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ABSTRACT: Cobalt/copper-based bimetallic metal—organic frameworks (Co/Cu-MOFs) are synthesized using two organic
ligands in the presented research work. Subsequent incorporation of bismuth oxyiodide (BiOI) into the MOFs via a hydrothermal
approach formed composite materials (Co/Cu-MOFs@BiOI) that exhibit an efficient photocatalytic activity. The synthesized
materials were thoroughly characterized by using X-ray diffraction, Fourier transform infrared, and scanning electron microscopy
techniques. Co/Cu-MOF @BiOI was employed as a novel photocatalyst for the degradation of cationic methylene blue (MB) dye in
aqueous solution under visible light. The combination of Co/Cu-MOFs with BiOI significantly enhanced the photocatalytic
degradation efficiency of MB relative to that of bimetallic MOFs (Co/Cu-MOFs) owing to increased visible light absorption and
reduced charge-carrier recombination. A Box—Behnken design (BBD) statistical study is employed in conjunction with response
surface methodology (RSM) to optimize the dye degradation process. The BBD-RSM methodology successfully identified the
optimal dye degradation conditions, including an initial dye concentration of 6 ppm, irradiation time of 120 min, and catalyst dosage
of 0.14 g L™". Furthermore, the predicted coefficient of regression (R?) value under these optimal conditions using BBD-RSM was
99%, indicating a strong correlation between the prediction and experimental observation. These results demonstrate the strong
potential of the Co/Cu-MOF @BiOI composites as efficient photocatalysts for the removal of organic dyes.

KEYWORDS: photocatalysis, MOFs, bimetallic composites, BiOI, dye degradation, Box—Behnken design

1. INTRODUCTION across numerous industries, including the leather, paper,
Water contamination by industrial pigments from dye textile, pharmaceutical, and cosmetic industries.* Inadequate
manufacturing and consumption industries, including fabric containment measures lead to the discharge of organic dyes
inks, pigments for display applications, and cosmetic dyes, is a and their precursors, posing a significant health hazard to both
major global issue that significantly impacts human life and humans and wildlife due to their elevated levels of toxicity and

social development." At least 10% of the approximately
800,000 tons of dyes and pigments generated annually
worldwide enter into the environment.” A dye concentration
of less than 1 ppm can have severe negative impacts on the
environment, including reduced photosynthetic activity,
reduced sunlight penetration, lowered dissolved oxygen
concentration, and damage to aquatic ecosystems.3 Methylene
blue (MB) is a representative organic cationic dye. This sulfur-
containing heterocyclic aromatic compound is frequently used

carcinogenic properties.’ Methods and technologies for the
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removal of organic dyes from aqueous solutions are urgently
required to overcome such environmental issues. Existing
methods for this purpose include physical, biological, and
chemical processes such as activated carbon adsorption,®
coagulation and flocculation,® ultrafiltration membranes,’
ozonation,® ultraviolet radiation,” chemical recovery, sedimen-
tation,'’ and advanced oxidation processes (AOPs).'" AOPs
involve oxygen species (ROS), including superoxide or
hydroxyl radicals, produced by the activation of a suitable
ROS precursor by ultraviolet light. ROS oxidize and degrade
various organic substances,'> enabling the photocatalytic
decomposition of organic dyes by renewable solar light in
the presence of a suitable catalyst. This is considered one of
the most environmentally friendly methods of converting
hazardous materials into nontoxic compounds without causing
secondary pollution."

Among numerous photocatalytic materials, the photo-
catalytic performance of ZnO and TiO, semiconductors in
the elimination of organic pollutants from industrial effluents
has recently attracted significant attention.'* These photo-
catalysts are only activated by ultraviolet light in the solar
region owing to their high band gap, which, along with other
drawbacks such as low solar energy utilization, rapid charge-
carrier recombination, and facile agglomeration, limits their
implementation.'> The development of new materials with a
small band gap, high catalytic efficiency, and large capacity for
absorbing visible light is therefore required. Bismuth oxy-
halides (Cl, Br, and I) are promising next-generation
photocatalysts owing to their excellent photocatalytic activity
under visible light, high stability, diverse band structure,
nontoxicity, cost-effectiveness, and well-defined layered
architecture denoted as X—Bi—O—X.'® Among other bismuth
oxyhalides, bismuth oxyiodide (BiOI) has the lowest band gap
(1.7-1.9 eV) and has demonstrated remarkable photocatalytic
activity;17 however, BiOI suffers from rapid charge-carrier
recombination that limits its utility as a photocatalyst.
Numerous recent studies have sought to prevent this
photoexcited charge-carrier recombination by developing
BiOI-based heterostructures,'® many of which, including 3D
hollow magnetic (Fe;0,/BiOI),"” bismuth oxyiodide coupled
with titanium dioxide (BiOI/TiO,),” and loading of reduced
graphene oxide on BiOI (rGO@BiOI), have previously
demonstrated high photocatalytic efficiency in the removal of
organic contaminants.'”

MOFs have demonstrated strong potential as catalysts owing
to strong coordination of the metal with the ligand, appropriate
porosity, and increased surface area. Numerous single-metal
MOFs including [Ni,(C;,H;N,),][C;,H;O0(COO0),]2H,0,
[Co,(CoHgN,)], and [C,,HO(COO),],>" have shown
enhanced catalytic efficiency in the degradation of organic
dyes. Bimetallic MOFs, in which two metals are coordinated
with an organic linker, exhibit superior photocatalytic perform-
ance than single-metal MOFs, which is attributed to the
synergistic interaction between the metal constituents.””
Additionally, bimetallic MOFs offer increased flexibility in
designing catalyst structures by simply adjusting the metal
ratio.™

Several studies investigated the ability of bimetallic MOFs to
degrade organic pollutants. For instance, methyl orange and
methyl blue can be degraded by a bimetallic Fe/Ni-MOF
(FeNiX-TPA),”* while tetracycline hydrochloride can be
oxidized using a bimetallic Fe/In MOF” and catalytic
ozonation of atrazine can be achieved using Co/Ni-MOF-
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74.%° Garcia et al. used MOF-$ as an effective photocatalyst for
the decomposition of phenol.”” Natarajan et al. developed a
series of photocatalytic MOFs containing nickel, zinc, and
cobalt for the degradation of organic dyes,”® while Jing et al.
used ghotoactive ZIF-8 in the degradation of methylene
blue;”” however, the limited visible-light absorption of
bimetallic MOFs inhibits their photocatalytic efficiency. The
combination of two photocatalysts to form heterostructures
that can efficiently photodegrade organic contaminants is key
to improving the efficiency of MOF-based photocatalysts.’” In
this regard, numerous heterostructures, including BiOI with
MOF, rGO, and g-C;N,, have been developed to increase the
surface area, boost visible-light absorption, and prevent the
recombination of photoexcited charge carriers.’ In this regard,
we explored the application of MOFs in combination with
BiOI (MOF@BIOI) as composite materials to enhance the
photocatalytic performance of BiOI in our previous study.’”
Specifically, Co/Ni-MOF@BiOI nanocomposites were synthe-
sized, demonstrating a photocatalytic efficiency of approx-
imately 99% for the degradation of MB under visible light.
However, a systematic research methodology has not been
presented for future research on numerous combinations of
metal elements, organic ligands, and heterogeneous catalysts,
such as Box—Behnken design (BBD) in conjunction with
response surface methodology (RSM).

In this work, Co-doped Cu-MOFs were prepared by using
DHTA as an organic linker. BiOI was incorporated into the
prepared Co/Cu-DHTA MOFs to obtain the Co/Cu-
DHTA@BIOI heterostructures. To assess how DHTA
influences the characteristics of these heterostructures, another
set of heterostructures was prepared in which terephthalic acid
was used as an organic linker rather than DHTA. The
structures of the prepared materials were evaluated by using
XRD, SEM, and EDX analyses. The photocatalytic perform-
ance of these heterostructures was examined by analyzing their
ability to degrade MB under direct solar light irradiation. The
photocatalytic removal of MB using BiOI-based bimetallic
MOFs depends on several parameters, making it difficult to
perform and manage these experiments; therefore, a robust
approach is required to avoid improper and inconsistent
results.’” Statistical modeling and experimental design
techniques have been suggested for the analysis and
optimization of such experiments, which involve several
variables.’* Response surface methodology (RSM) is among
the most effective experimental design strategies in developing
a formulation with the maximum number of variables while
performing the minimum number of tests.”” RSM with a Box—
Behnken design (BBD) was therefore utilized, which facilitated
us to enhance and optimize the photocatalyst performance of
the prepared materials efficiently, ensuring a systematic and
reliable exploration of the factors influencing the photocatalytic
efficiency.

2. EXPERIMENTAL SECTION

2.1. Materials. 2,5-Dihydroxy terephthalic acid (DHTA)
(98%), terephthalic acid (TPA) (99%), Cu(NO;),-3H,0,
(99.5%), Co(NOs),-6H,0 (97%), Bi(NO;);-SH,O (71%),
ethylene glycol [(EG) 99%], potassium iodide [(KI) 99%],
deionized water, solvents, and methylene blue (H;sH;;CIN,S)
(97%) were acquired from Sigma-Aldrich and employed
without additional purification.

2.2. Synthesis of Cu-DHTA MOF (PC-1) and Bimetallic
Co/Cu-DHTA (PC-2). PC-1 was synthesized by dissolving

https://doi.org/10.1021/acsestwater.3c00667
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DHTA (7.41 mmol) and copper nitrate trihydrate (3.98
mmol) in DMF (25 mL) with constant stirring following an
established method.” After complete dissolution of the
reagents, deionized water (6.5 mL) was added to obtain a
clear, green solution. This mixture was introduced into a sealed
autoclave lined with Teflon and subjected to heating at 100 °C
for an 18 h duration, resulting in the formation of needle-
shaped crystals. The crystals were separated by centrifugation
and washed with DMF. The product was then immersed in
methanol for 24 h before, and then the solvent was replaced
once with a fresh batch of the same solvent. The product was
obtained through filtration and subsequently subjected to
vacuum drying at 70 °C. PC-2 was synthesized using the same
procedure, except that cobalt nitrate hexahydrate (3.7 mmol)
was added along with copper nitrate trihydrate and DHTA.

2.3. Synthesis of Cu-TPA MOF (PC-3) and Bimetallic
Co/Cu-TPA MOF (PC-4). PC-3 and PC-4 were prepared by a
typical hydrothermal method in which copper nitrate
trihydrate (0.8 mmol) was dissolved in distilled water (16
mL). Separately, a solution of TPA (1.2 mmol) in 5 mL of
DMF was prepared, and this solution was subsequently
combined with the copper nitrate trihydrate solution. After
30 min of stirring, the mixture was transferred to an autoclave
and heated at 150 °C for 12 h in an oven. Subsequently, the
reaction mixture was cooled to afford precipitates of the
product, which were filtered and rinsed with absolute ethanol
and distilled water. Finally, the solid product was dried
overnight at 120 °C. The same method was used to synthesize
PC-4, with the addition of cobalt nitrate hexahydrate (2.11
mmol) alongside copper nitrate trihydrate and TPA.

2.4. Synthesis of BiOl-Reinforced Heterostructures of
PC-2 and PC-3. To enhance the photocatalytic activity, the
BiOI-reinforced heterostructures of PC-2 and PC-3 were
prepared following an established procedure, with slight
modifications.” Bi(NO;);-SH,O (9.9 mmol) and KI (6.6
mmol) were dissolved separately in EG (40 mL). Both
solutions were stirred for 30 min to obtain clear solutions
before a calculated amount of the required bimetallic MOF
was added to the BiOI solution and the KI solution was added
dropwise into this solution. This reaction mixture was stirred at
approximately 30 °C for 1 h to attain a brown suspension,
which was heated at 120 °C for a further 12 h in a closed oven
using a Teflon-lined autoclave. The resulting precipitate was
filtered, washed repeatedly with distilled water, and dried
overnight.

Four different heterostructures were prepared by using this
method: Co/Cu-DHTA@BiOI-10 (denoted PC-5, with 10%
BiOI by weight), Co/Cu-DHTA@BIOI-15 (denoted PC-6,
with 15% BiOI by weight), Co/Cu-TPA@BiOI-10 (denoted
PC-7, with 10% BiOI by weight), and Co/Cu-TPA@BiOI-15
(denoted PC-8, with 15% BiOI by weight). Table 1 lists all
photocatalysts and their labels, while the synthesis of all of the
photocatalysts is illustrated in Figure 1.

2.5. Characterization of Materials. The phases and
crystalline structure of the samples prepared in this study were
analyzed by using X-ray diffraction (XRD) with a Cu Ka
radiation source (wavelength A = 0.15406 nm) in the 26 range
of 10—80° employing a Bruker D2 instrument. Sample
morphologies were examined by using field emission scanning
electron microscopy (FE-SEM; Nova NanoSEM 450). Fourier
transform infrared spectroscopy (FTIR, Bruker @ Platinum
ATR) with standard KBr beam splitters in the range of 4000—
400 cm™' was used to characterize the photocatalysts. The
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Table 1. The List of Synthesized Photocatalysts

Notation Sample Description Notes

PC-1 Cu-DHTA MOF Cu-MOF-74

PC-2 Co/Cu-DHTA MOF Co-doped Cu-MOF-74
PC-3 Cu-TPA MOF Cu-MOF-§

PC-4 Co/Cu-TPA MOF Co-doped Cu-MOF-$§
PC-S Co/Cu-DHTA@BiOI-10% -

PC-6 Co/Cu-DHTA@BiOI-15%

PC-7 Co/Cu-TPA@BiOI-10% -

PC-8 Co/Cu-TPA@BIOI-15%

photoluminescence (PL) spectra of the photocatalysts were
measured by an Edinburgh FL/FS900 spectrophotometer
using a 380 nm excitation wavelength.

2.6. Photocatalytic Activity. The photocatalytic perform-
ance of the synthesized catalysts (PC1-PC8) was assessed by
investigating the photocatalytic degradation of MB under
direct sunlight in the presence of the catalysts. MB solutions of
various concentrations and the required amounts of photo-
catalyst were added to closed transparent glass containers and
exposed to direct sunlight. During irradiation, the temperature
was measured in the range of 30—35 °C, the intensity of
sunlight was 240 W/ m?, and the relative humidity was 35%.
Prior to light irradiation, the MB solution was stored in the
dark for 30 min with constant stirring to reach an adsorption—
desorption equilibrium. The samples were then irradiated for
specific periods of 0, 60, 120, 180, and 240 min, and the
reduction in the MB concentration was determined by UV—
visible spectroscopic analysis of each sample. Each sample was
analyzed in triplicate to measure the average -catalytic
efficiency. The MB removal efficiency of each catalyst was
calculated using eq 1.%°

%MB degradation = X 100%

(C,-0)
C (1)

Here, C, represents the initial concentration of MB and C
denotes its final concentration. The photocatalytic perform-
ance of each catalyst was evaluated in terms of the irradiation
time, amount of catalyst, and MB concentration using response
surface methodology to study the relationships between
different variables using the BBD.

3. RESULTS AND DISCUSSION

3.1. FTIR Spectroscopic Analysis. Figure 2a,b shows the
FTIR spectra for the single-metal and bimetallic MOF samples
(PC-1 to PC-4). The absorption band at approximately 3400
cm™ in the spectra of PC-1 and PC-2 is attributed to the
stretching vibrations of hydroxyl groups at positions 2 and 5 of
the aromatic ring of the organic linker (Figure 2b). This
absorption band was absent from the spectra of PC-3 and PC-4
because the organic linker in these catalysts does not contain
hydroxyl groups. The absorption band of the carbonyl group in
the spectra of all samples shifted to a much lower frequency
(approximately 1650 cm™') than its typical absorption
frequency of 1710 cm™, owing to the deprotonation of
carboxylic acid groups; however, a partially uncoordinated
carboxylic group (red shadow) is also confirmed in the
spectra.”” The wide band at 1095 cm™ in the spectrum of PC-
1 is attributed to stretching vibrations of the C—O bonds. This
band was not observed in the spectrum of PC-2, as it shifted to
peaks at different positions, such as another C—O peak at 1192
cm™}, contributing to the coordination of organic linker with
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Figure 1. Synthesis of Co/Cu-MOF@BiOI composite.
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Figure 3. XRD patterns of (a) PC-1 and PC-2, (b) PC-3 and PC-4, and (c) PC-6 and PC-8.

two metals.”® Similarly, the absorption bands below 800 cm™
in all spectra are attributed to Cu—O and Co—O stretching
vibrations. The obtained spectroscopic data are in good
agreement with previously published data.’”

3.2. XRD Analysis. Figure 3a—c shows the XRD patterns of
the MOFs (PC1-PC4) and their composites (PC-6 and PC-8,
which were reinforced with 15 wt % BiOI). PC-1 exhibited
diffraction peaks at specific 26 angles, including 10.50, 47.9,
13.26, 16.77, 26.0, and 29.0°, corresponding to the crystal
planes (010), (300), (009), (220), and (211), respectively, as
evident in the XRD pattern. This XRD pattern is in good
agreement with that of Cu-MOF-74,% demonstrating the
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successful preparation of the material without impurities. In
the XRD pattern of PC-2 (Figure 3a), the diffraction peak at
260 = 10.60° is much more intense than that in the pattern of
PC-1. Moreover, the XRD pattern of PC-2 differs considerably
from that of PC-1 because PC-2 has a different structural
framework owing to the incorporation of larger Co** with
smaller Cu?*. In addition, the diffraction peaks in the pattern of
PC-2 shifted to higher 26 values, indicating that the Co:Cu
ratio influenced the crystal phase of the bimetallic MOF. The
XRD patterns of PC-3 and PC-4 show peaks at 26 = 14.55,
15.73, 17.90, 29.54, 36.53, 42.30, and 61.30° (Figure 3b),
which can be indexed at the (222), (333), (420), (422), (773),

https://doi.org/10.1021/acsestwater.3c00667
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PC-2 (Co/Cu-DHTA MOF)

PC-4 (Co/Cu-TPA MOF)

Figure 4. SEM images of (a, b) PC-2 and (¢, d) PC-4.

Quantitative result

30.59

Figure S. EDX analysis of (a) PC-2 and (b) PC-4.

Quantitative results

40,81

(883), (440), and (533) crystal planes, respectively. This data
is in agreement with previous studies.”>** The XRD patterns
of PC-6 and PC-8 (Figure 3c) show four major peaks at 260 =
29.90, 35.27, 46.96, and 54.54°, which were assigned to the
(102), (110), (200), and (212) crystal planes.

3.3. SEM. SEM analysis was used to examine the
morphologies of the synthesized materials. SEM images of
PC-2 and PC-4 (Figure 4a—d) show the regular and crystalline
nature of PC-2, in which the crystals have a rod-like structure
(Figure 4a,b), and the rod-like crystals of PC-4 (Figure 4c,d),
with a pentagonal shape and expanded diameters. The
difference in the shapes and sizes of the crystals of PC-2 and
PC-4 was attributed to the differences in the structures of the
organic linkers of the materials. These SEM results are in
agreement with previously published reports.” Similarly,
Figure S (I, II) shows the EDX spectra of PC-2 and PC-4,
which confirm the presence of carbon, oxygen, copper, and
cobalt.

Similarly, SEM images of PC-6 and PC-8 (Figure 6a,b) show
the crystalline nature of both materials, with cubic and rod-like
crystals in PC-6 and PC-8, respectively, owing to differences in
the organic linkers of both samples. The morphologies of PC-6
and PC-8 clearly differ from those of PC-2 and PC-4 (Figure
4). This was attributed to the incorporation of BiOl into the
MOF, which enhanced the photocatalytic activity of these
catalysts for MB degradation.” The EDX spectra of PC-6 and
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PC-8 clearly show the presence of Bi, Co, and Cu (Figure 7),
which confirms the successful incorporation of BiOI into the
MOF and the formation of PC-6 and PC-8 heterostructures.

3.4. Optimization and Evaluation of Photocatalytic
Activity Using Response Surface Methodology. RSM
was used to optimize the study of the correlation between
multiple independent variables and the values of important
parameters via the BBD. The Design-Expert (version 13)
model was used to analyze the effectiveness and accuracy of
the experimental data. This approach is frequently used to
examine various phenomena including photocatalytic decom-
position. All experiments in our study were designed using the
RSM, which reduces both the cost and the duration of the
procedure. The influence of three key parameters on MB
degradation was examined, viz.,, the MB concentration (A),
irradiation time (B), and catalyst dosage (C). A 17-trial study
was performed, in which each experiment was performed in
duplicate, for the statistical modeling of the experiments, and
each independent variable was measured at two levels, low
(—1) and high (+1). Table 2 lists the experimental ranges of
the different independent variables.

3.5. Dye Degradation and Model Fitting. Prior to the
BBD-RSM studies, the catalytic activity of each photocatalyst
(PC1-PC8) was evaluated by examining the degradation of
MB in the presence of each catalyst under solar-light
irradiation (Figure 8). MB was stable in sunlight in the
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Figure 6. SEM micrographs of (a) PC-6 and (b) PC-8.

absence of the photocatalyst with a negligible degradation
(Figure 8a, blank). The PC1-PC4 photocatalysts removed 63—
79% MB from the aqueous solution after irradiation for 240
min (Figure 8b,c). The relatively low photocatalytic activity of
the single-metal and bimetal MOFs is a consequence of their
low visible light absorption (refer to Figure S1 for the UV—

Table 2. Experimental Design Using the Box—Behnken
Method: Variable Settings and Levels

ranges of levels

variables units —1 (maximum) +1 (minimum)
concentration (A) ppm 6.5 ppm 10 ppm
degradation time (B) min 60 min 120 min
amount of catalyst (C) g 0.08 g 02¢g

visible spectra of the prepared materials), and MB was mainly
removed from the aqueous solution via adsorption on the
surface of the photocatalysts. The single-metal MOFs (PC-1
and PC-3) showed lower photocatalytic activity than the
bimetallic MOFs (PC-2 and PC-4), likely owing to the
incorporation of Co** ions into the Cu-MOF. Metal dopants
are known to serve as mediators between the metal and the
organic linker, thereby improving photocatalytic activity.” The
photocatalytic activities of PC-S, PC-6, PC-7, and PC-8 were
significantly higher than those of the MOFs, achieving 97, 99.5,
97.5, and 98.8% MB degradation, respectively, in aqueous
solution (Figure 8c,d). The enhanced photocatalytic perform-
ance of the composites (PC-S, PC-6, PC-7, and PC8) can be
ascribed to the incorporation of BiOI into the MOF matrix.
The incorporation of BiOI shifts the light absorption band
toward the visible light wavelength, which facilitates the
photoinduced excitation of charges.”' In Figure Sla, the UV—
vis profile of PC-6 showed higher solar light absorption in the
visible wavelength range compared to PC-1 and PC-2.
Regardless of the organic ligand in the MOF, TPA-based
photocatalytic MOFs also showed a similar trend (Figure S1b).
The enhancement of light absorption in the visible light range
is an efficient way to collect light energy since the spectral
irradiance of solar light is largely overlapped with the visible
range, as shown in Figure Slab. Moreover, these character-
istics were supported by the results from PL emission
quenching measurements. The degrees of PL quenching for
BiOI, MOFs, and MOF@BiOI heterostructures were com-
pared by excitation at 380 nm (Figure S2). PL quenching
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Figure 7. EDX/EDS spectra of (a) PC-6 and (b) PC-8. Elemental analysis of (c) PC-6 and (d) PC-8.
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Figure 8. (a) UV—visible spectra of PC-6 for degradation of MB. (b) Concentration of MB with PC-1, PC-2, PC-3, and PC-4 as a function of
irradiation time. (c) Photodegradation of MB by all of the catalysts. (d) Variation in MB concentration against irradiation time. (Blank represents
MB degradation in the absence of a catalyst). C,/C, was calculated using the formula A /C, = A,/C, C, and C, are the initial concentration and the
concentration at a specific time, respectively, while A, and A, are the initial absorbance and the absorbance at a specific time, respectively.

indicates the efficient charge/energy transfer between the
MOF and incorporated BiOL In this regard, the drastic PL
quenching in PC-6 and PC-8 means that the generated charges
from the incorporated BiOI might well transfer to the MOF
and then be consumed by the photocatalytic reaction. Finally,
PC-6 was chosen for the design-expert BBD-RSM studies
because it showed slightly higher photocatalytic activity than
the other composites (Figure 8c,d).

RSM was used to statistically analyze the processes, explore
their interactions, and optimize the procedures. Three
independent variables were analyzed using the BBD model,
and their responses are listed in Table 3. The data shown in
Table 3 suggests that the quadratic model is the optimal
mathematical model; thus, the final equation in terms of the
coded factors is as follows

dye degradation = +96.29 — 0.5137A + 0.2838B

— 0.3725C + 0.0300AB — 0.677SAC
— 0.9575BC + 0.0175A% + 2.40B*
— 1.59C*

where A, B, and C represent the concentration, time, and
catalyst dosage, respectively. Equations defined in terms of the
coded factors can be used to generate predictions regarding the
behavior of a specific level of each factor. The factors are
usually coded as +1 for higher values and —1 for lower values.
The coded equation can also be used to assess the relative
significance of variables by comparing the factor coefficients.

654

Table 3. Actual Experimental Results Obtained through a
Box—Behnken Design

experimental
factor A factor B factor C response
concentration  degradation time catalyst degradation

run (ppm) (min) dosage (g) efficiency (%)
1 8 90 0.14 96.50

2 8 120 0.08 98.61

3 10 90 0.2 93.08

4 6 60 0.14 98.90

S 6 90 0.08 95.00

6 8 120 0.2 96.06

7 6 120 0.14 99.50

8 8 90 0.14 96.55

9 8 90 0.14 96.51

10 8 90 0.14 95.95

11 6 90 0.2 95.50

12 10 120 0.14 98.57
13 8 60 0.08 96.22

14 10 90 0.08 95.29

15 8 60 0.2 97.50

16 10 60 0.14 97.85

17 8 90 0.14 96.00

The quadratic model was highly significant according to the
analysis of variance (AN OVA).*

Table 4 presents the ANOVA results for the quadratic
model. P-values, along with Fisher’'s F-test, were used to
confirm the statistical significance of the model, which yielded
an F-value of 88.17. The model is considered statistically
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Table 4. ANOVA Results for the Quadratic Model

source sum of squares degree of freedom freedom F-value P-value
model 42.64 9 4.74 88.17 <0.0001 significant
A-conc 2.11 1 2.11 39.30 0.0004
B-time 0.6441 1 0.6441 11.99 0.0105
C-catalyst 1.11 1 1.11 20.66 0.0027
AB 0.0036 1 0.0036 0.0670 0.8032
AC 1.84 1 1.84 34.17 0.0006
BC 3.67 1 3.67 68.25 <0.0001
A? 0.0013 1 0.0013 0.0240 0.8813
B 2420 1 24.20 450.42 <0.0001
c 10.64 1 10.64 198.11 <0.0001
residual 0.3761 7 0.0537
lack of fit 0.0441 3 0.0147 0.1772 0.9066 insignificant
pure error 0.3320 4 0.0830
cor total 43.01 16
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Figure 9. (a) Plot illustrating the normal distribution of linear models depicting the MB degradation efficiency of PC-6. (b) Comparison between
observed and predicted results for MB degradation.

Table 5. Regression Analysis of the ANOVA

std. dev. mean CV (%) R? adjusted R? predicted R> adequate precision
02318 96.68 0.2398 0.9913 0.9800 0.9715 35.5417

significant when the P value is less than 0.0500.” As shown in indicating a significant agreement between the predicted and
Table 4, the P-values associated with A, B, C, AC, BC, B, and observed responses. Adequate precision evaluates the signal-to-
C? are less than 0.0500; therefore, these are important model noise ratio, and a ratio exceeding 4 is desirable. In our study, a
parameters. The acquired F- and P-values indicated that the ratio of 35.542 indicated a statistically significant signal level.
model was statistically significant. In addition, the lack-of-fit Consequently, this model can efficiently guide exploration
term had an F-value of 0.9066, suggesting that this parameter within the design space.
was not significant compared to the pure error. Nonsignificant The residual, which indicated the difference between the
lack of fit is desirable, as there is more than 90% chance that a experimental and predicted responses, was used to assess the
significant lack of fit is the cause of the noise. suitability and significance of the model. These residuals can be

The coefficient of regression (R?), which denotes the anticipated, and unexplained variations for a normal distribu-
correlation between the experimental and predicted data, was tion may originate from a fitted model.** The normality of
used to assess the significance of the model. A plot of the these residuals can be visually assessed using normal
experimental response produced by the model with the probability plots,® which compare the predicted and residual
expected responses (Figure 9) exhibits a high coefficient of responses (Figure 9a,b). Comparing the experimental and
regression (R* = 0.9913), indicating the ability of the model to predicted results is crucial in assessing the suitability of the
accurately describe the true interactions between the model. To ensure an ideal data distribution, it is important to
parameters. Parameters derived from the regression analysis examine whether the residual values conform to a normal
of this plot are listed in Table 5. The adjusted R* (0.9800) distribution. This assessment helps determine the reliability of
showed that the independent factors accounted for 98% of the the predictive model results.** Furthermore, the best fit of the
total alternation, while 2% of the total alternation was not model can be assessed by considering the positions of data
explained by the model. Similarly, the predicted R* value points relative to the fitted line. A plot of normal probability
demonstrates the ability of the regression model to predict new against externally studentized residuals (Figure 9a) revealed a
observations. The difference between the predicted R* of linear relationship with some anomalies, suggesting that

0.9715 and the adjusted R* of 0.9800 was very low (0.0085), optimal model performance would be achieved when data
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Table 6. MOF-Based Photocatalysts for Dye Degradation

MOF photocatalyst organic dye

MOF, [Cu(4.4'-bipy) Cl], + H,0, MB
MOF, [Co(4.4-bipy) (HCOO),],+ H,0, MB
Fe,05/MIL-53(Fe) MB
rGO/NH,-MIL-125 MB
PC-6 MB

irradiation time (min) removal (%) references
150 94.0 47
150 55.0 47
240 70.0 48
30 100.0 49
120 99.9 this work

points conform to normal distribution conditions. Therefore,
the data would exhibit linearity if the connecting line forms a
45° angle.”’ As a result, an assessment of both residuals and
the distribution plot (Figure 9b) was conducted to evaluate the
appropriateness of the models utilized for depictinﬁ the
degradation of MB via the Fenton oxidation process.”” We
assessed the adequacy and significance of our model by
examining the alignment of the plotted points with the
theoretical line of normality (Figure 9b).

Similarly, Figure 10a effectively illustrates the random nature
of the residuals with respect to the predicted response,
demonstrating that no observable patterns or trends could be
observed in the experimental data. This scatter plot shows the
absence of systematic variation, confirming the unexpected
behavior of the residuals. In addition, a plot of residuals as a
function of the run number shows a scattered, random
distribution (Figure 10b). These results are significant in
determining the adequacy and validity of the model used.*>*

3.6. Response Surface Analysis. RSM was employed to
create contour plots in two dimensions, focusing on a two-
parameter investigation while maintaining the third parameter
at a constant value. This analysis aimed to assess the
interrelationship among the three factors, catalyst dosage,
dye concentration, and irradiation time, which influence MB
degradation. Three-dimensional response surface plots were
also recorded, which depicted the interface of the MB
deterioration while simultaneously considering all three factors.
The effects of the amount of photocatalyst, visible light
irradiation time, and dye concentration on the rate of MB
degradation are demonstrated in Figure 1la—f. Notably,
increasing the dye concentration resulted in only a slight
increase in MB degradation, suggesting that an optimum dye
concentration exists, beyond which no further significant
enhancement of MB degradation is obtained. The MB
concentration and catalyst dose exhibit a nonlinear relationship
(Figure 11a). Dye degradation was markedly improved upon
increasing the catalyst dose from 0.08 to 0.14 g; however, a
reduction in the degradation rate was observed upon further
increasing the catalyst dose from 0.14 to 0.2 g. Similarly, the
contour plot shows that the maximum dye degradation rate
was obtained with a catalyst dose ranging from 0.13 to 0.14 g
and a dye concentration of 9—10 ppm (Figure 11b). These
results illustrate that 0.14 g is the optimum catalyst dose,
beyond which any further increase in the catalyst has a negative
effect on the degradation process, likely owing to the
agglomeration of the catalyst. Additionally, these results
indicated a direct proportional relationship between the
amount of catalyst and the MB concentration.

We further explored the influence of the catalyst dose and
visible-light exposure time on the MB degradation rate using
three-dimensional response surface and contour plots to
visualize and evaluate the effects (Figure 1lc,d). The
relationship between these two factors was nonlinear, which
is consistent with our previous observations. An increase in the
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catalyst dose from 0.08 to 0.14 g significantly increased MB
degradation; however, a further increase in catalyst dose from
0.14 to 02 g led to a reduced degradation rate, further
confirming the optimum catalyst dose of 0.14 g. An exposure
time of 60—120 min of irradiation was considered because the
observed degradation rate exceeded 90% within this span. The
degradation rate initially declined between 60 and 80 min of
irradiation; however, from 80 to 120 min, the degradation rate
considerably increased, with 98% MB degradation after 120
min of exposure to visible light. These results demonstrate the
importance of the irradiation time in the degradation process.
In agreement with previous observations, the photocatalyst
dose and irradiation time showed directly proportional
relationships with the MB degradation rate, that is higher
degradation rates were achieved by adding more catalyst and
extending the irradiation time. Similarly, the effects of the MB
concentration and irradiation time are shown in Figure 11e,d.
Increasing the concentration of MB from 6 to 10 ppm only
slightly increased MB degradation. The exposure time
demonstrated an effect similar to that of the catalyst dose.

Table 6 compares the photodegradation of MB in the
present work employing PC-6 to that obtained by previous
studies.

4. CONCLUSIONS

In this study, we have synthesized and characterized four
metal—organic frameworks (MOFs) and their composites with
BiOI using two different organic ligands. The potential of these
materials as catalysts for the degradation of cationic dyes in
industrial effluents was explored. The combination of MOFs
with BiOI achieved superior photocatalytic activity for dye
removal from aqueous solutions under direct sunlight,
surpassing other prepared photocatalysts, particularly in the
case of the porous heterostructure Co/Cu-DHTA@BiOI-15%
(PC-6). To optimize the process, reduce costs, and improve
time efficiency, the Box—Behnken design of the response
surface methodology (RSM) was used, which allowed the
relationship between three parameters, namely, the initial dye
concentration (6—10 ppm), catalyst dosage (0.08—0.2 g L™"),
and irradiation time (60—120 min), to be elucidated with just
17 experiments. By employing the BBD design, we determined
the optimal conditions for dye degradation, which included an
initial dye concentration of 6 ppm, a catalyst dosage of 0.14 g
L7, and an irradiation time of 120 min. BBD-RSM analysis
predicted a coefficient of regression (R?) of 0.97 for dye
removal, while the experimental R* obtained under optimal
conditions was 0.98. ANOVA validated the accuracy and
reliability of the model, with a significant F-value (88.17), P-
value (<0.0001), appropriate precision (35.54), and a non-
significant lack of fit. Furthermore, the 3D plot derived from
the BBD-RSM indicated that the optimal interaction occurred
at the middle of the range of examined dye concentrations.
Notably, the maximum photocatalytic degradation of MB was
achieved with relatively low catalyst concentrations. Our
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findings highlight the potential of synthesized heterostructures
using in situ methods as highly effective photocatalysts for the
degradation of organic contaminants, supported by the BBD-
RSM design approach. This study provides valuable insights
into the development of efficient and cost-effective photo-
catalytic materials for environmental remediation. For example,
adjusting the metal ions and combination ratio to various
ligands and heteroatoms in the MOF system can further
modify the photoactivity and intrinsic band gaps, expanding
themsgoﬁthe various photoinduced electrochemical applica-
tions.”
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