Applied Nanoscience (2019) 9:209-224
https://doi.org/10.1007/5s13204-018-0920-8

ORIGINAL ARTICLE

@ CrossMark

Optimization of the controllable crystal size of iron/zeolite
nanocomposites using a Box—-Behnken design and their catalytic
activity

Nurazni Amat Bahari' - Wan Nor Roslam Wan Isahak’?® - Mohd Shahbudin Masdar'? - Muneer M. Ba-Abbad?

Received: 24 August 2018 / Accepted: 26 November 2018 / Published online: 3 December 2018
© King Abdulaziz City for Science and Technology 2018

Abstract

Experimental conditions for the synthesis of an iron nanoparticle (NPs)—zeolite composite (hereinafter denoted as Fe/zeolite
NPs) via sol-gel method were optimized using a Box—Behnken design to produce a high formic acid yield. The effects of
various parameters, including weight ratio of starting materials (Fe and zeolite), volume of polyethylene glycol (PEG) as
a surfactant, and calcination temperature, on controllable crystallite size, and the relationship between crystallite size and
formic acid yield were studied. The crystal size, as the main parameter indicating formic acid yield, of Fe NPs was evaluated
through polynomial regression. Results revealed that the optimum conditions for producing small Fe NPs based on the model
were obtained at a weight ratio of Fe to zeolite of 62.5%, a PEG volume of 2 mL, and a calcination temperature of 500 °C.
The experimental results (52.02 nm) versus the predicted results (58.30 nm) of the crystal size of Fe NPs under the optimum
synthesis conditions were similar. Furthermore, 62.5% Fe/zeolite NPs with a crystal size of 52.02 nm produced the highest
formic acid concentration from CO, hydrogenation. Conversely, 100% Fe/zeolite NPs had a smaller crystal size but exhibited
a remarkably lower reaction performance. This high ratio of Fe and zeolite contributed to the increased agglomeration of Fe
particles. The zeolite surface became fully covered and subsequently reduced the reactant interaction on catalyst surfaces.
Highlights:

e Fe-zeolite nanocomposite was optimized using a Box— e The effect of calcination plays an important role on crys-
Behnken design. tal and particle size.

e The polynomial regression model showed the optimum e The influence of NP crystallite size was evaluated in
nanoparticle (NP) crystal size of 52.02 nm. terms of formic acid production.

e Synthesis parameters significantly affected catalyst mor-
phology and crystal.
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Synthesized a-Fe,O; materials are widely used in industrial
and commercial applications, such as medicines (Gupta and
Gupta 2005), Li-ion batteries (Zhang et al. 2010), anticorrosive
agents (Palimi et al. 2015), adsorbent materials (Li et al. 2017,
Hakim et al. 2016), gas sensors (Jadhav et al. 2013), chemical
sensors (Umar et al. 2013), photocatalysts (Alagiri and Abd
Hamid 2014; Ba-Abbad et al. 2016), and catalysts (Liu et al.
2007). Several methods, such as hydrothermal process (Zhang
et al. 2012; Xu et al. 2011; Wang et al. 2009), direct thermal
decomposition (Darezereshki et al. 2012), spin-coating tech-
nique (Navale et al. 2013), sol—gel (Alagiri and Abdul Hamid
2015; Liang et al. 2015), electrochemical anodization (Xie
et al. 2014; Latempa et al. 2009), coprecipitation (Jacob and
Khadar 2010; Lassoued et al. 2017), laser deposition technique
(Thai et al. 2014), microwave synthesis (Hu et al. 2011), and
microemulsion (Han et al. 2011), can be used to synthesize
a-Fe,05;. In the present study, we modified and synthesized the
composite of Fe/zeolite NPs via sol-gel method in the pres-
ence of polyethylene glycol (PEG) and oxalic acid. Sol-gel
method is a simple and fast procedure that can be used in large-
scale applications (Abdul Rahman et al. 2012).

Response surface methodology (RSM) is a combina-
tion of mathematical and statistical techniques with few
experimental trials. RSM is used to design experiments
and build models by setting various parameters to identify
the optimum conditions for the desired responses (Pasma
et al. 2013). RSM is extensively used in numerous fields,
such as food science (Danbaba et al. 2015; Park et al. 2014),
biotechnology (Singh and Sharma 2012), ester production
(Mohamad Aziz et al. 2014), metal removal (Sharma et al.
2009), material development (Srikanth et al. 2016), leachate
treatment (Abu Amr et al. 2014), color removal (Alkhatib
et al. 2015), and bioprocessing (Pasma et al. 2013). Nev-
ertheless, optimized parameters involved in Fe/zeolite NPs
synthesis via sol-gel method based on a Box-Behnken
design have yet to be used. Using Box—Behnken design
can reduce the total number of runs, directly save time, and
minimize the use of chemical substances. A Box—Behnken
design can also decrease the entire cost and be used for a
large number of factors in a single process (Jafarzadeh et al.
2011; Ba-Abbad et al. 2015). Therefore, Box—Behnken
design and Doehlert matrix are slightly more efficient than
central composite designs but are more efficient than three-
level full factorial designs (Ferreira et al. 2007).

CO, concentration in the atmosphere increases with time
and contributes to major problems, such as global warming,
open burning, emission from vehicles, and industrial activity.
To reduce CO, concentration, researchers extensively studied
CO, hydrogenation in the presence of heterogeneous (Chiang
et al. 2017) or homogeneous (Schneidewind et al. 2017) cata-
lysts. Capturing and utilizing CO, into valuable products can
be applied to decrease the CO, concentration in the atmos-
phere (Wan Isahak et al. 2015). An effective catalyst must be
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used in reactions because CO, is extremely thermodynamically
stable for chemical transformation (Chiang et al. 2017). The
application of a heterogeneous catalyst in CO, hydrogenation
can play an important role and provide several advantages.

In this study, the conditions of Fe/zeolite nanocom-
posites as catalysts for the hydrogenation of CO, into for-
mic acid were successfully synthesized and optimized. A
Box-Behnken design was applied to optimize the proper-
ties (crystallite size) and to obtain the Fe/zeolite NPs using
the optimum conditions. The effects and relationship of
the synthesized parameters, such as weight ratio, volume
of surfactant, and calcined temperature, were investigated,
and the effect of crystal size on formic acid production was
examined. Catalytic activity increases as the crystallite size
decreases because of an increase in surface area (Carter et al.
1966). The amount of metal loading also affects the crystal-
lite size, and an increased consumption of metal loading
decreases the crystallite size (Bueno-Ferrer et al. 2010).

Materials and methods
Experimental
Preparation of a-Fe,0; and composite Fe/zeolite NPs

a-Fe,O; NPs were prepared via sol-gel method using Fe(III)
nitrate nonahydrate (R&M Chemical), oxalic acid dihydrate
(R&M Chemical), PEG 2000 (Merck), and absolute ethanol
(HmbG Chemicals) as starting materials without any further
purification. Fe(III) nitrate, as a reactant, was dissolved in
absolute ethanol in a beaker and stirred with a magnetic stir-
rer at 60+ 5 °C for 10 min. Then, small drops of PEG were
added. Last, oxalic acid solution was slowly added to the
mixture until its color changed to greenish, and the resulting
mixture was stirred continuously for 30 min. Afterward, the
solution was dried overnight in an oven at 105 °C. Then,
further calcination at 400 °C was performed for 2 h.
Fe/zeolite was prepared via sol-gel method using the same
materials as listed above, but zeolite 13X was added instead
of oxalic acid solution (Fluka BioChemika). Absolute etha-
nol was added in a beaker containing zeolite as a reactant
by stirring with a magnetic stirrer at 60 +5 °C for 10 min.
Then, Fe(II) nitrate Fe(NO5);-9H,0 was slowly added, and
the resulting solution was continuously stirred for 10 min.
Next, PEG was added dropwise. Oxalic acid with absolute
ethanol was heated in another beaker by stirring with a mag-
netic stirrer until the solution became clear. Subsequently, gel
was formed under vigorous magnetic conditions when oxalic
acid solution was added to the previous beaker and stirred for
30 min. Afterward, the produced gel was dried overnight at
105 °C. Finally, brown powder was calcined using various
selective temperatures for 2 h. Numerous process parameters,
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such as weight ratio of a metal to a support material, PEG
volume, and calcined temperature, were optimized. The
parameters were selected on the basis of their effect on crys-
tal size formation. A previous research showed that the ratio
of a metal to a support can increase or decrease reactions
(Diez-Ramirez et al. 2017), and PEG addition can control
crystal size and improve particle morphology (Razavian et al.
2014). Moreover, the most important parameter is calcina-
tion temperature because it can increase the crystallinity of
materials and remove any impurities present on the surface
(Sifontes et al. 2013)(Xu et al. 2017).

CO, hydrogenation reaction

The activity and selectivity of the prepared Fe/zeolite NP
catalyst for CO, hydrogenation were demonstrated in an
autoclave reactor using 1,4-dioxane (Fisher Chemical), CO,
(compressed, NIG Gases Sdn. Bhd.), and H, (compressed,
purified gas from Linde Malaysia Sdn. Bhd.) without fur-
ther purification. The reactor consisting of a stainless steel
chamber (~ 12.3 cm in length and 6.5 cm in internal diameter)
was placed in an electrically heated oven. The amount of Fe/
zeolite NP catalyst in the experiments was constant at 0.2 g.
Afterward, 35 mL of 1,4-dioxane was used as a solvent for

Afterward, the reactor was left overnight to cool down to
room temperature, and the pressure was slowly released. The
concentration of the generated formic acid was analyzed using
high-performance liquid chromatography (HPLC). The exper-
imental setup for the reaction is illustrated in Fig. 1.

Orthogonal array and characterization methods

In this research, the weight ratio of Fe(III) nitrate (nonahy-
drate) to zeolite 13X (mass Fe(NO;);-9H,0:mass zeolite)
was diversified within the range of 25-100% at a constant
zeolite mass of 2 g. PEG volume varied from 1 to 3 mL, and
the calcined temperature varied from 400 to 600 °C. Their
respective levels set to ensure the optimum conditions by
applying all independent variable parameters are shown in
Table 1. The crystal sizes and structures of Fe NPs and zeo-
lite were analyzed using X-ray diffractometer (XRD, Bruker
D8 Advance) with a CuKa radiation of 1.5046 A in the 20
scan ranging from 5° to 80°. The sizes and shapes of NPs

Table 1 Parameter and level for Box—Behnken design

Independent variable parameters Units Factor X; Range and level

-1 0 +1

the reactions, and H, flushing was performed for 1 min to
remove air. Then, CO, and H, gases were filled to the desired ~ Weight ratio % X, 25 62.5 100
pressure of 35 bar (initial pressure) at aratio of 1:3 and heated ~ The volume of PEG mL X, 12 3
to 130 °C. The mixture was stirred under these conditions for ~ Calcined temperature °C X, 400 500 600
6 h, which was the reaction time for all of the experiments.
Power Supply
% Rotation and Temperature Controller
CO,
Gas
D Venting Valve
u Valve I—M—
— '
1

Co, H,

Stirrer Thermometer

ON ‘ OFF ON ‘OFF

Gas Controller

Fig. 1 Experimental setup for CO, hydrogenation into formic acid

Autoclave Reactor
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and Fe/zeolite nanocomposites were evaluated using a trans-
mission electron microscope (TEM, Philip TEMCM12).

Experimental design and optimization

All of the prepared experiment designs for Fe/zeolite NPs
were accomplished on the basis of the Box—Behnken design.
In particular, the Box—Behnken design consisting of 17
experimental runs was used to determine the effects of each
independent variable on the crystal size of Fe NPs. The inde-
pendent variables, namely X, X,, and Xj, represented the
weight ratio [mass Fe(IIl) nitrate:mass zeolite], PEG vol-
ume (mL), and calcination temperature (°C), respectively.
To specify all of the independent variables, we applied low
and high values (Table 1). To predict the optimum point, we
used either a linear model or a quadratic model to correlate
the relationship between independent variables and response
(i.e., crystal size of Fe). The equation for three factors is
indicated below:

Y =, + Bix; + Brxy + P3xz + Proxi Xy + fi3xix;
2 2 2
+ BrsxpXy + Brixy + PXs + P33y, (1)

where Y is the predicted response; f, is the model’s con-
stant; x,, x,, and x5 are the independent variables; xlz, xzz,
and x;” are the square effects; x,x,, x,x;, and x,x; are the
interaction effects; f,, f#,, and f; are the linear coefficients;
Bi2s P13, and B3 are the interaction regression coefficients;
and B, . and B;; are the quadratic coefficients. The

correlation of fitness for the regression model was expressed
by the coefficient of determination of the normal regression
(R?) and adjusted regression (Ri dj).

Results and discussion

To study the effect of the relationships between the inde-
pendent variables on the crystal size of Fe/zeolite NPs
through RSM based on a Box—Behnken design, several
steps involved in the optimization of the design process
were used, which completed the statistically designed
experiment. ANOVA could explain the effects of interac-
tions as shown in the experimental runs, and the adequacy
of the model could be checked using a diagnostic graph.
Last, responses should be predicted, and the model should
be verified by testing the optimum experimental condition
in accordance with the methods described by Zhang and
Zheng (2009).

Model fitting of Box-Behnken design

The best model equation was obtained through the poly-
nomial regression modeling that was operated among the
response variables with the corresponding coded values of
the three different variables (Singh et al. 2011). In the RSM
involving the Box—Behnken design, 17 sets of experiments
were carried out for the three selected factors with three
levels. All of the responses of this design were generated

Table 2 Experimentql runs Std  Run  Coded variables Real variables Crystal size (nm)

of Box—Behnken design

and response for Fe/zeolite X X, X3 Weight Volume of  Calcination Experimental ~ Predicted

nanoparticle production ratio (X;) PEG (X,) temperature

X3)

1 15 -1 -1 0 25 1 500 72.88 73.70
2 4 1 -1 0 100 1 500 43.24 44.77
3 11 -1 1 0 25 3 500 74.29 72.76
4 3 1 1 0 100 3 500 4521 44.39
5 6 -1 0 -1 25 2 400 85.17 84.34
6 13 1 0 -1 100 2 400 41.18 39.64
7 5 -1 0 1 25 2 600 56.28 57.82
8 7 1 0 1 100 2 600 44.39 45.22
9 2 0 -1 -1 625 1 400 61.53 61.54
10 14 0 1 -1 625 3 400 57.96 60.31
11 10 0 -1 1 62.5 1 600 52.84 50.49
12 17 0 1 1 62.5 3 600 50.42 50.41
13 9 0 0 0 62.5 2 500 52.02 58.30
14 16 0 0 0 62.5 2 500 59.01 58.30
15 1 0 0 0 62.5 2 500 63.98 58.30
16 12 0 0 0 62.5 2 500 61.04 58.30
17 8 0 0 0 62.5 2 500 55.43 58.30
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by each experiment, and the predicted values are listed in
Table 2. The quadratic polynomial model was used to inves-
tigate the effect of independent variables on the size of Fe/
zeolite nanocomposite as given by

Y = 58.30 — 14.32x, — 0.33x, — 5.24x; + 0.14x,x,

+ 8.03x,x3 + 0.29x,x3 + 0.84x7 — 0.23x; — 2.38x3.

@)

Sen and Swaminathan (2004) considered the importance
of testing the significance and adequacy of the model
through ANOVA. The ANOVA results of the quadratic
model are shown in Table 3. Segurola et al. (1999) showed
that a model is statistically significant when P values are
lower than 0.05. Conversely, when P values are greater than
0.1000, a model is insignificant. In our study, the model was
significant because it had P and F values of 0.0009 and
15.03 (Table 3), respectively. The model also revealed that
X, X3, and X5 were significant (P <0.0001, P <0.0075, and
P <0.0050, respectively), with an adequate precision value
of 14.630. Adequate precision measures the signal-to-noise
ratio, and a ratio greater than 4 is desirable, indicating an
adequate signal (Kayan and G6zmen 2012). Furthermore,
the lack of fit (F value of 0.35) suggested that the lack of fit
was insignificantly related to the pure error and benefited the
model as reported previously (Zhang and Zheng 2009). The
model yielded an R? of 0.9508 and an (Ridj) of 0.8875, con-

firming that the relationship between the regression model
and the experimental values had a good fit (Ba-Abbad et al.
2013). The low Fe weight ratio to zeolite of 25% yielded a
large crystal size of ~80 nm. The increase in the Fe-to-zeo-
lite ratio of up to 100% led to a small nanoparticle size of

~42 nm. PEG volume and calcination temperature elicited
a less significant effect than the weight ratio on the nano-
composite crystal size.

Adequacy check of the model

To ensure that the model accurately represented a real sys-
tem, we should verify the model subjected to data analysis
via an adequacy check analysis; otherwise, the model may
give poor or misleading result (Korbahti and Rauf 2008).
Equation (1) is used to visualize the effects of experimental
factors on the degradation percentage response (Figs. 2, 3,
4,5 and 6).

The normal probability percentage versus studentized
residuals followed a normal distribution (Fig. 2). All of the

=
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o 80 —

8 a

o 70 o

<4 =

o =
50

= = oF

o 30 = = =

£ 20 =]

S =

Z 10 = =

T T T T T
-1.76 -0.92 -0.08 0.76 1.60

Studentized Residuals

Fig.2 The normal % probabilty versus studentized residuals for cys-
tal size (nm) of Fe/zeolite nanoparticles

Table3 ANOVA result for

drati del of Fe/zeolit Source Sum of squares Degree of  Mean square F value P value Comments
quadratic model of Fe/zeolite freed
nanoparticle preparation reecom

Model 2146.47 9 238.50 15.03 0.0009 Significant

X, 1641.64 1 1641.64 103.44 <0.0001

X, 0.85 1 0.85 0.054 0.8234

X, 219.56 1 219.56 13.83 0.0075

X12 2.96 1 2.96 0.19 0.6789

X% 0.22 1 0.22 0.014 0.9093

X% 23.84 1 23.84 1.50 0.2600

X, 0.078 1 0.078 0.0049 0.9459

X3 257.60 1 257.60 16.23 0.0050

X, 0.33 1 0.33 0.021 0.8893

Residual 111.09 7 15.87

Lack of fit 23.15 3 772 0.35 0.7920 Not significant

Pure error 87.95 4 21.99

Total 2257.56 16

R2 =0.9508, de' =0.8875, adequate precision = 14.630

adj
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85.17 —

7379 —

62.41 —

Predicted

51.03 —

39.64 —

T T T T
3964 51.03 62.41 7379 85.17
Actual

Fig.3 Predicted versus actual crystal size (nm) of Fe/zeolite nanopar-
ticles

150 —f =

Studentized Residuals
o
8
1]

-1.50 —

T T T T
3964 50.82 61.99 7347 84.34
Predicted

Fig.4 Residual versus predicted of crystal size (nm) of Fe/zeolite
nanoparticles

3.00

150 — =

0.00 = -t

Studentized Residuals

-1.50 —

-3.00

Run Number

Fig.5 Residuals versus run number for crystal size (nm) of Fe/zeolite
nanoparticles

points followed a straight line for each case. Abu Amr et al.
(2014) indicated that some scatterings are assumed as nor-
mal data that can be possibly considered as normally distrib-
uted in the responses of certain models.
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0.00 = =

Outlier T

-1.75 —

-3.50

Run Number

Fig.6 Outlier T versus run number of crystal size (nm) for Fe/zeolite
nanoparticles

Figure 3 shows the predicted size versus actual crystal size
(nm) of Fe/zeolite NPs. The actual crystal size was acquired
from the experiment, whereas the predicted crystal size was
obtained from the calculation based on the model (Ba-Abbad
et al. 2013). In Fig. 2, R? and Ridj were 0.9508 and 0.8875,

respectively. A high R did not confirm the goodness of fit of
the regression model to determine the fit of the regression
model based on Ri f (Zhang and Zheng 2009). In our study,

Ri 4 Was smaller than R? because many terms were present in

the model, and the sample size was small (Singh et al. 2011).
R? might be decreased by the insignificant terms listed in
Table 3 (Ba-Abbad et al. 2013).

Figure 4 shows the plot of residuals against the predicted
crystal size of Fe/zeolite NPs. No parameter was required to
change the response variable because the plot of variance was
randomly scattered. This result showed that the variance was
constant for every response value. If the response variance
depends mostly on the mean of the y-axis, then its plot is ran-
domly scattered, regularly exhibiting a funnel-shaped pattern
(Myers and Montgomery 2002). The plot of residuals against
the run number of the crystal size was tested (Fig. 5), and the
residuals were scattered randomly at approximately + 3.00.
Chowdhury et al. (2012) indicated that model and experimen-
tal data show a good fit.

The outlier T versus the run number of crystal size is
shown in Fig. 6. All of the plots of the outliers were scattered
randomly at approximately +3.50 and significantly different
from those of the other cases. The outlier of the experimental
runs significantly showed that these points had a good distri-
bution for the Box—Behnken design. No outlier at approxi-
mately +3.50 was observed. If an outlier was present, then
the experimental run should be repeated again until it reached
the desired range.
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Response surface plotting and optimization
of crystal size

The influence of the interaction between the two variables
was discussed in terms of the crystal size of Fe/zeolite NPs
as 3D response surfaces and contour graphs. Response sur-
faces indicated the influences of the weight ratio of initial
materials (Fe:zeolite) to the volume usage of PEG on the
crystal size of Fe/zeolite NPs (Fig. 7). The crystal size of
Fe/zeolite NP increased as the weight ratio decreased from

Fig.7 a 3-D response surface
b contour graph regarding the
effect of the weight ratio and
volume of PEG on the crystal
size of Fe/zeolite nanoparticles
59.045

51.7194

44.3938

Crystal Size

B: volume of PEG

100 to 25%. An increase in size was generally due to crystal
growth (Ba-Abbad et al. 2013). The crystal size remained
constant as the PEG volume increased from 1 to 3 mL. Crys-
tallinity and crystal size depend on the volume of surfactants
(Dong et al. 2016) because the increased volume of sur-
factant increases the potential for agglomeration to occur
(Ba-Abbad et al. 2017). Table 3 shows that the P value of
the interaction effect between the weight ratio and PEG vol-
ume (X,;X,) was insignificant (0.9459) to the model design
because the value was above 0.05.

100.00
1.00 25.00
(a) A: weight ratio
Crystal Size
3.00 —ap &
250 —
O
o
= 63.9288
© 200 —I 68.8125 59. 49.2775
£ 54.1613
3
(o]
>
i}
1.50 —
1.00 | |
25.00 4375 62.50 81.25 100.00
(b)

A: weight ratio
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Fig.8 a 3-D response surface
b contour graph regarding the

effect of the weight ratio and 84.3438
calcine temperature on the 73.1688
crystal size of Fe/zeolite nano-

particles 61.9938

50.8188
39.6438

Crystal Size

100.00
400.00 ~ 25.00
A: weight ratio
(a)
Crystal Size

600.00 —ap- o>

550.00 —
o
= 54.1613
g 492775
Q.
£
& 500.00 —] @
[
£ 68.8125
®©
(6]
o

450.00 —

400.00 : : |

25.00 43.75 62.50 81.25 100.00
(b) A: weight ratio

The effects of weight ratio and calcination temperature
on the crystal size of Fe/zeolite NPs were investigated
(Fig. 8). The results showed that crystal size increased as the
weight ratio decreased, confirming that a sufficient amount
of reactants for a reaction plays a major role in controlling
the final size of NPs (Ba-Abbad et al. 2015). Crystal size
increased as the calcination temperature decreased from 600
to 400 °C. This result demonstrated the significant effect of
calcination temperature on the final particle size because of
the agglomeration of small particles during calcination to
produce large particles (Ba-Abbad et al. 2015). In Table 3,
the P value of the interaction effect between the weight

jllate ¢llodl ay .
des Shevis @) Springer

ratio and calcination temperature was significant (0.0050)
to the model, thereby verifying that the factors had strong
interaction.

Figure 9 shows the effects of PEG volume and calci-
nation temperature on the crystal size of Fe/zeolite NPs.
The crystal size of Fe/zeolite NPs increased as calcina-
tion temperature decreased from 600 to 400 °C. The crys-
tal size of Fe/zeolite remained constant as the volume of
PEG increased from 1 to 3 mL. These results indicated
that particle size decreased as the volume of PEG used
as a capping agent increased because of its effect on the
nuclei and growth of NPs (Ba-Abbad et al. 2017). The
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Fig.9 a 3-D response surface
b contour graph regarding the
effect of the volume of PEG
and calcine temperature on
the crystal size of Fe/zeolite
nanoparticles

Table 4 Optimization of all
factors

final particle size decreased as calcination temperature
increased from 400 to 600 °C because a small particle
size was produced as the volume of PEG increased. As

58.7575
55.975
53.1925

50.41

Crystal Size

1.00

B: volume of PEG

2.50

N

500.00

NN N O s v -y
R R R AT S
“‘ S v \{\\

600.00

450.00
3.00 400.00
(a) C: calcine temperature
Crystal Size
600.00 —ap- %
54.1613
550.00 —
e
2
o
o
a
S
2 500.00 — 5o
2 59.045
o
©
o
5
450.00 —
400.00 T T T
1.00 1.50 2.00 250 3.00
(b) B: volume of PEG
Parameter Aim Lower limit Upper limit Lower Upper weight
weight
Weight ratio Is in range 25 100 1 1
Volume of PEG Is in range 1 3 1 1
Calcination temperature Is in range 400 600 1 1
Crystal size (nm) Is in range 41.18 85.17 1 1
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calcination temperature increased, small particles were
observed. This result was consistent with previous find-
ings (Ba-Abbad et al. 2017). The P value of the interaction
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between calcination temperature and PEG volume was
insignificant (0.8893) to the model (Table 3). A weak
interaction was observed as indicated by P> 0.05.

Model validation and experimental confirmation

The validity of the predicted model was investigated in
terms of desirability function (D =1.000) to determine the
optimal conditions for the production of Fe/zeolite NPs.
Table 4 shows the parameters that could be adjusted to

none, maximum, minimum, target, within range, or equal
to the optimization of Fe/zeolite NPs. In Fig. 10, the crys-
tal size obtained from the DOE software was 52.5 nm. The
following independent variables were also determined:
weight ratio, PEG volume, and calcination temperature of
66.55%, 1.68 mL, and 570.58 °C, respectively. The experi-
mental crystal size of Fe/zeolite NP by run 9 with a value of
52.02 nm was consistent with the results obtained from the
optimization analysis by the DOE software.

Fig. 10 The crystal size as (>
derived from the Box—Behnken
design predicted the model
using the optimal conditions
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Table 5 The production of formic acid (FA) through the CO, hydro-
genation using Fe/zeolite catalyst

Run number Crystal size (nm) (experi- Formic acid
mental) yield (ppm)

1 63.98 170.65

2 61.53 346.31

3 45.21 187.05

4 43.24 458.99

5 56.28 704.18

6 85.17 354.18

7 44.39 459.27

8 55.43 338.40

9 52.02 1131.63

10 52.84 342.18

11 74.29 305.22

12 61.04 481.15

13 41.18 242.56

14 57.96 105.84

15 72.88 203.19

16 59.01 187.01

17 50.42 170.63

Effect of crystal size on catalytic activity

The optimum conditions were determined through the for-
mation of Fe/zeolite NPs between the crystal size (nm)
related to formic acid production via CO, hydrogenation.
Formic acid as the main product of CO, hydrogenation
was analyzed through HPLC, and its standard curve is pre-
sented in Fig. 11. The condition for CO, hydrogenation
was explained previously in the “Experimental” section.
Table 5 shows the effects of the crystallite size of Fe/zeo-
lite on producing a certain concentration of formic acid.
Run 9 yielded the highest formic acid concentration (ppm
or mg/L) of 1131.63 ppm. The highest formic acid con-
centration produced was found to be in the crystallite size
of 52.02 nm, with the following independent variables:
weight ratio of 62.5%, PEG volume of 2 mL, and calcina-
tion temperature of 500 °C. A previous research showed
that small crystals with large surface area, pore volume,
and pore diameter can enhance the diffusion rate of the
reaction of products (Zhang et al. 2018).

Characterization of Fe/zeolite NPs

To support the findings of the optimized parameters of
sol-gel method and CO, hydrogenation performance, we
characterized Fe NPs and their composite with zeolite
through XRD and TEM to study their crystallinity proper-
ties, shape, and particle sizes. The XRD data matched with
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Fig. 12 X-ray pattern a a-Fe,O3, b zeolite 13x

the standard peak data reported by the Joint Committee on
Powder Diffraction Standard (JCPDS) to identify the sam-
ple. These properties influenced the catalytic activities of Fe
NPs and their composite with zeolite in CO, hydrogenation.

XRD analysis

The XRD patterns of a-Fe,05, zeolite, and Fe/zeolite
composite without any detectable impurities are shown
in Figs. 12a, b, and 13, respectively. The rhombohedral
hematite (a-Fe,O;) system had lattice parameters of
a=0.53850 nm and ¢=1.374 nm (space group R-3C). The
characteristic 26 peaks at 24.1°, 33.1°, 35.6°, 40.8°, 49.4°,
54.0°, 62.4°, and 63.9° corresponded to (012), (104),
(110), (113), (024), (116), (214), and (300) planes, respec-
tively. These results matched well with JCPDS 071-5088.

Cubic zeolite had a lattice parameter of a=2.4973 nm
(space group Fd-3m). The characteristic 20 peaks at 6.1°,
10.0°, 11.7°, 15.4°, 18.4°, 23.3°, 26.6°, and 30.9° corre-
sponded to (111), (220), (311), (331), (440), (533), (642),
and (751) planes, respectively. These results matched well
with JCPDS 026-0893. Figure 12b shows the crystalline
phase structure patterns of zeolite 13X (pure) while the
Fe weight ratios of 25% Fe/zeolite, 62.5% Fe/zeolite, and
100% Fe/zeolite is shown in Fig. 13. The peak intensity of
zeolite decreased as the Fe weight ratio increased, thereby
indicating that zeolite 13X modification destroyed the
framework. The interplanar spacing (d) and the average
crystallite size of a-Fe, 03, zeolite, and composite Fe/zeo-
lite were computed using Bragg’s and Debye—Scherrer’s
formulas as indicated below, respectively:

A
"~ 2sing’ )
KA
D =———
fcosh’ “)

where D is the crystal size (nm or A); K is the Scherrer
constant (K=0.89); 4 is the X-ray wavelength (1.5406 /3;) in
the 20 scan ranging from 5° to 80°; f is the peak width of
half maximum; 0 is the Bragg diffraction angle; and d is the
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Table 6 Interplanar spacingand ;= 2y e O, h ok | 20  Zeolite
intensity of a-Fe,O5 and zeolite
nanoparticle peaks Intensity  djeps e Intensity  d . dey
0o 1 2 241 84.6 3683 3689 1 1 1 6.1  7439.0 14418 14477
1 0 4 331 2440 2699 2704 2 2 0 100 17540 8.829 8.838
1 1 0 356 198.0 2519 2519 3 1 1 11.7 11400 7.529 7.557
1 1 3 408 75.1 2207 2209 3 3 1 154 17410 5.729 5.749
0 2 4 494 101.0 1.841 1843 4 4 0 200 697.0 4414 4.435
1 1 6 540 101.0 1.694 1696 5 3 3 233 20060 3.808 3.814
2 1 4 624 76.9 1486 1486 6 4 2 266 16120 3.337 3.348
3 0 0 639 88.2 1454 1455 7 5 1 309 16350 2.883 2.891
Table 7 Interplanar spacing and intensity of Fe/zeolite nanoparticle peaks
h k I 20 Run 5 (25% iron on h k | 20 Run 9 (62.5% iron on h k | 20 Run 13 (100% iron on
zeolite) zeolite) zeolite)
Intensity  dpeps dear Intensity  dpeos e Intensity  dq dea
1 1 1 6.1 15280 1430 1448 1 1 1 62 3290 1427 1424 1 1 1 62 163.0 14.272  14.244
2 2 0 100 380.0 876 884 2 2 0 10.1 123.0 874 875 2 2 0 NA NA NA NA
3 1 1 11.8 238.0 747 749 3 1 1 11.8 141.0 745 749 3 1 1 NA NA NA NA
3 3 1 155 607.0 568 571 3 3 1 155 1770 567 571 3 3 1 NA NA NA NA
4 4 0 202 2730 438 439 4 4 0 202 1340 437 439 4 4 0 NA NA NA NA
5 3 3 235 861.0 378 378 5 3 3 234 286.0 377 380 5 3 3 234 1250 3.77 3.80
6 4 2 269 601.0 331 331 6 4 2 268 176.0 330 332 6 4 2 266 106.0 3.34 3.35
7 5 1 312 5620 28 28 7 5 1 31.1 186.0 285 287 7 5 1 312 1100 2.86 2.86

NA not appear
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interplanar spacing. d and intensity values are summarized
in Table 6 for a-Fe,0; and zeolite peaks. The summarized
data of the composite Fe/zeolite NPs are shown in Table 7.
The similar structure phase indicated that the measured
d from XRD was close to d calculated using Eq. (3) (Ba-
Abbad et al. 2016).

Thus, all of the intensities of zeolite peaks decreased
as the Fe ratio increased, confirming that Fe was consist-
ent with the zeolite surface to make it an effective reaction
site. After Fe was incorporated into zeolite, the d spacing of
zeolite was not affected, suggesting that the value slightly
changed (Tables 6, 7). As the main objective of this study,
controlling the particle size of Fe on the zeolite surface was
investigated to produce a high formic acid concentration
from CO, hydrogenation under the optimum conditions for
catalyst preparation (Carter et al. 1966).

Surface morphology

The effects of process parameters, such as weight ratio, PEG
volume, and calcination temperature, on the morphological
characteristics were studied. The particle size of Fe/zeolite
NPs was evaluated through TEM under different magnifi-
cations. The surface morphology of the optimized sample,
that is, run 9, with the highest formic acid concentration
was analyzed through TEM and compared with that of run
5 prepared under different experimental conditions. The
effects of these conditions, such as the weight ratio of the
starting materials, PEG volume, and calcination temperature
were observed. Figure 14a—c shows that pure Fe,0; NP was
quasi-spherical, whereas Fe,O; NPs synthesized on the zeo-
lite surface became a support layer (spherical), and the par-
ticle agglomeration increased. Pure quasispherical a-Fe,05
NPs in the range of 12-22 nm were observed. However, the
results showed large particle sizes ranging from 40 to 60 nm
for the sample of Fe,05;—zeolite nanocomposite. This value
was consistent with the values obtained from XRD analy-
ses. The small particles agglomerated on the zeolite surface
forming large particles, and the XRD results indicated that
the size of these crystallites was 50 nm. The agglomera-
tion of the particles on the zeolite surface was not uniform
because of the effect of Fe weight ratio.

Figure 14bl1, b2 illustrates that a layer was formed on
zeolite that was not fully covered by Fe NPs because of the
use of the low Fe weight ratio of 25% on zeolite. Figure 14b2
clearly shows the zeolite structure itself because the surface
was not covered by Fe. Chen et al. (2016) showed that zeo-
lite 13X has an octahedral structure that is nearly orbicu-
lar in appearance. However, at a high Fe weight ratio of
62.5% in run 9, the zeolite surface was completely covered
by Fe NP. Thus, small particles agglomerated to each other
(Fig. 14cl, c2). This ratio resulted in a high activity of the
zeolite surface for the reaction to produce several formic
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acids because of the balance between the surface areas of
zeolite to the Fe weight ratio (Ba-Abbad et al. 2015; Chen
et al. 2016). Therefore, a high Fe weight ratio (100 wt%)
favored the formation of low formic acid concentration
possibly because Fe NPs fully covered the zeolite surface,
thereby resulting in a thick layer.

Conclusion

The synthesis of Fe/zeolite NPs through sol-gel method was
optimized using a Box—Behnken design to produce formic
acid. The effects of independent variables and their interac-
tions on crystal size were also examined. ANOVA results
showed that the predicted results were consistent with the
experimental results. The correlation coefficients of R and
Ri 4 vere 0.9508 and 0.8875, respectively. The optimized

nanocomposite system could produce the highest formic acid
concentration of 1131.63 ppm under the following optimum
conditions: Fe/zeolite weight ratio of 62.5%, PEG volume
of 2 mL, and calcination temperature of 500 °C. Crystal size
influenced formic acid production through CO, hydrogena-
tion at the reaction temperature and pressure of 130 °C and
35 bar, respectively. The experimental Fe/zeolite NP crystal
size was 52.02 nm, which agreed with the predicted value of
58.30 nm, and it could produce the highest formic acid con-
centration. Thus, Fe/zeolite NP provided the compulsory
support in the validation of the model and RSM based on the
Box—-Behnken design as an appropriate tool to optimize the
conditions of formic acid production. The controllable crys-
tallite size of Fe/zeolite NPs played a major role in obtaining
the most efficient nanocomposite system of Fe/zeolite as a
catalyst in the conversion of CO, into formic acid. Thus, Fe/
zeolite NPs showed potential as a H, storage material.
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