" waste, in line
with the largest SA value (159.5 m?*/g), which

indicates the highest number of active pore
sites for interaction with Cr®" ions. Conversely,
the RIPT-TiO: sample in electroplating waste
showed the lowest adsorption volume, consistent
with the lowest SA value (111.8 m?/g), indicating
limited adsorption capacity.

When related to photocatalytic perfor-
mance, the surface area and isotherm shape ex-
plain the potential adsorption capacity of each
sample, but are not the only factors determin-
ing removal efficiency. Although RIPT-TiO:
in artificial Cr®" waste had the highest SA, its
removal efficiency was lower in the artificial
waste test (14.47-37.64%), because the artifi-
cial system only contained single Cr®" without
additional electron donors. Conversely, RIPT-
TiO:2 in electroplating waste with the lowest SA
actually showed the highest removal efficiency
(60.56—-70.67%) in electroplating waste, which
can be explained by the presence of other metal
ions (Fe**, Cu**, Ni*) and organic compounds
in real waste that act as additional reducing
agents and suppress electron-hole recombina-
tion. Thus, the isotherm and SA results from
BET analysis provide an overview of the ad-
sorption capacity, while the composition of the
actual waste matrix greatly affects the effec-
tiveness of utilizing active sites on the photo-
catalyst surface (Licona-Aguilar et al., 2024).
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Kinetics of hexavalent chromium
reduction reactions

Kinetics is one of the interesting aspects to
analyze in the photocatalysis process. Immobi-
lized TiO, photocatalyst resin is a solid semicon-
ductor used in the photocatalysis process to re-
duce Cr®" in this study. This means that a hetero-
geneous photocatalysis process (solid semicon-
ductor and liquid sample) occurs. The Langmuir-
Hinshelwood kinetic model is commonly used to
observe the reaction kinetics that occur in hetero-
geneous photocatalysis processes (Table 2). The
Langmuir-Hinshelwood model can be written as
follows (Tran et al., 2023):

_dCq _ KdegKCa )
dt  14KCq4
dc,

_d_ta = knCan )

Equation 2 is a pseudo-order kinetic model, if:

__ kaegKCq
kap = 1+KCq (6)
dc, _
- = kapCa (7)

Equation 4 is the same as Equation 2 when
the value of n is 1, or it can be interpreted as the

pseudo first order model. When the order is 1, the
kinetic model can be written as follows:

ln%" = kt (8)

The reaction constant value (k) can be ob-
tained by plotting a graph between the time value
(t) on the x-axis and the value In % on the y-axis.
The graph is as follows: ¢

Figure 9 shows a graph plot for the Lang-
muir-Hinshelwood (L-H) kinetic model simpli-
fied into Pseudo-First Order (PFO). The figure
shows an increase over a time range of up to 180
minutes. In addition, a catalyst mass of 50 grams
has a higher value. The results obtained show
that the R? value for real wastewater decreases as
the catalyst mass increases. From this, it can be
said that the PFO model is quite good at describ-
ing the kinetics at a catalyst mass of 30 grams,
but its accuracy decreases as the catalyst mass
increases. Catalyst agglomeration and UV irra-
diation levels can cause this decrease, so that the
Cr® reduction rate as the catalyst mass increases
is not only influenced by the Cr®" concentration.
However, it can be seen that the reaction con-
stant value increases with increasing catalyst
mass, which means that the reaction rate that oc-
curs with the addition of catalyst mass will be

Table 2. Kinetic model using RIPT-TiO, in electroplating and artificial wastewater

Wastewater type Catalyst mass R? k (min™)
30 0.9415 0.00447
Electroplating 40 0.8615 0.00495
50 0.81924 0.00549
30 0.6916 0.0007
Atrtificial 40 0.7621 0.0011
50 0.9845 0.0025
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Figure 9. Langmuir-Hinshelwood kinetic model by approaching pseudo first order kinetic model in:
a) real wastewater, b) artificial wasterwater
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greater or increase. The theory of an increasing
number of active catalyst sites or an increasing
catalyst surface area with the addition of catalyst
mass supports this pattern.

Conversely, in artificial waste, the R, value
increases with the addition of catalyst mass,
which means that the PFO model can accu-
rately describe the reaction kinetics in artificial
waste with a catalyst mass of 50 grams. Cata-
lyst masses of 30 and 40 grams showed fairly
low R? values, indicating that the L-H model
with the PFO kinetic model approach was in-
sufficient to describe the reaction kinetics oc-
curring in these two variations. However, one
thing that is the same as electroplating waste
is that the reaction constant (k) also increases
with the addition of catalyst mass, so that the
reaction rate also increases with the addition of
catalyst in the photocatalysis process.

Comparison of photocatalysis performance
statistics in real wastewater and artificial
wastewater

To learn more about the relationship be-
tween variables in the removal or reduction of
hexavalent chromium in waste and the changes
in pH that occur, a multi-factor ANOVA test in

Factor Information

the form of a two-way ANOVA was conducted.
The two-way ANOVA test data is as follows,
consisting of the variables of waste type, cata-
lyst mass, and sampling time (Figure 10).

From the Figure 11, it can be seen that the
P-Value for the variation in waste type and the in-
teraction between waste type and time is less than
the rejection region (a0 = 5%), so it can be said
that these variations have significant differences.
This includes the interaction between waste type
and catalyst mass and the interaction between
waste type and time, both of which have signifi-
cant differences. To explain this, a post-hoc test
is required, while for the results of the interaction
between catalyst mass and time, a post-hoc test is
not required because the p-value is greater than
the rejection region (a), so it can be said that the
interaction between the two does not have a sig-
nificant difference. The post-hoc test results are
presented in Figure 12.

In the interaction between waste types and
catalyst mass, it can be seen that the two waste
types are in different groups, so that their re-
moval in all types of catalyst mass shows sig-
nificant differences. In addition, in the case of
natural waste (code 1), the use of 50 grams of
catalyst mass shows a significant difference
compared to 30 and 40 grams of catalyst mass,

Factor Type Levels Values

Wastewater Type Fixed 21;2

Catalyst Mass  Fixed 3 30; 40; 50

Time Fixed 9 0; 5; 15; 30; 45; 60; 75; 120; 180

Figure 10. Two-way ANOVA test data

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Wastewater Type 1 11528,7 11528,7 649,19 0,000
Catalyst Mass 2 7975 3987 2245 0,000
Time 8 53711 6714 3781 0,000
Wastewater Type*Catalyst Mass 2 299,1 1495 842 0,003
Wastewater Type*Time g 6130 76,6 4,31 0,006
Catalyst Mass*Time 16 1550 9,7 055 0,882

Error 16 2841 17,8

Total 53 19048,4

Figure 11. ANOVA-Two test results
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Wastewater

Type*Catalyst

Mass N Mean Grouping
150 9 49,2963 A

140 9 40,3089 B

130 9 34,6671 B

2 40 9 13,8876 C
250 9 13,4437 C
230 9 92724 C

Means that do not share a letter are significantly different.

Wastewater

Type*Time N Mean Grouping
1180 3647722 A

1120 3564713 A B

175 3 49,5388 ABC

160 3472280 BCD

145 3 40,1131 CDE

130 3 32,9982 DEF

115 3 29,0922 EFG

15 3 26,9102 EFGH

10 3 25,6926 EFGHI
2180 3 24,9961 EFGHI
2120 3 19,5114 FGHIJ
275 3 15,3980 GHIJK
2 60 3 14,0268 GHIJK
245 3 11,2530 HI1JK
230 3 10,1576 IJK
215 3 9,0623 JK
25 3 54058 JK
20 3 -0,0000 K

Means that do not share a letter are significantly different.

Figure 12. ANOVA-Two Post-Hoc test results

while in the case of artificial waste, there is
no difference in the use of all types of catalyst
mass. From this, it can be said that in original
waste, differences in catalyst mass usage will
result in significant differences in Cr®* remov-
al, with the optimum removal level obtained
with a catalyst mass of 50 grams, while in arti-
ficial waste, differences in catalyst mass do not
result in significantly different removal levels.

Then, in the interaction between waste
types and time, there is a visible interaction
between the two. Original waste (code 1) is
visible in the time variation interval in sev-
eral different groups. This indicates that there
are differences in removal in each given time
interval. However, artificial waste (code 2)
is seen in the same group in each time inter-
val. This indicates that the removal between
the given time intervals is not much different.
From this, it can be said that real wastewater
has a different removal rate at each time and
tends to increase, with the highest average at
180 minutes.

CONCLUSIONS

The results of this study demonstrate that
photocatalysis using RIP-TiO: in a fixed-bed
reactor effectively reduces Cr®" concentra-
tions, with removal efficiency increasing as
both the photocatalyst mass and contact time
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increase. For instance, a maximum Cr®" re-
moval of 70.67% was achieved using 50 g of
catalyst after 180 minutes, whereas artificial
wastewater exhibited a lower maximum remo-
val of 37.64%. Turbidity removal was also no-
table, reaching 92.40% in real wastewater and
75% in artificial wastewater, highlighting the
effectiveness of RIP-Ti0O:, particularly in trea-
ting more complex electroplating effluents.
These findings indicate that photocatalysis
with RIP-TiO: in a fixed-bed configuration
holds promise for industrial-scale treatment of
real wastewater containing high concentrations
of heavy metals and acidic pH. Nevertheless,
this study has some limitations. The surface
characteristics of the immobilized resin were
not characterized, leaving uncertainties regar-
ding its stability and morphology. Additional-
ly, the experiments were conducted at the labo-
ratory scale, so further investigation is needed
to assess the long-term durability of the mate-
rial, resin regeneration, and the effects of other
interfering ions present in real wastewater.
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