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Abstract In the current study, porphyrin-based metal organic framework

(M(metal)/PMOF) was used to photoreduction conversion of CO2 under UV/Visible

light irradiation. The metal and linker selection in the M/PMOF synthesis influences

its structure and properties. In this regards, M/PMOFs were prepared using three

different metals of Zn, Al, and Co. The prepared photocatalysts were characterized

by powder X-ray diffraction (XRD), N2 adsorption BET surface area, scanning

electron microscopy (SEM), Energy dispersive X-ray spectrometer (EDX), Fourier

transform infrared (FTIR) and UV–Vis spectroscopy. Also, the photoluminescent

properties and photoreactor tests, for these three photocatalysts were investigated.

The obtained results demonstrated that Al/PMOF has high CO2 photoreduction

conversion, 4.3%. The operating conditions were optimized to find the best con-

ditions which are lead to high CO2 photoreduction conversion over Al/PMOF. For

this purpose, the experiments were conducted based on central composite design

(CCD) and analyzed using response surface methodology (RSM). The ANOVA

analysis revealed that the maximum photoreduction conversion of CO2, as 10.63%,

can be obtained at the optimum conditions (catalyst amount of 297.24 mg, total feed

pressure of 1.4 atm and methanol as sacrificial agent). Finally, a verification

experiment was performed and results confirmed the validity and adequacy of the

predicted model for simulating the CO2 photocatalytic conversion.
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Introduction

Carbon dioxide (CO2) as a primary greenhouse gas plays a significant role in global

warming. In this respect, there have been a variety of programs of policy and action

in relation to the environment and among them CO2 photoreduction process is a

popular technology used for reducing CO2 in last decades, however, few reports

dealing with the application of statistical design of experiments towards the

operational optimization of this process. The photocatalytic reduction of CO2 is a

complex process and involved complicated chain reactions, which generally require

a number of assumptions to solve the equations derived on the basis of physical and

concepts [1–3]. In the CO2 photoreduction process, possible variables that affect the

photocatalytic reduction efficiency could be initial CO2 pressure, catalyst amount

and/or characteristics, illumination time, light irradiance (power and/or intensity),

temperature and electron acceptors [4, 5]. The traditional ‘‘trial-and-error’’ and one-

factor-at-a-time (OFAT) optimization approaches can be applied to optimize CO2

photoreduction process [2, 4]. The major disadvantage of OFAT approach is that it

does not include interactive effects among the variables and, finally, it does not

describe the complete effects of the parameters on the process [6, 7]. Another

disadvantage is a large number of experiments needed which means require

additional time and also additional expense due to reagent costs [2, 8, 9]. Another

less frequently used approach is artificial neural networks (ANNs). The neural

networks behave as ‘black boxes’ and can be simply used to estimate various

parameters as a function of different variables [10–13]. The most significant

advantages of these modeling techniques are the computational efficiency, the

possibility to apply it on complex non-linear processes, the ease of manipulation

[2, 14, 15]. Nevertheless, the disadvantages of the ANNs approach are the selection

of regression variables, the necessity of obtaining a perfect neural network model

based on experimental or operational history data [2, 13, 14, 16]. In general, the

main aim of optimization is to improve the systems performance and to enhance the

yield of the processes while not increasing the cost [6, 17]. In this respect, the

number of experiments has a crucial role in operational and capital costs. More

experiments require more material, more analysis and spent more time [18].

In order to overcome these problems and optimize all of the parameters, the

statistical experimental design was applied by response surface methodology (RSM)

[19, 20]. RSM is an efficient mathematical model for the optimization of a

multivariable system with fewer experimental trials [21–23]. For instance, the

central composite design (CCD), an experimental design, was used by RSM to fit a

model by least squares technique [24, 25]. Adequacy of the suggested model is then

evaluated using the diagnostic checking tests provided by analysis of variance

(ANOVA). The response surface plots can be applied to consider the surfaces and

locate the optimum. In recent years, RSM is commonly used to evaluate the results
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and operations efficiency even in many industrial processes [26–30]. In 2016,

Mosleh et al. [31] synthesized BiPO4/Bi2S3-HKUST-1-MOF and applied in a

catalytic rotating packed bed reactor for photocatalytic degradation of toluidine blue

(TB) and auramine-O (AO). CCD was applied to optimize operational parameters:

irradiation time, pH, photocatalyst dosage, rotational speed, solution flow rate,

aeration flow rate and TB and AO concentration. Totally 52 experiments were

performed to find the optimum values for each parameter. At optimum condition,

the photocatalytic degradation percentages of TB and AO were 99.37 and 98.44%,

respectively. In another study, Mosleh et al. [32] used Ag3PO4/Bi2S3-HKUST-1-

MOF to sonophotocatalytic degradation of trypan blue (TB) and vesuvine (VS). The

effect of operational parameters including the initial TB and VS concentration, flow

rate, irradiation and sonication time, pH and photocatalyst dosage were investigated

and optimized using CCD combined with desirability function (DF). Under the

optimized conditions, the hybrid system was found to have higher efficiency

compared with sum of the individual processes. According to our knowledge, no

prior work regarding optimizing the operational parameters to obtain high CO2

photoreduction conversion over MOF has been reported to date, which is important

for scale-up and commercialization purposes have been made.

This present study follows on from our previous work [1]. Previously we reported

Zn/PMOF to photoreduction of CO2 in the presence of the H2O vapor as an electron

donor under UV/Visible light. Forasmuch as the choice of metal and linker dictates

the structure and therefore properties of MOFs, it can be easy to construct MOFs

with desirable properties for specific application in CO2 reduction [33]. In this

respect, different metals are chosen to prepare M/PMOF [M: metal (Al and Co)] and

are used for photocatalytic reduction of CO2 under same reaction conditions of our

previous study [1]. The results are compared and the best photocatalyst with high

CO2 photoreduction conversion is chosen. Thereafter, the effects of several

operating parameters (amount of the catalyst, total pressure of feed and sacrificial

agent) are investigated. For this purpose, the central composite design (CCD) along

with RSM has been applied to the modeling and optimization of CO2 photoreduc-

tion conversion. Finally, the best operating condition which is lead to high CO2

photoreduction conversion is obtained.

Experimental

Materials

Pyrrole and 4-carboxybenzaldehyde were purchased from the Aldrich Chemical Co.

CH3Cl, acetone, methanol, Acetonitrile (MeCN), propionic acid, DMF, Co(NO3)2-

6H2O and Al(NO3)3�9H2O were supplied by Merck. All chemicals were used as

received without further purification. The CO2 gas with 99% purity was used as the

feed gas. The deionized water was used to prepare the catalyst.
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Preparation of catalyst

Tetrakis (4-carboxy phenyl) porphyrin (TCPP) was synthesized according to the

method provided in our previous paper [1]. To prepare the catalyst, 0.39 g TCPP

was introduced into 0.13 L DMF and dissolved on a stirring hot plate. The reaction

was allowed to proceed for 20 min and then followed by the addition of 2.017 mmol

metal (0.75 g Al(NO3)3�9H2O and 0.6 g Co(NO3)2�6H2O). The solution was

allowed to react on the stirring hot plate for about 30 min and then transferred into a

250 mL Teflon-lined autoclave and heated at 180 �C for 24 h. After the solution

was cooled down to room temperature, the solid was centrifuged and washed 3

times with deionized water. Finally, the obtained powder was dried at 60 �C.

Photocatalyst characterization

Powder XRD patterns were recorded on a Bruker SMART APEXII X-ray

diffractometer equipped with a CuKa radiation source (k=1.5418 Å). N2 adsorp-

tion–desorption isotherms were obtained at 77 K using Quantachrome Autosorb-1

MP analyzer. Before the measurements, the samples were outgassed under vacuum

for 6 h at 150 �C. Scanning electron microscopic (SEM) images were captured

using a JOEL JEM 1230 operated at 120 kV. The elemental composition of the

catalyst was analyzed by energy dispersive X-ray spectrometer (EDX). The Fourier

transform infrared spectroscopy (FTIR) was recorded with an ALPHA (Bruker,

Germany) FTIR spectrophotometer. Samples of 1–2 mg were mixed with 100 mg

KBr and pressed into translucent disks at room temperature. All spectra were taken

in the range 400–4000 cm-1 at a resolution of 4 cm-1. UV–Vis spectra were

recorded on a Cary 100 Scan UV–Vis spectrophotometer (Varian, USA) at room

temperature (23–25 �C). The photoluminescence spectra of samples were per-

formed with a JASCO spectrophotometer Model FP-6200 equipped with a

thermostat bath, using a 1.0 cm quartz cell. The diffuse reflectance UV–Vis spectra

of the Al/PMOF and Co/PMOF powders were obtained by using Avantes

spectrometer (Avaspec-2048-TEC) with a reflectance sphere in the range,

300–900 nm.

Photoreactor system

The photoreactor system and the light source were selected similar to our previous

study [1]. The CO2 photoreduction was investigated in a batch reactor in the gaseous

phase. The photoreactor was made from stainless steel and built in the laboratory.

The effective volume of the reaction system was about 1 L. The photocatalyst

powders were ground to obtain fine particles and then distributed at the bottom of

the reactor. A 300 W high-pressure mercury (200\ k\ 800) was placed in the

center of the reactor to direct irradiation on the catalyst surface. At the next step, the

reactor was filled with pure CO2 with 120 mL/min flow rate and then vacuumed

several times to ensure all the impurities and trapped air were completely removed

and then it was filled with high purity CO2 with 120 mL/min flow rate as feed gas to

1.4, 2.7, 4.1 atm (20, 40, 60 psia) of absolute total pressure. Different amount of
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sacrificial agent (0.6, 2.96 and 4.52 mL for H2O, MeCN, and methanol) was

subsequently injected into the reactor as a reducer. Before starting the reaction, the

gas feed concentration was analyzed by using an on-line commercial gas

chromatograph GC-CGCA-1 apparatus. Then the reactor was illuminated for 4 h

continuously. During the reaction, the temperature was kept at 100 �C by a jacket

around the reactor equipped with a circulating cold water bath. After 4 h irradiation,

the products were analyzed by using on-line GC. Decreasing (conversion (%)) of

CO2 was used for evaluation the efficiency of photocatalytic activity (Eq. (1)):

Conversion of CO2 ð%Þ ¼
Mole of COi

2 � Mole of CO2

� �

Mole of COi
2

� 100 ð1Þ

where COi
2 and CO2 are the concentration of CO2 at the beginning and the end of

the reaction time, respectively.

Experimental design and optimization by RSM

In this study, central composite design (CCD), which is widely used form of RSM,

was employed to optimize operating parameters that maximize the CO2 photore-

duction conversion. For this purpose, Design Expert software was applied. The

RSM fundamental assumptions and more detailed information have been described

elsewhere [4, 9]. Forasmuch as there has not been a great deal of study done on the

pressure effects on the MOF’s behavior [34], the effect of the pressure on the CO2

photoreduction process is studied. The studied photoreactor was tested to operate at

6 atm, higher pressure is possible, however, it was not tested and safe. So,

optimization was done at 1.4, 2.7 and 4.1 atm, which are available and safe. On the

other hand, electron donor can effect the products yield. Studies [35, 36] were

carried out to investigate the effects of the electron donors on the CO2

photoreduction over different MOFs. With these in mind, different electron donors

(methanol where is accessible, H2O that is safe, non-toxic and extensively available

and MeCN that is commonly used in CO2 photoreduction over MOFs) were selected

as effective parameters. On the other hand, catalyst amount is one of the main

parameters that affected the CO2 reduction but from the economic viewpoint

applying more catalyst is not affordable. Consequently, 100, 200, 300 mg catalyst

was applied for optimization in order to save money. The experimental ranges and

levels of the independent variables for photoreduction of CO2 are given in Table 1.

Table 1 Experimental ranges

and levels of the independent

variables

*Total pressure of feed (X2): 20,

40 and 60 psia

Variables Ranges and levels

- 1 0 ? 1

Amount of catalyst, mg (X1) 100 200 300

Total pressure of feed, atm (X2)* 1.4 2.7 4.1

Sacrificial agent (X3) H2O MeCN Methanol
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Totally 39 experiments with three main factors were performed. The complete

experimental design matrix and the responses based on experiments proposed by

CCD for photoreduction of CO2 are given in Table 2. The following second-order

(quadratic) polynomial response equation was used to correlate the dependent and

independent variables:

Yð%Þ ¼ b0 þ
X

i

bixi þ
X

i

X

j

bijxixj þ
X

i

biix
2
i ð2Þ

Where Y is the response variable of conversion efficiency, b0 is the constant

coefficient, bi;bii and bij present the regression coefficients for linear, quadratic

effects and the coefficients of the interaction parameters, respectively, and xi are the

independent variables studied.

Analysis of variance (ANOVA) for final predictive equation was used to obtain

the interaction between the process variables and the responses. The quality of the

fit second-order polynomial equation was expressed by the correlation coefficient

(R2) and its statistical significance was determined by the Fisher’s F-test in the same

program. The model’s terms were evaluated according to p-value (probability).

Three-dimensional plots and their respective contour plots were obtained for CO2

photoreduction conversion based on the effect of the three independent variables

(catalyst amount, pressure and sacrificial agent) at three levels. Moreover, the

optimum region was recognized based on the main parameters in the desirability

plot.

Results and discussion

Catalyst characterization

XRD analysis was used to investigate the crystal structure of the as-prepared

samples. As shown in Fig. 1a, all diffraction peaks for Al/PMOF are indexed to an

orthorhombic structure with Cmmm symmetry. The cell parameters have been

known with a = 31.978 Å, b = 6.5812 Å and c = 16.862 Å. As a result, the main

peaks obtained at 2h = 7.43� and 13.67� could be indexed as the (201) and (110)

reflections, respectively. In Al/PMOF, each oxygen in the carboxylate group is

coordinated with one Al3?, the aluminum coordination consists of four carboxylate-

derived oxygen atoms in the equatorial plane and two l2 axial OH- bridging

adjacent Al3? centers to form an infinite Al(OH)O4 chain which is a common motif

for M3? frameworks with carboxylate ligands (Fig. 1b) [37, 38]. According to all

diffraction peaks for Al/PMOF and Co/PMOF no impurity peaks are observed,

Fig. 1a. The relatively strong diffraction intensity demonstrates good crystallinity of

both MOF structures.

Fig. 2 demonstrates the nitrogen adsorption–desorption isotherms measured at

liquid nitrogen temperature. Both Al/POMF and Co/PMOF exhibit a typical II N2

adsorption isotherm which is observed in nanoporous or macropores materials or

open voids [38]. The BET surface areas were 1142 and 957 cm2/g for Al/PMOF and
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Table 2 Experimental design matrix and experimental results with predicted values

Run Point type Independent variables Photoconversion (%)

Catalyst amount (mg) Pressure (atm) Sacrificial agent Observed Predicted

1 Axial 200 1.4 MeCN 9.70 10.10

2 Axial 200 1.4 Methanol 10.50 10.15

3 Center 200 2.7 MeCN 6.30 6.17

4 Fact 300 4.1 MeCN 1.20 1.40

5 Axial 300 2.7 MeCN 6.30 5.97

6 Axial 200 4.1 MeCN 2.05 2.23

7 Fact 100 1.4 MeCN 8.60 8.59

8 Fact 100 4.1 Methanol 3.90 2.71

9 Center 200 2.7 H2O 5.20 4.93

10 Fact 100 1.4 Methanol 9.40 8.64

11 Axial 200 4.1 Methanol 3.00 2.86

12 Center 200 2.7 MeCN 6.80 6.17

13 Center 200 2.7 H2O 6.10 4.93

14 Axial 100 2.7 Methanol 5.10 5.67

15 Fact 100 4.1 H2O 5.09 5.44

16 Fact 300 4.1 H2O 4.10 4.71

17 Axial 100 2.7 H2O 3.97 4.11

18 Fact 300 1.4 H2O 4.30 4.79

19 Axial 100 2.7 MeCN 4.64 5.34

20 Center 200 2.7 Methanol 6.37 6.50

21 Center 200 2.7 H2O 4.60 4.93

22 Center 200 2.7 Methanol 5.30 6.50

23 Fact 300 1.4 MeCN 10.35 10.58

24 Axial 300 2.7 H2O 5.40 4.74

25 Center 200 2.7 MeCN 7.27 6.16

26 Fact 100 1.4 H2O 2.88 2.78

27 Center 200 2.7 Methanol 6.20 6.50

28 Center 200 2.7 H2O 5.04 4.93

29 Fact 100 4.1 MeCN 1.80 2.08

30 Center 200 2.7 Methanol 5.90 6.50

31 Axial 200 1.4 H2O 3.80 4.28

32 Axial 200 4.1 H2O 5.70 5.59

33 Fact 300 4.1 Methanol 2.17 1.99

34 Fact 300 1.4 Methanol 11.02 10.62

35 Center 200 2.7 H2O 4.92 4.93

36 Center 200 2.7 Methanol 6.40 6.50

37 Center 200 2.7 MeCN 6.00 6.16

38 Axial 300 2.7 Methanol 6.20 6.31

39 Center 200 2.7 MeCN 6.03 6.16
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Co/POMF, respectively. The pore volume is 0.606 and 0.348 cm3/g for Al/PMOF

and Co/PMOF, respectively.

The morphology of the Al/PMOF and Co/PMOF were examined by SEM. As can

be seen in Fig. S1 (supplementary material), the both Al/PMOF and Co/PMOF are

composed by nanoplates. EDX analyses were done and confirmed the presence of

the Al in Al/PMOF and Co in Co/PMOF structures. In Fig. S2 (supplementary

material), the EDX patterns show a clear signal of the Al and Co which indicate Al

and Co were successfully incorporated into the Al/PMOF and Co/PMOF

frameworks, respectively.

5 10 15 20 25

In
te

ns
ity

2θ

Co/PMOF

Al/PMOF

(b)

(a)

Fig. 1 a XRD patterns of Al/PMOF and Co/PMOF, b structure of Al/PMOF. Atoms are colored as
follows: dark grey Al, light grey C, dark black N, and light black O
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The FTIR spectra of TCPP, Co/POMF, and Al/PMOF were shown in Fig. S3

(supplementary material). The typical symmetric and asymmetric stretching bands

in the range of the 700–1700 cm-1 are assigned to the pyrrole ring of m (N–H), (C–

H), (C=C) and (C=N) of TCPP ligand. The band appeared about 3400 cm-1 in all

three structures is related to the OH vibration of adsorbed water. The FTIR spectra

show bands at 1715 and 1179 cm-1 which are due to m (C=O) stretch and m (C–O)

stretch of the carboxylic acid groups, respectively. The band appearing at

1500 cm-1 is assigned to the m (C=C) stretching vibration in pyrrole ring. It is

noticeable that the N–H vibration at 962 cm-1 is disappeared and the new peak at

1008 and 1002 cm-1 is appeared in the FTIR spectra of Co/POMF and Al/PMOF,

respectively. It is due to the replacement of hydrogen by metal cation [1, 39–42].

The UV–Vis spectra of TCPP, Co/PMOF, and Al/PMOF are demonstrated in the

Fig. 3. A typical strong Soret band with kmax at 418, 424 and 420 nm is shown for

TCPP, Co/PMOF, and Al/PMOF, respectively. Due to the metal (Co, Al) insertion

in the TCPP structure, a slight shift in the soret band is observed. Furthermore, two

weak split Q bands with kmax at 515 and 553 nm can see for TCPP, respectively.

Similar results were reported in the previous studies [37, 39]. The diffuse reflectance

UV–Vis spectra of the Al/PMOF and Co/PMOF powders were measured to

calculate the band gap energy. Band gap energy was estimated through Tauc

relation:

ahmð Þn¼ B hm� Eg

� �
ð3Þ

where ht is the photon energy, a is the absorption coefficient, B is a proportionality

0
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3 /g
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Co/PMOF

Al/PMOF

Fig. 2 N2 adsorption–desorption isotherms of Al/PMOF and Co/PMOF
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constant, Eg is the band gap energy, and the exponent n is a value that depends on

the nature of the transition (2 for a direct allowed transition, 2/3 for direct forbidden

transition and 1/2 for indirect allowed transition). MOFs display direct band tran-

sition, therefore n=2 [43, 44]. From Tauc plots, Fig. S4 (a) and (b) (supplementary

material), the band gaps of Co/PMOF and Al/PMOF are estimated to be 1.92 and

1.89 eV, respectively.

Photoreactor tests

One of the purposes of the current study was to determine the best M/PMOF with

desirable properties in CO2 photoreduction process. In this respect, the photolu-

minescent properties and photoreactor tests of the three photocatalysts, Zn/PMOF

[1], Al/PMOF and Co/PMOF, were investigated.

The photoluminescent properties of Zn/PMOF, Al/PMOF, and Co/PMOF were

investigated with an excitation wavelength 420 nm. The emission peaks of

photocatalysts are illustrated in Fig. 4. Zn/PMOF exhibits an intense emission

between 600 and 730 nm with kmax at 647 nm. The photoluminescent of Co/PMOF

was slightly quenched. Also, the emission intensity of Al/PMOF was quenched by

ca. 70%, indicating that lifetime of photogenerated charge carriers in Al/PMOF is

longer than those of Zn/PMOF and Co/PMOF. In other words, it implies that the

photogenerated charge carries can be separated efficiently due to the TCPP excited

electron transferring to the conduction band of metal, the mechanism of CO2

photoreduction over M/PMOF discussed in our previous work [1]. Also, this

behavior can be validated by photoreactor tests illustrated in Fig. 5.

It should be noted that as the different sacrificial agents, such as H2O, methanol

and MeCN, are utilized for process optimization (discussed in the following section)

and potentially can produce different product(s). For instance, for sacrificial water,

it seems methane is the main product and also CO and CH3OH can produce

[1, 45–49]. As another example, for sacrificial methanol, HCOOH and HCHO are

expected to be the main products of CO2 reduction. It is also plausible that by

proceeding the reaction over the time, some of these carbonyl compounds

300 400 500 600 700

In
te

ns
ity

 (a
.u

.)

TCPP
Al/PMOF
Co/PMOF

Wavelength (nm)

Fig. 3 UV–Vis spectra of TCPP, Al/PMOF and Co/PMOF in DMF solution
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mineralized into CO2 and H2O; and also CO2 may undergo methanation by the

excited electrons [45, 50, 51]. Consequently, due to the wide variety of the

producible products, the CO2 conversion was selected as an evaluation measure in

the current study.

Fig. 5 demonstrated the photoconversion of CO2 under UV/Visible light in the

presence of water vapor as electron donor after 4 h. The reaction condition is similar

to our previous study [1], 0.3 g of photocatalyst was loaded into the reactor and the

pressure of the CO2 was 1.4 atm. As it can be seen, the CO2 photoconversion

obtained by Al/PMOF is 4.3%. Using Zn/PMOF and Co/PMOF as a photocatalyst

under similar reaction conditions gave 1.3 and 1.8%, respectively. It can be

concluded that the conversion yield obtained by Al/PMOF is about 3.3 and 2.4 times

greater than the Zn/PMOF and Co/PMOF, respectively. Overall, the results of these

investigations show that Al/PMOF is the best photocatalyst with high CO2

photoreduction conversion.

550 600 650 700 750 800

In
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.u

.)

Wavelenght (nm)

Co/PMOF

Al/PMOF

Zn/PMOF

Fig. 4 Photoluminescence spectra of Zn/PMOF, Al/PMOF and Co/PMOF in DMF solution
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Fig. 5 Comparison of the CO2 photoconversion over Zn/PMOF [1], Al/PMOF and Co/PMOF
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In the following, the operating parameters (amount of the catalyst, total pressure

of feed and sacrificial agent) are optimized to obtain high CO2 photoreduction

conversion over Al/PMOF.

Model fitting and statistical analysis

After fitting the obtained data for each parameter of the full second-order model

(model containing all two parameter interactions), ANOVA for the model was

carried out and the full second-order model significance was examined. Forasmuch

as the full second-order model was not fulfilled the determined conditions, it was

improved by elimination of model terms.

While using the obtained results, an empirical relationship between the CO2

photoconversion, response, and the process variables, independent variables, was

achieved and expressed by the following second-order polynomial equations for

each sacrificial agent:

For H2O:

% Photoconversion

¼ �1:811 þ 0:037273 � catal:amount þ 1:48395

� pressure � 5:00617 � 10�3 � catal:amount � pressure

� 5:09048 � 10�5 � catal:amount2

ð4Þ

For MeCN:

% Photoconversion

¼ þ 8:75497 þ 0:037273 � catal:amount � 1:91235

� pressure � 5:00617 � 10�3 � catal:amount � pressure

� 5:09048 � 10�5 � catal:amount2

ð5Þ

For methanol:

%Photoconversion

¼ þ 8:50083 þ 0:037273 � catal:amount � 1:6963

� pressure � 5:00617 � 10�3 � catal:amount � pressure

� 5:09048 � 10�5 � catal:amount2

ð6Þ

From the ANOVA of the reduced quadratic model (Table 3), the F value for the

model is 74.42, which implies that the model is significant. There is only a 0.01%

chance that the ‘‘model F value’’ could occur due to noise. Furthermore, the model

p-value is\ 0.0001, indicating that the model is significant. In this study, the

independent variables, including the pressure (X2), sacrificial agent (X3) and

interactions between pressure and sacrificial agent (X2X3) are highly significant

parameters with p\ 0.0001. Moreover, the catalyst amount (X1), interactions

between catalyst amount and pressure (X1X2) and the second-order effect of catalyst

amount (X2
1) are significant at p\ 0.05. On the other hand, lack of fit of the model is

not significant.
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The important part of the data analysis procedure is the model validity checking.

The residual plots were examined by the proposed model. Residuals are the

difference between experimental values and the calculated values for each point by

the model. Residuals demonstrate how well the model satisfies the assumptions of

the ANOVA by detecting some outliers among total data [9, 52, 53]. The normal

probability versus studentized residuals plot for CO2 photoconversion is shown in

Fig. S5a (supplementary material). The results in Fig. S5a (supplementary material)

indicate the points fall near a straight line which means the residuals follow a

normal distribution. Furthermore, the S-shaped curve was not formed in Fig. S5a

(supplementary material), indicating that no response transformation was required

and also there was not an apparent problem with normality. The plot of studentized

residuals versus predicted responses is shown in Fig. S5b (supplementary material).

All points of experimental runs are dispersed randomly above and below the

horizontal lines between ± 3, which confirm the adequacy of the proposed model

and also the constant variance assumption was verified [54]. The ‘‘pred R-squared’’’’

of 0.9141 is in reasonable agreement with the ‘‘adj R-squared’’ of 0.9392 that

confirm good predictability of the model. The accuracy of the model is

demonstrated in Fig. S5c (supplementary material), which compares the actual

(measured) values against the predicted responses of the model for the CO2

photoreduction conversion. As observed in Fig. S5c (supplementary material), there

are tendencies in the linear regression fit, and the model could be used in the

experimental range of studied adequately. The fitted regression equation presented a

good fit of the model. Also, the experimental results and the predicted values

obtained from the models (Eqs. (4–6)) are presented in Table 2. These results

demonstrated good agreements between the experimental and predicted values of

CO2 photoconversion with R2 = 0.9520. The correlation coefficient (R2) implies

that 95.20% of the variations for percent CO2 photoconversion are explained by the

Table 3 ANOVA results for the response surface reduced quadratic model

Source Sum of

squares

Freedom

degree

Mean

square

F-

value

p-value

Model 202.39 8 25.30 74.42 \ 0.0001 Significant

X1 -catalyst

amount

1.78 1 1.78 5.23 0.0295

X2-pressure 95.80 1 95.80 281.80 \ 0.0001

X3-sacrificial

agent

17.63 2 8.82 25.94 \ 0.0001

X1 X2 5.50 1 5.50 16.18 0.0004

X2 X3 79.17 2 39.58 116.44 \ 0.0001

X2
1

2.51 1 2.51 7.39 0.0108

Residual 10.20 30 0.34

Lack of fit 6.91 18 0.38 1.40 0.2798 Not

significant

Pure error 3.29 12 0.27
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independent variables, in other words, this means that the model does not explain

only 4.80% of the variation.

Process optimization and model verification

In this study three-dimensional (3D) and contour (2D) plots were utilized to

demonstrate the effect of the one factor on the response value at different levels of

other factors. Notably, the 3D plots were obtained based on the proposed model and

widely used to realize the interactions between variables within the range

considered [54, 55].

Since there was 1 categorical factor (X3) in the experimental design, 3 plots can

be determined for each level (H2O, MeCN, and methanol). Effects of the interaction

between pressure and catalyst amount on the photoreduction conversion of CO2 are

shown in Fig. 6, also, Fig. S6 (supplementary material).

Fig. 6a shows the effects of the pressure and catalyst amount on the CO2

photoconversion for H2O as a sacrificial agent. As can be seen from Fig. 6a, the

CO2 photoconversion percentage increases with increasing pressure. On the other

hand, the CO2 photoconversion decreases with increasing the catalyst amount at the

high pressure, 4.1 atm. The influence of pressure on the photoconversion of CO2 is

significant for MeCN as shown in Fig. 6b. Surprisingly, the photoconversion

percentage of CO2 decreases drastically as the pressure increases. It is difficult to

explain this result, but it might be related to the deactivation of the photocatalyst

surface. There is the tendency toward the accumulation of reaction products on the

photocatalyst surface which also resulted in the photocatalyst deactivation after 4 h

as reported and discussed in previous studies [1, 2, 5, 56, 57]. Also, this result may

be explained by the Le Chatelier&s principle. According to this principle, with

increasing the system pressure, the reaction favors in the reverse order, and

conversion of products to reactants [2, 58, 59]. At low pressure, the CO2

photoconversion increasing proportionally to the catalyst amount, as expected,

confirming the positive influence of the catalyst amount on photocatalytic

performance. At high pressure, a slight decrease in CO2 photoconversion was

observed with increasing catalyst amount (from 200 to 300 mg). Similar results

were observed for methanol as shown in Fig. 6c.

The main purpose of the experimental design is the optimization of the process

which is lead to saving effort, time and process costs that are desirable from

industrial standpoint. The program uses several possible goals to conduct

desirability indices: maximize, minimize, target, within range, none (for response

only) and set to an exact value (factors only). The numerical optimization seeks to

maximize the desirability function. Simply put, desirability is an objective function,

which ranges from zero outside of the limits to one at the goal, to find the optimum

condition [53–55]. In this research, the goal was to reach maximum CO2

photoconversion. So, all three variables were set at ‘‘within range’’ and the

‘‘maximum value’’ was selected for the response, as shown in Table 4. The result of

the optimization is presented in Table 5. From Table 5, the result of the desirability

showed that the proposed model equations could adequately be used to describe the

CO2 photoconversion. According to the possible reasons discussed above and also
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shown in Table 5, the optimum pressure 1.4 atm was found to be having the highest

efficiency under the studied experimental conditions. Also, as shown in Table 5 the

best sacrificial agent is methanol. This result can be explained by the fact that the

pKa value of methanol, water and MeCN are 15.5, 15.7 and 25, respectively

[60, 61]. It is worthy to note that pKa values are a convenient way to compare acid

strengths, base strengths, Gibbs free energy changes, etc. The low pKa values point

to stronger acids while high pKa values indicate weak acids [62, 63]. So, it can be

concluded that methanol has the lowest pKa, so it is more acidity than the other

sacrificial agents (MeCN and water).

Besides this matter, for methanol and methoxide anion, the primary interaction (I,

Fig. 7) takes place between a filled lone-pair orbital (n) on oxygen and an
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Fig. 6 The response surface and contour plots of CO2 photoconversion (%) over Al/PMOF as the
function of pressure (atm) and catalyst amount (mg) for a H2O, bMeCN and c Methanol as a sacrificial
agent
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unoccupied p�Me orbital of the methyl group leading to a two-electron stabilizing

effect. Deprotonation of OH (giving rise to O-) results in an increase in the energy

of the n orbitals on oxygen and a declined energy separation between the interacting

orbitals n and p�Me and thus a greater stabilizing interaction (II, Fig. 7). Therefore

methyl is more effective in stabilizing the OH- anion in comparison with the neutral

water molecule, and as a result, methanol is more acidic (in the gas phase) than

water [64].

In order to validate the optimum point generated by CCD, an experimental run

was performed at the optimum conditions. As shown in Table 5, the experimental

value (CO2 photoconversion: 10.98%) was found to be in good agreement with the

predicted value (CO2 photoconversion: 10.63%). Furthermore, two blank tests were

performed: (1) empty reactor (2) catalyst loaded in the reactor in the dark, under

same experimental condition. No Co2 conversion was observed in blank tests. For

case (1) no matter the light was on or off. These blank tests prove that the

conversion only occurred when catalyst present together with light irradiation. In

other words, it can be concluded that the reaction is photocatalytic. Also, The TiO2

was applied as photocatalyst at the optimum condition for photocatalytic reduction

Table 4 Optimization of the individual responses (di) to obtain the overall desirability response (D)

Name Goal Lower

limit

Upper

limit

Lower

weight

Upper

weight

Importance

Catal. amount In the

range

100 300 1 1 3

Pressure In the

range

1.4 4.1 1 1 3

Solvent In the

range

H2O Methanol 1 1 3

Photoconversion Maximize 1.2 11.02 1 1 3

Table 5 Comparison between optimized CO2 photoconversion calculated from central composite design

and experimental study

Catalyst

amount

(mg)

Pressure

(atm)

Sacrificial

agent

Photoconversion

(%)

Desirability

Optimized CO2 photoconversion

calculated from CCD

(predicted value)

297.24 1.4 Methanol 10.63 0.96

Confirmation study of optimized

CO2 photoconversion

(experimental value)

297 1.4 Methanol 10.98

Error %ð Þ ¼ Experimental value�Predicted value
Experimental value

� 100 3.18
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of CO2. After 4 h illumination, the obtained CO2 photoconversion was 3.4% where

is about 3.3 times less than Al/PMOF. Based on the results, it can conclude that Al/

PMOF demonstrates the superiority photocatalytic activity toward CO2

photoreduction.

Conclusion

The photocatalytic reduction of CO2 over M/PMOF under UV/Visible light

irradiation was investigated and optimized in this study. In this respect, at first, three

different metals (Zn, Al and Co) were used to prepare M/PMOF. According to their

photoluminescent properties and photoreactor tests, it was found that Al/PMOF has

high CO2 photoreduction conversion among other two metals (Zn and Co). The

second aim of this study was to optimize the operating conditions which mainly

influence the photocatalytic reduction of CO2 as the crucial factor in this process

commercialization. Since different employed solvents were used for process

optimization and wide variety of different products may be produced, only on the

CO2 photoconversion was selected as an evaluation measure of the process.

Analysis of variance results for the reduced quadratic model demonstrated a high

Fig. 7 Energy diagram demonstrating the interaction of pMe and p�Me orbitals of methyl with a lone-pair

orbital (n) of the OH and O- groups
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coefficient determination (R2 = 0.9520 and Adj-R2 = 0.9392), thus ensuring a

satisfactory adjustment of the second-order regression model with the experimental

data. Optimizing experimental conditions showed that the maximum photoconver-

sion of CO2 was achieved in catalyst amount of 297.24 mg, total feed pressure of

1.4 atm and methanol as a sacrificial agent. Under optimized condition, the

experimentally measured value of CO2 photocatalytic reduction was in good

agreement with the predicted value implied that the optimization using RSM based

on central composite design can save time and effort by the estimation of the

optimum conditions of the maximum photoreduction conversion of CO2.
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