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Abstract

Chemical reduction using catalysts and NaBH,4 presents a promising approach for reducing 4-nitrophenol contamination while
generating valuable byproducts. Covalent organic frameworks (COFs) emerge as a versatile platform for supporting catalysts
due to their unique properties, such as high surface area and tunable pore structures. This study employs design of experi-
ments (DOE) to systematically optimize the synthesis of Cu embedded COF (Cu/COF) catalysts for the reduction of
4-nitrophenol. Through a series of experimental designs, including definitive screening, mixture method, and central composi-
tion design, the main synthesis parameters influencing Cu/COF formation are identified and optimized: MEL:TPA:DMSO =
0.31:0.36:0.33. Furthermore, the optimal synthesis temperature and time were predicted to be 195 °C and 14.7 h. Statistical
analyses reveal significant factors affecting Cu/COF synthesis, facilitating the development of tailored nanostructures with en-
hanced catalytic performance. The catalytic efficacy of the optimized Cu/COF materials is evaluated in the reduction of 4-ni-
trophenol, demonstrating promising results in line with the predictions from DOE.
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1. Introduction

4-Nitrophenol is widely utilized in diverse industrial domains, in-
cluding leather, dyestuff, papermaking, medicine, pesticides, printing,
textiles, and explosives[1,2]. The presence of nitrophenol in wastewater
primarily stems from industrial discharges, agricultural runoff, and mi-
crobial breakdown. Its considerable toxicity, solubility in water, stabil-
ity, and resistance to degradation pose notable environmental and
health risks[3]. Of particular concern is its heightened toxicity and pro-
duction compared to other nitrophenols, prompting regulatory bodies
like the USA Environmental Protection Agency (EPA) to prioritize its
control. Various methods have emerged to tackle 4-nitrophenol con-
tamination in wastewater, spanning adsorption, extraction, membrane
separation, microbial degradation, advanced oxidation, and electro-
chemical oxidation[4-8]. Chemical reduction of 4-nitrophenol using
catalysts and NaBH4 under mild conditions presents a promising meth-
od for mitigating environmental hazards while generating valuable ar-
omatic amine byproducts for reuse[9]. Despite their potential, these
methods encounter challenges such as high expenses, limited scal-
ability, and complex equipment requirements. Notably, the catalytic re-
duction of 4-nitrophenol to 4-aminophenol using catalysts and NaBH4
has been extensively explored, employing diverse nanomaterials like

precious metal nanoparticles, metal oxides, carbon materials, metal-or-
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ganic frameworks, and composites[10-12]. However, maintaining the
optimal activity and stability of catalysts remains a difficult hindrance.
Thus, the design of tailored nanostructures to enhance the catalytic per-
formance may offer a promising strategy for supplementing overall
efficiency.

Covalent organic frameworks (COFs) represent a new class of crys-
talline organic porous polymers, predominantly composed of light-
weight elements (C, H, N, O, B, etc.) linked by reversible covalent
bonds to form a framework structure[13,14]. These materials typically
possess prominent characteristics such as high specific surface area,
porosity, stability, and low density in comparison to inorganic nano-
materials[15]. As a result of these exceptional properties, COFs find
wide-ranging applications in gas storage and separation, catalysis, pho-
tochemical conversion, biomaterials, energy storage and conversion
[16-20]. Of particular significance is the ordered pore structures, tuna-
ble pore sizes, and substantial specific surface areas exhibited by
COFs, rendering them promising carriers for catalytic reactions. For
example, COFs have been engineered to support ultrafine Pt or Pd
nanoparticles, demonstrating excellent catalytic performance in various
reactions. While COFs have displayed potential in supporting catalysts,
further exploration is acceptable to realize their multifaceted applications.
Therefore, the advancement of COF-supported metal catalysts holds
considerable promise in furnishing active sites, enhancing stability, and
catalytic activity.

Design of experiments (DOE) is a systematic statistical method used
in research and industry to plan, conduct, analyze, and interpret experi-
ments with the aim of maximizing information gain while minimizing
the influence of extraneous factors[21-24]. Its primary goal is to identi-
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fy critical factors affecting a process or product and optimize them to
achieve desired outcomes. DOE involves intentionally selecting and ad-
justing specific variables (known as factors) while observing their im-
pact on a response variable, which can be categorical or continuous.
Widely applicable across various fields including engineering, manu-
facturing, pharmaceuticals, agriculture, and social sciences, DOE en-
compasses different experiment designs such as screening, factorial,
and response surface experiments. By employing DOE, researchers
gain a comprehensive understanding of the system under study, en-
abling data-driven executive and facilitating improvements in product
quality, process efficiency, and service effectiveness. In this study,
DOE methods were employed consecutively to evaluate Cu/COF syn-
thesis processes. Initially, a screening method was used to identify im-
portant precursors for the synthesis. Subsequently, a mixture method
was applied to optimize the ratios of selected precursors. The amount
of CHN elements was used as a response factor to determine Cu/COF
properties. Finally, designated Cu/COF samples were evaluated as a
catalyst for 4-nitrophenol reduction.

2. Experiments

Distilled water (DIW), ethylenediamine, melamine (MEL), tereph-
thaldehyde (TPA), dimethylsulfoxide (DMSO), and ethanol were ob-
tained from Sigma-Aldrich. Copper nanoparticles were purchased from
DS High Metal. All chemicals were used as received without further
purification. Copper, melamine, terephthaldehyde, dimethylsulfoxide,
and distilled water were stirred for 10 minutes. The quantities of each
reagent were adjusted based on concentration ratios determined by de-
sign methods. The resulting mixture was then transferred to an auto-
clave and reacted in an oven at designed temperature and duration.
Following the reaction, the final product was obtained through filtra-
tion, washed with ethanol, and dried at room temperature, yielding the
Cu/COF catalyst. The C, H, N, S elemental analysis of the sample was
performed at 950 °C using a Thermo Scientific elemental analyzer
(FLASH EA 1112, USA) with sulfamethazine (C: 51.8%, H: 5.1%, N:
20.1%, S: 11.5%) as a standard.

The Cu/COF particles, prepared beforehand, were utilized for cata-
lyzing the reduction of 4-nitrophenol in the presence of NaBH,. In a
standard catalytic reaction, a 10 mM aqueous solution of 4-nitrophenol
and a 20 mM aqueous solution of NaBH, underwent the degradation
process in the presence of COF-supported nanoparticles. Initially, the
color of the mixed solution of 4-nitrophenol and NaBH, transitioned
from a mild yellow to a deeper shade. Subsequently, 10 mg of
Cu/COF was introduced into the solution under vigorous stirring.
Finally, the catalytic reactions were monitored using UV-Vis absorp-
tion spectroscopy within a scanning range of 275~500 nm.

Statistical analyses were performed using Minitab 21 software. The
Assistant DOE module within Minitab 21 offers a streamlined sequen-
tial experimentation approach, starting with screening designs to identi-
fy crucial factors. This is followed by more detailed designs to detect
curvature and establish an optimal model for identifying factor settings
that optimize the response.

3. Results and discussion

3.1. Definitive screening design

A definitive screening design was utilized to determine the main fac-
tors influencing the synthesis of Cu/COF particles. The precursors,
TPA, MEL, DMSO, and DIW, were incorporated into the design, with
each factor set at three different levels, as detailed in Table 1. Thirteen
different Cu/COF samples were designed with varying in precursor
concentrations, while maintaining a constant reaction temperature of
180 °C for 12 h. After synthesis of the samples, the amounts of C,
H, and N were determined using an element analyzer. The chemical
structure of Cu/COF entails a reticular construction comprised of
C;3N3Hg rings from melamine and benzene from terephthalaldehyde, co-
valently bonded to Cu with N acting as the bridge. Thus, a well-de-
fined COF structure exhibits higher elemental content of C, H, and N.
Hence, in subsequent statistical analyses, the amount of C, H, and N
were employed as indicators of the Cu/COF structure.

Statistical analysis was conducted to explore the significance of in-
put factors and their interactions with output responses (total amount
of C, H, N). Initially, a Pareto chart was generated to assess the im-
portance of the factors, as illustrated in Figure 1. The relative im-
portance and statistical significance among the main factors were ob-
served on the Pareto chart. MEL (A), TPA (B), and DMSO (C)
emerged as significant synthesis conditions for Cu/COF samples. To
evaluate the impact of the four factors on the C, H, N content
(response), main effect plots were depicted in Figure 2. Main effect
plots serve to examine the differences in response means among vari-

Table 1. Factors and Levels for Definitive Screening Design

Level
Factor
Low Middle High
Terephthaldehyde 01g 025 ¢g 04 g
Melamine 0.1 g 025 g 04 g
Dimethylsulfoxide 5 mL 12.5 mL 20 mL
Distilled water 1 mL 2.5 mL 4 mL

Pareto Chart of the Standardized Effects
(response is CHN, a = 0.05)

Term 2.306

Factor Name
MEL
] TPA
C DMSO
D DIW

00 Qs 1.0 15 20 25

Standardized Effect

Figure 1. Pareto chart for the effects of precursor of Cu/COF synthesis
on CHN amount designed by definitive screening design.
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Figure 2. Main effects plot on CHN amount of Cu/COF with various synthesis conditions designed by definitive screening design.

ous levels of a factor and to identify the presence of a main effect
when the response is influenced by varying levels of a factor. These
plots illustrate the response means for each level of a factor connected
by a line. A non-horizontal line indicates the presence of a main effect,
with the steepness of the slope indicating the magnitude of the effect.
Consequently, the DIW (D) factor could be deemed negligible in opti-
mizing the synthesis reaction conditions.

3.2. Mixture method

The mixture design method was employed to determine the optimal
composition of precursors in Cu/COF synthesis. This method repre-
sents a specialized form of response surface design tailored for analyz-
ing products composed of multiple components or ingredients.
Particularly effective in industrial development scenarios involving for-
mulations or mixtures, this experimental design hinges on the pro-
portions of individual components within the mixture to yield desired
outcomes. An extreme vertices design, a methodology within the mix-
ture design, was used in this investigation. This approach introduces
additional constraints on the design, as the lower and upper bounds of
the proportion of each ingredient are not strictly confined to the con-
ventional 0 to 1 range. Instead, these values are dictated by the molar
concentrations of the materials. Specifically, a modified molar ratio
was adopted to streamline the design process within the mixture method.

Thirteen compositions of three precursors, MEL, TPA, and DMSO,
were designed using Minitab software. Cu/COF samples were then pre-
pared with these predetermined precursor concentrations under identical
reaction conditions. Subsequently, the total amounts of C, H, and N
were determined as responses. Analysis of variance (ANOVA) was
conducted based on these values. Among the values in Table 2, partic-
ular attention was given to the p-value, which serves as a measure of
the probability that an observed difference could have arisen purely by
random chance. A lower p-value (typically less than 0.05) indicates
greater statistical significance. In this case, the p-value of the re-
gression analysis was calculated to be 0.009, underscoring the stat-
istical significance of the model. While the p-value of the linear terms
of the model was slightly elevated, the overall predictability of the re-
sults generated by the mixture design utilized in this study remained
highly reliable for further investigation.

The mixture contour plot depicting the CHN amount of Cu/COF
samples synthesized with various molar fractions of precursors is illus-
trated in Figure 3. A region featuring the maximum CHN amount was

3stst ® 35 H A 4 =, 2024

Table 2. Analysis of Variance (ANOVA) for Mixture Design

Source DF Seq SS Adj SS Adj MS F-value P-value
Regression 5 1504.77 1504.8 300.95 7.67 0.009
Linear 2 133.09 2379 118.94 3.03 0.113
Square 3 1371.68 13717 457.23 11.66 0.004
MEL x TPA 1 0.46 265.6 265.62 6.77 0.035
MEL x DMSO 1  153.39 628.9 628.94  16.03 0.005
TPA x DMSO 1 1217.83 1217.8 1217.83  31.04 0.001
Error 7 274.61 274.6 39.23
Total 12 1779.38
Mixture Contour Plot of CHN
(component amounts)
CHN
o 0l
B o- 20
W 20- 40
W 40- 60
- &0
070 015 070
TPA DMSO

Figure 3. Mixture contour plot of CHN amount of Cuw/COF synthesized
with various mole fractions of precursors.

predicted to be situated at the lower center of the triangle, with a rapid
decrease in response observed towards the vertices of the triangle. The
Cox response trace plot as shown in Figure 4, elucidates the effects
of altering each mixture component while maintaining all others at a
constant ratio. The trace curves delineate the impact of modifying the
corresponding component along an imaginary line (direction) connect-
ing the reference blend to a vertex. This plot aids in identifying the
most influential components, which can then be mapped onto a contour
or surface plot. This observation aligns well with the trends previously
discussed. Furthermore, the presence of an optimal composition was
detected for all three components. The optimal molar ratio of the three

precursors for Cu/COF synthesis was identified using the response op-
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Figure 4. Cox response trace plot of CHN amount of Cu/COF based
on precursor composition.
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Figure 5. The optimized responses for Cu/COF samples synthesized
with various mole fractions of precursors, targeting maximum (S1),
median (S2), and minimum (S3) levels of CHN amount.

timizer tool, which elucidates how various experimental settings influ-
ence the predicted responses for a stored model. The molar ratios for
Cu/COF synthesis to achieve maximum, median, and minimum level of
CHN amounts were predicted, as illustrated in Figure 5. Subsequently,
three Cu/COF samples were synthesized at these calculated ratios de-
termined by the optimizer and utilized for catalytic activity measurements.

3.3. Central composition design
The significant factors influencing Cu/COF synthesis, particularly
the CHN amounts, were identified in the preceding section. To further

Table 3. Factors and Levels for Central Composition Design

Level
Factor
-a -1 0 +1 +a
Temp. (°C) 140 160 180 200 220
Time (h) 6 8 12 16 18

Contour Plot of CHN vs Time (h), Temp (oQ)

EEENNEER
5
o
1
@
3

Time (h)

e —

140 150 160 170 180 190 200 210 220
Temp (0Q)

Figure 6. Contour plot for CHN amount of Cu/COF synthesized with
various synthesis conditions designed by central composition design.

optimize these factors, the response surface method (RSM) was em-
ployed, providing a suite of advanced design of experiment techniques
for enhanced understanding and optimization of responses. RSM serves
to refine models subsequent to determining significant factors using
prior design methods. Leveraging a quadratic regression model, RSM
aids in comprehending or mapping regions of a response surface, de-
termining variable levels to optimize a response, and selecting opera-
tional conditions to meet specifications. In this study, the central com-
posite design (CCD), one of RSM methods, was practically
implemented. CCD is capable of fitting a full quadratic model by in-
corporating information from a well-planned factorial experiment.
Experiments were planned with the CCD method to optimize two
primary factors: synthesis temperature and time. The factors and their
corresponding levels for the design are outlined in Table 3. Nine ex-
perimental runs were proposed, and elemental analyses were conducted
accordingly. The synthesis temperature and time were varied while
keeping the concentration ratio of the precursor that exhibited the max-
imum level of CHN amount. The results of fitting the quadratic response
surface model, as evidenced by analysis of ANOVA, are presented in
Table 4. ANOVA dissects the overall variation of the results into seg-
ments associated with the model and those linked to experimental er-
rors, indicating whether the variance from the model is statistically
significant. This assessment was facilitated by the P-value, which
serves as a reliable predictor of the experimental data. The obtained
P-value in this analysis was 0.000, signifying the validity of the model.
Figure 6 displays a contour plot illustrating the CHN amount of
Cu/COF synthesized across various temperature and time settings. A

Appl. Chem. Eng., Vol. 35, No. 4, 2024
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Table 4. Analysis of Variance (ANOVA) for Central Composition Design

Source DF Adj SS Adj MS F-value P-value
Model 5 1585.22 317.044 77.44 0.000
Linear 2 431.84 215.922 52.74 0.000
Temp. 1 42991 429913 105.01 0.000
Time 1 107.12 107.117 26.16 0.001
Square 2 457.57 228.783 55.88 0.000
Temp. x Temp. 1 37232 372318 90.94 0.000
Time x Time 1 195.61 195.615 47.78 0.000
2-way interactions 1 9.61 9.610 2.35 0.169
Temp. x Time 1 9.61 9.610 2.35 0.169

Error 7 28.66 4.094
Lack of fit 3 26.59 8.864 17.14 0.010

Pure error 4 2.07 0.517

Total 12 1613.88

contour plot offers a two-dimensional perspective wherein contours
connect points with equal response values. As both synthesis temper-
ature and time increased, CHN amounts of the samples improved, as
evidenced in the contour plot. Notably, synthesis conditions yielding
the highest value were clearly discernible in the plot. To further refine
the synthesis conditions, the response optimizer tool was utilized to in-
vestigate how different experimental settings impact the predicted re-
sponses based on a stored model. According to the analysis, Cu/COF
synthesized at 195 °C for 14.7 h was calculated to exhibit the max-
imum amount of CHN elements.

3.4. 4-nitrophenol reduction

The catalytic performance of Cu/COF materials was explored
through the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP)
using NaBH, at ambient temperature. Investigation of the reduction
process was facilitated by UV-Vis absorption spectroscopy. Initially,
the characteristic absorption peak at 317 nm indicated the presence of
4-NP in the aqueous solution. Upon introducing the catalyst into the
mixture, a new absorption peak emerged near 300 nm, corresponding
to 4-AP. Simultaneously, the original absorption peak of 4-NP at 400
nm vanished, suggesting the successful catalytic conversion to 4-AP.
The catalytic reduction followed the Langmuir-Hinshelwood apparent
first-order kinetics model. Given the substantial excess of NaBH; com-
pared to 4-NP concentration, the reaction was assumed to be first-or-
der, independent of NaBH4 concentration. The catalytic reduction pro-
ceeded according to pseudo-primary kinetics, with an apparent reaction
rate constant. The catalytic performance evaluation of the three materi-
als selected using DOE was performed under the identical conditions.
Three samples derived in Figure 5, the materials synthesized under the
conditions with the maximum (S1), medium (S2), and minimum (S3)
values based on the total amount of CNH, were used as catalysts. The
results of comparing the reaction rate constant calculated from the cat-
alytic experiment with the total amount of CNH are shown in Figure
7. As a result, a similar trend of both values was observed. This in

3stst ® 35 H A 4 =, 2024
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Figure 7. Catalytic performance of the Cu/COF materials with various
precursor compositions for the reduction of 4-nitrophenol.

dicates that the catalytic performance predicted by the statistical design
of experiments and the actual experimental values are meaningful.

4. Conclusion

In conclusion, a comprehensive investigation employing various ex-
perimental design methodologies was conducted to optimize the syn-
thesis of Cu/COF particles and evaluate their catalytic performance in
4-nitrophenol reduction. The definitive screening design initially identi-
fied significant synthesis factors, MEL, TPA, and DMSO, while in-
dicating the negligible impact of DIW. Subsequently, the mixture
method allowed for precise determination of precursor composition,
unveiling an optimal molar ratio for Cu/COF synthesis. Leveraging the
response surface method through central composite design further re-
fined synthesis conditions, with synthesis temperature and time pin-
pointed as key factors influencing Cu/COF synthesis. The successful
reduction of 4-nitrophenol to 4-aminophenol using Cu/COF catalysts
validated the efficacy of the optimized synthesis parameters. The con-
gruence between predicted catalytic performance and experimental re-
sults underscores the significance and reliability of the statistical design
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of experiments in materials synthesis and catalysis research. This sys-
tematic approach not only enhances our understanding of Cu/COF syn-
thesis but also offers a robust framework for optimizing the perform-

ance of other catalytic materials in diverse applications.
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