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Abstract: A series of KyHj 1.4Cug2Cs1(NHy)1 5PVMo011 040 (KxCuCsNH4PVA) catalysts with differ-
ent x values were synthesized to catalyze the selective oxidation of methacrolein (MAL) to methacrylic
acid (MAA). The effects of potassium (K) ions on both the structure and catalytic activity were stud-
ied in detail. The optimum Ky cCuCsNH4PVA exhibited a large surface area, more acid sites, and
abundant active species (V4 /VO?*) in the secondary structure of the Keggin structure, consequently
offering good catalytic performance. Furthermore, K ions increased the MAA selectivity at the
expense of carbon monoxide and carbon dioxide (together defined as COx). Additionally, several
process parameters for MAL oxidation were evaluated in the processing experiments. The effects of
aldehyde impurities (formaldehyde and propanal) on the catalytic performance were investigated.
Possible detrimental effects (catalyst poisoning and structural damage) of aldehyde impurities were
excluded. A light decrease in MAL conversion could be attributed to the competitive adsorption
of aldehyde impurities and MAL on the catalyst. Hopefully, this work contributes to the design of
stable and feasible catalysts for the industrial production of MAA.

Keywords: potassium; methacrolein; formaldehyde; propanal; selective oxidation; methacrylic acid;
catalytic performance

1. Introduction

Methacrylic acid (MAA) is a chemical monomer used for the synthesis of methyl
methacrylate (MMA). In addition to the conventional cyanohydrin process for the syn-
thesis of MAA, environmentally friendly routes starting from C, or C; feedstock are
developed. A typical route of the C;, process is as follows: the hydroformylation of ethy-
lene to propionaldehyde is the first step, then condensation follows with formaldehyde to
form methacrolein (MAL), which is then oxidized by oxygen (O,) to MAA [1-3]. Selective
oxidation of MAL to MAA is an important intermediate step in the synthesis of MMA
Keggin-type P-Mo-V based on heteropoly acids (HPAs) and their salts are suitable for the
selective oxidation of MAL to MAA [4-9]. However, their poor thermal stability and low
surface area led to low catalytic activity and high costs of the catalysts. The decomposition
of the Keggin structure and irreversible deactivation significantly reduces the lifetime of
HPAs catalysts [10-12].

Recently, many attempts have been made to optimize the composition of P-Mo-V
catalysts for the selective oxidation of MAL to MAA. Among them, cesium (Cs), ammonium
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(NH4"), and transition metal ions were introduced into the secondary structure of Keggin-
type P-Mo-V catalysts to adjust the texture and redox behaviors, significantly improving
the catalytic performance [13-18]. Nonetheless, the modified catalysts have difficulty
satisfying the production requirements, and their low selectivity and conversion limit
their industrial application. Alkali metals, preferably either cesium or potassium, play an
indispensable role in adjusting the acidity and surface area of the catalyst. Several studies
on K ions have only focused on the surface morphology [19], thermostability of P-Mo
catalysts in acrolein oxidation [20] and insoluble solid phosphotungstate catalysts [21].
Although interesting studies have been conducted, the detailed inherent effect of the K
ions on the catalytic activity in the oxidation of MAL to MAA remains unclear.

The MAL feedstock used to produce MAA in the C; process often contains aldehyde
impurities, such as formaldehyde and propanal. [1-3]. The MAL feedstock containing
aldehyde impurities was defined as crude MAL. The crude MAL feedstock obtained from
the previous process (hydroxyl aldehyde condensation reaction) requires deep purification
to remove the aldehyde impurities. The resulting material was pure MAL. However, the
deep purification of MAL would increase the huge operating cost of MAA production. To
reduce the complexity of the process and reduce the energy consumption of the equipment,
simple separation of the MAL feedstock seems to be feasible. Meanwhile, these impurities
were carried into the industrial MAA reactor with crude MAL. In the production of
MAA, P-Mo-V catalysts possess the dual properties of high redox activity and strong
Brensted acid. Some possible detrimental effects would occur when aldehyde impurities
undergo oxidation and acid catalysis on the catalyst. For instance, Wen et al. found that
formaldehyde can rapidly react with hydrocarbons at Brensted acid sites to form dienes or
eventually coke over zeolites and zeotype catalysts [22].

Moreover, some researchers have reported the deactivation of zeolite catalysts in
model reactions of propanal [23,24]. In recent years, most studies have been carried out on
heteropoly acid catalysts under pure MAL oxidation. Several studies have indicated that
there is no catalyst poisoning or deactivation upon a few cycles of pure MAL oxidation.
However, these findings are only slightly applicable to a reactor with crude MAL feedstock.
Moreover, to our knowledge, little attention has been paid to the possible detrimental
effects of aldehyde impurities on P-Mo-V catalysts in the selective oxidation of MAL to
MAA. Understanding the possible detrimental effects of formaldehyde and propanal is
crucial for the industrial application of catalysts.

In this study, the role of K ions in KyHj 1.xCup2Cs1(NHy)1 5PVMo11 049 (KxCuCsNH4PVA)
was studied. Through various characterization methods and accurate experimental data,
the optimized catalyst was obtained. Moreover, co-feeding experiments with formalde-
hyde and propanal were carried out to examine suspected catalyst poisoning or structural
damage. To inspect the industrial feasibility of optimized catalysts, a long-term stability
test was conducted over the Ky sCsCuNH4PVA catalyst for 200 h, where the feedstock used
is crude MAL. The catalysts exhibited excellent stability and good catalytic performance.

2. Results
2.1. Characterization of Catalysts
2.1.1. Thermogravimetric Analysis

The thermogravimetric analysis (TG) and derivative thermogravimetry (DTG) curves
of the uncalcined catalysts at 50-550 °C are shown in Figure 1. All the samples underwent
three steps of weightlessness. First, physically adsorbed water and crystal water were lost
below 250 °C. The weightlessness ratios of catalyst were as follows: approximately 3.2%
for KoCuCsNH4PAYV, 3.5% for Ky ¢CuCsNH4PAV, and 3.6% for K; ,CuCsNH4PAV. These
results indicate that K ions can slightly increase the amount of adsorbed and crystal water.
Second, the decomposition of ammonium ions and the elimination of acidic protons start in
the 250430 °C range [25]. The total mass loss was approximately 3.2% for CuCsNH4PVA,
2.7% for KosCuCsNH4PVA, and 2.4% for K; ,CuCsNH4PVA. The slight change in the
weightlessness ratio was attributed to the elimination of acidic protons due to the release
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of the constitution water. All the acidic protons deprive a lattice oxygen and produce
constitutional water, leading to the formation of defective Keggin units [26-29]. To illustrate
the stability effect of K ions on the Keggin structure, the initial decomposition temperature
of this step was calculated using the weightlessness value. The decomposition temperature
of H1PVMo11049 was 250 °C (not shown), which is consistent with previously reported
results [16]. The elimination temperature of acidic protons increased with the content of
K ions in the series of KyCsCulNH4PVA samples [290 °C for CuCsNH4PVA, 310 °C for
Ko.sCuCsNH4PVA, and 320 °C for K1 ,CuCsNH4PVA].

These results indicated that the K ions significantly increased the thermal stability
of the catalyst. Notably, the DTG signal of the decomposition of ammonium was cen-
tered at approximately 431 °C for CuCsNH4PVA, 420 °C for Ky cCuCsNH4PVA, and
419 °C for K;,CuCsNH4PVA. It can be inferred that K ions promoted the decomposi-
tion of ammonium. In this step, ammonium ions release ammonia gas, leaving behind
the corresponding acidic protons. This results in the formation of hydrated protonated
heteropolycompounds [16]. The industrial operating temperature is 310 °C, which is
lower than 420 °C. Large amounts of ammonium and acidic protons were retained in
Ko sCuCsNH4PVA at this temperature. Finally, the mass gain occurred at approximately
445 °C. This was ascribed to the reoxidation of V4* to V>* during the heating process. No
change was observed in the series of KyCsCuNH4PVA samples.

From the TG/DTG results, it can be deduced that (1) large amounts of ammonium and
acidic protons were retained in K ¢CuCsNH4PVA at an industrial operating temperature
(310 °C); (2) the introduction of K ions significantly increased the thermal stability of the
Keggin structure; and (3) K ions facilitated the decomposition of ammonium salt and
formed hydrated protonated heteropolycompounds.

100 100 100 0.8
431C fos8
*

—_ 0.6 —~ L )
981 32 98} 420C Q 98 0.6 S
82 0.6 g . % < . z
) * - — = ) =
< 28 82°C 04 £ 0.4 2
£ 967 r0.4= = 96t 5 = 964 K
20 - = \ = & =
3 8 = 330°C s 3 L02 B
Q o 8 1 8

0.0 0.0 +0.0

9241 L s s — R N N N N N 92 n " L L "
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Temperature ('C) Temperature (C) Temperature (C)
(A) (B) (C)

Figure 1. Thermostability of uncalcined samples: (A) KoCuCsNH4PAV; (B) K 4CuCsNH4PAYV; (C) K1 ,CuCsNH4PAV.

2.1.2. Structural Features

The Fourier transform infrared (FT-IR) spectra of the uncalcined and calcined samples
are shown in Figure 2. All samples exhibited four Keggin-type characteristic bands at
1064 cm ™! (P-0,), 985 cm~! (Mo-Oy4), 897 cm~! (Mo-Op—-Mo) and 798 cm™! (Mo-O.—
Mo) [30]. For uncalcined samples of KyCuCsNH4PAYV, the strong, broad peaks in the
range of 3000-3500 cm ! and a peak at 1636 cm ™! were observed, which was assigned
to the stretching and bending vibrations of -OH in H,O, respectively. A slight change
in this bond indicates K ions can adjust the content of the crystal water. Splitting bonds
at 1080 and 997 cm~! were also observed for all the calcined samples, which were as-
signed to P-O, and Mo-Oy, respectively. Some previous researches have reported that
the substitution of molybdenum (Mo) species in Keggin units by vanadium (V) species
decreased oxo-anion symmetry of Keggin units and gave rise to this splitting bond [26].
Interestingly, the splitting bonds disappeared after calcination, and two new bonds at 1039
and 700 cm ! coincidently appeared in calcined samples, which was ascribed to the V-O
stretching bands of the vanadium oxide (V°*Oy) in the secondary structure [31-33]. The
results evidenced that V species were expelled from Keggin units under thermal treatment.
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Notably, the vibration intensity of V°*Oy depended on the x value. The relative intensity
of this bond strengthened with an increase of potassium content (x < 0.6). The results
indicated that the introduction of the K ions could promote the expelling of V species
into the secondary structure of catalysts. Researchers have shown that VO?* species in
the secondary structure are more active than those in the primary structure for MAL ox-
idation reaction [16,31]. Additionally, Briickner et al. reported that O4V**/5+=0 species
connected to Mo®* constituted the active sites for MAL oxidation. The relative intensity of
V°*Oy decreased with a further increase of the x value, possibly owing to the significant
reduction of acidic protons. Abundant K ions prevented the migration of V species from
the Keggin unit. An additional band assigned to molybdenum oxide (MoO3) at 594 cm ™!
was observed in the calcined samples [16,31]. Several previous works have shown that
the Keggin units partially decompose into low-active MoOj3 during thermal stress [34].
No evidence of an association between potassium ions and MoO3; was observed in the
FT-IR spectra. Moreover, there was a vibrational band at 1406 cm ™! for the calcination
samples, which was ascribed to NH* [16]. The results indicate that a large proportion of
ammonium remained after calcination.
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Figure 2. FT-IR spectra of (A) uncalcined and (B) calcined samples with different x values.

The X-ray diffraction (XRD) patterns of the calcined samples are shown in Figure 3A.
The characteristic peaks at 10.7, 26.4, 30.5 and 35.9° were assigned to (110), (222), (400)
and (332) planes in the Keggin units for all the samples [16]. Moreover, the diffraction
peak of MoOj3; was observed for all the catalysts. The intensity of the peak decreased with
the addition of K ions. This indicates that the K ions hindered the decomposition of the
Keggin structure into MoO3 during the thermal treatment. Figure 3 (B) clearly shows that
the exact peak positions of catalysts depended on the content of K ions. Taking the peak of
the (222) plane as an example, the peak was presented at 26.38° for CuCsNH4PAV, 26.24°
for Ky3CuCsNH4PAYV, 26.44° for Ky ¢CuCsNH4PAYV, 26.36° for KjgCuCsNH4PAYV, and
26.38° for K1 ,CuCsNH4PAV. When K ions were introduced into the catalyst, the release of
ammonium was facilitated during calcination, and the secondary structure of the catalyst
changed with the redistribution of K ions, ammonium ions and acidic protons. These shifts
are related to triclinic crystal unit parameters. The cubic cell parameter o and the crystalline
size p were calculated using JADE 6.0 and the Scherrer equation based on the characteristic
planes (110), (211), (222), and (400). The results are shown in Table 1. The changes in the
cubic cell unit are related to the amount of K ions. Ko sCuCsNH4PAV reached the optimal
balance point, resulting in the smallest cell parameter and crystalline size.
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Figure 3. X-ray diffraction spectrogram of (A) calcined samples and (B) (222) planes of calcined samples.

Table 1. The grain size of KyCsCuNH4PAYV after calcination.

X Value Cell Parameter o (nm) Crystalline Size p (nm)
0 1.166 50.3
0.3 1.187 46.2
0.6 1.164 448
0.9 1.181 44.6
1.2 1.168 53.7

2.1.3. Morphology Changes with Respect to K Content

The specific surface area, pore volume, and pore diameter of the K,CsCuNH4PAV
catalysts are shown in Figure 4. The specific surface area of the samples increased when
0 < x < 0.6, and decreased when 0.6 < x < 1.5. For x = 0.6, the specific surface area was
maximized at approximately 29.21 and 15.82 m? /g for uncalcined and calcined catalysts,
respectively. The results indicated that the introduction of K ions (x < 0.6) can increase the
surface area, but the further addition of K ions (x > 0.6) reduces the surface area, owing to
the sintering of the catalysts (see below). This phenomenon is related to the aggregation
of Kions during calcination. The collapse of the pore structure caused by the elimination
of crystal water and the decomposition of ammonium ions during calcination was an
important reason for the reduction in the specific surface area.
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Figure 4. Specific surface area, pore volume and pore diameter of KyCsCuNH4PAV.
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The scanning electron microscopy (SEM) images of the calcined KxCsCuNH4PAV
catalysts are presented in Figure 5a—f. As shown, the particles of the catalyst under-
went a gradual process with the x value. The ill-defined particles were observed in the
CuCsNH4PAV catalyst. With the introduction of K ions, the morphology of the catalysts
was improved. As shown in Figure 5¢, the Ky ¢CsCuNH4PAV catalysts exhibited uniform
and well-defined porous nanoparticles, which is in favor of desorption of the MAA product.
However, further addition of K ions would increase the size of the particles and lead to the
sintering of the catalyst. No clear particles were observed in the K; ;CuCsNH4PAV.

Figure 5. SEM images of the calcined samples: (a) KoCsCuNH4PA; (b) Ky3CsCuNH4PA;
(C) KO.GCSCUNHALPA,' (d) K0_9CSCUNH4PA} (e) K1_2CSCUNH4PA,’ (f) K1V5CSC11NH4PAV.

2.1.4. Effects of K Ions on Intrinsic Properties of Catalysts

The changes in the acidity of catalysts determined by NH3 temperature-programmed
desorption (NH3-TPD) are shown in Figure 6A. The amount of NH3 contained not only
desorbed from the acid sites but also the release of NH4" during the heating treatment.
Corrective treatment was conducted as follows:

NH‘:cJ’ake 2 (mmol'g—l> — NHgake 1 _ Nnglk (1)

According to a previous report [26], the peak at <300 °C, 300-450 °C, and >450 °C
were ascribed to weak, medium, and strong acid sites, respectively. Compared with
CuCsNH4PAY, the shoulder peaks were observed for all the samples, which was ascribed
to the ammonia gas released from NH,*. This indicates that K ions accelerated the elimi-
nation of ammonium, which is consistent with the TG/DTG analysis. Ammonium ions
release ammonia gas, leaving behind the corresponding acidic protons. This results in the
formation of hydrated protonated heteropolycompounds. Analogous effects were observed
in a study on the (NH4)4PMo;1FeO39 catalyst by Knapp et al.,, and they found that the
addition of Fe led to the decomposition of ammonium [15]. According to the NH3-TPD
results, the corrected amount of acid sites increased from 0.42 mmol-g~! for CuCsNH4PAV
to 0.59 mmol-g~! for Kg3CuCsNH4PAV, and reached the maximum 0.65 mmol-g~! for
Kp.¢CuCsNH4PAV. The increase in the number of acid sites is beneficial for MAL oxidation.
However, the amount of acid sites in Ky9gCuCsNH4PAV was only 0.31 mmol-g~!. The
decrease in Ky 9CuCsNH4PAYV is explained as follows: (a) the substitution of acidic protons
by K ions is dominant; (b) excessive K ions reduce the gap between Keggin anions, and the
terminal oxygens (Mo=0) prevented NHj from contacting the acid sites [35].

H, temperature-programmed reduction (H,-TPR) was used to evaluate the redox
properties of the catalysts. The results are shown in Figure 6B. According to the liter-
ature [33,36], the reduction peaks of molybdenum and vanadium oxide species were
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detected at 500-650 °C for all samples. The reduction peaks of catalysts containing K ions
(0.3 < x < 0.6) were concentrated at 590 °C, which is lower than the value for CuCsNH4PAV
(600 °C), indicating that the catalysts K by potassium ions were easily reduced.

TCD signal (a.u.)
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Figure 6. (A) NH;3-TPD curves and (B) Hp-TPR curves of samples with different x values

The X-ray photoelectron spectroscopy (XPS) results for the valence states of V and Mo
are presented in Figure 7. The different valence states of V and Mo species in heteropoly
acid catalysts play an important role in the selective oxidation of MAL [37]. Studies have
indicated that the V species (V4 /VO?) are active sites for the selective oxidation of
MAL [38-40]. The Mo 3ds,;, spectra are shown in Figure 7A. Little change was observed
in the Mo 3ds/, spectra and no Mo®* was found in any of the calcined samples. The
results suggested that the chemical state of Mo®* was not affected by K ions. As shown
in Figure 7B, two chemical states of V, i.e., V2 (517.7 eV) and V** (516.5 eV), were observed
in the spectra of all the samples [17]. According to the calculation of the corresponding
peak, the V4 /V?* ratio increased from 0.22 for CsCuNH4PAV to 0.31 for Ko sCuCsNH4PAV.
The results indicated that the introduction of K ions facilitated the reduction of V°* to
V4. When K* met the V°*, the redox reaction was much more likely to occur, whereas the
V4 /Vo* ratio for K; ,CuCsNH,PAV was only 0.11. The abundant K* counter-ion inhibited
the expulsion of V species from the primary structure of Keggin units to the secondary
structure. Such phenomena further evidence that the acidic protons played a key role
in the expulsion of V species during the calcination process. The abundant active sites

(V4 /VO?) in the catalysts increased the selectivity of MAA.

V2p
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Figure 7. (A) Mo 3d and (B) V 2p3,; spectra of calcined samples.
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2.2. Activity of Distinct K Content

P-Mo-V catalysts with Keggin-type structures are composed of [PVMo;104]*~ an-
ions and related cations, which are widely used in various oxidation catalytic reac-
tions [12,41-45]. Among them, the typical application is the selective oxidation of MAL
to MAA. In this study, a series of catalysts with different counter-ions were synthesized,
e.g., H4PVM011040 (HPVA), C81H3PVM011040 (CSPVA), C51 (NH4)1.5H1.5PVM011040
(CSNH4PVA), Cuo_zCsl (NH4)1_5H1_1PVM011040 (CuCSNH4PVA) and KXCUQ.chl (NH4)1_2
Hj 1.xPVMo11049 (KxCuCsNH4PVA), to optimize the catalyst composition. To obtain reli-
able experimental data, the carbon balance was calculated, and it reached 0.99. The samples
were collected after 4 h of a stable reaction.

The catalytic performance of the different catalysts is presented in Figure 8A. The
results indicated that the presence of cesium, ammonium, copper ions could stabilize the
properties of catalysts. The catalytic performance was strongly dependent on counter
ions. Moreover, the MAA selectivity in CuCsNH,PAV cannot satisfy the requirements for
industrial production. Therefore, the addition of potassium ions is necessary. The results
are shown in Figure 8B. The major by-products of MAL oxidation are acetic acid (AA),
carbon monoxide (CO), and carbon dioxide (CO,). Interestingly, the products distribution
was strongly dependent on the K content. The selectivity of MMA increased significantly
(from 87% to 93%) for the x value from 0 to 0.6. The selectivity of COx decreased from 8%
to approximately 3%. However, the selectivity of AA was unaffected. The K ions improved
the selectivity of MAA at the expense of COx. Moreover, the conversion of MAL slightly
increased to 83% after introducing K ions.

According to the foregoing characterization results, one of the reasons for the im-
provement in MAA selectivity was the uniform and well-defined porous nanoparticles
after introducing K ions. Another important reason was that K ions boosted the active
species (V4*/VO?*) on the surface of the catalyst. No positive effect was observed when
additional K ions were introduced. The decrease in MAL conversion may be attributed
to the aggregation of K ions blocking the catalyst channel, which prevented MAL from
contacting the active sites in the narrow gap between Keggin anions. Based on the above
results, Ko ¢CuCsNH4PVA catalyst with the highest MAA selectivity (93%) and high MAL
conversion (83%) was selected for the following research.
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d: CuCsNH4PVA, e: KygCuCsNHPVA, f: K;,CuCsNH4PVA). (B) Catalytic performance as a function of x value in

KyCuCsNH4PVA. Space ve

locity, 1286 h~L; temperature, 310 °C; reactor inlet composition: 3.3% v/v MAL, 9.3% v/v Oy,

17.4% v/v H,O and N, balance.



Catalysts 2021, 11, 394

9of 15

100

2.3. Influence of Temperature and Space Velocity

The plots in Figure 9A show the effect of temperature on catalytic performance in
Ko sCuCsNH4PVA. MAL conversion and product distribution are largely dependent on
temperature. A low temperature was favorable for the MAA selectivity. The selectivity of
COx exhibited a greater increase than the selectivity of AA, which provided evidence for
the excessive oxidation of AA to produce COy. To understand the capacity of catalyst to
MAL, the total volumetric flow to volume of catalyst (space velocity) was adjusted from
643 to 2572 h~1. The results are shown in Figure 9B. The distribution of products depends
on the space velocity, and a high space velocity is favorable for the MAA selectivity. A
low space velocity makes it difficult to maintain the isotherm of the reactor. The large
decrease in the selectivity of MAA may be related to the hotspot of the catalyst, where
MAA was deeply oxidized and formed by-products. According to the foregoing results, to
maximize the yield of desired products, 310 °C and 1286 h~! were selected as appropriate
industrial conditions.
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Figure 9. Catalytic performance with respect to the (A) temperature and (B) space velocity in Kg sCuCsNH,PVA. Reaction

pressure, atmospheric pressure; catalyst, 6.001 g, 5 mL; reactor inlet composition: 3.3% v/v MAL, 9.3% v/v O, 17.4% v/v HyO

and N balance.

2.4. Influence of Aldehyde Impurities Inlet Concentration

Cofeeding experiments with formaldehyde and propanal were performed on
Ko.6CuCsNH4PAV (Figure S1A,B). The conversion of MAL decreased with an increase in
the aldehyde impurity content. Interestingly, the selectivity of MAA was almost unaffected.
A transient response was carried out to further study the effect of aldehyde impurities
on the catalytic performance (Figure 10A). The details are presented in the Supplemen-
tary Materials. The change in the conversion of MAL reflects the reversibility of the decay
of aldehyde impurities on the catalyst. The results excluded the permanent poisoning of
the catalyst caused by formaldehyde and propanal during the selected experimental time.

To further understand the changes in the catalyst structure in the transient response,
the reaction was quenched in the middle of another transient response experiment under
the same reaction conditions. The catalysts used with runtime were analyzed via FI-
IR (Figure S1), XRD (Figure S2), nitrogen adsorption (Table S1) and elemental analysis
(Table S1). Small changes were observed in the fresh and spent catalysts under the switch
of pure MAL and crude MAL with runtimes. Thus, the large differences in the conversion
of MAL in the presence and absence of aldehyde impurities cannot be rationalized by
structural changes in the spent catalyst. The reduction in the conversion of MAL is
attributed to the competitive adsorption of MAL and aldehyde impurities on the oxidation
sites of the catalyst. Additionally, the selected catalyst Ky sCuCsNH4PVA exhibited good
long-term stability (for 200 h) for the oxidation of crude MAL (Figure 10B). Thus, the
Ko 6CuCsNH4PVA catalyst can be used for industrial applications.
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Figure 10. (A) Transient response over Ky s CuCsNH4PVA catalysts with changing the feed from (a) pure MAL to (b) crude
MAL at 420 min and subsequently from (b) to (a) at 840 min; (B) Long-term performance test with crude MAL for 200 h.
Catalysts, KgsCuCsNH4PVA; Reaction temperature, 310 °C; Space velocity, 1286 h™!, Reaction pressure, atmospheric
pressure; Catalyst, 6.001 g, 5 mL; Reactor inlet composition of (a) 3.3% v/v MAL, O, content 9.3% v/v, HO content 17.4%
v/v and N, balance, and (b) 3.3% v/v MAL, 0.06% v/v propanal, 0.08% v/v formaldehyde; O, content 9.3% v/v, HyO content
17.4% v/v and N, balance.

3. Discussion
3.1. Effect of K Ions on P-Mo-V Catalyst

The morphology and structure of the catalyst changed significantly after the introduc-
tion of Kions. As indicated by the characterization results, the morphology of catalysts
changes from ill-defined particles to clearly visible particles, to uniform particle size and
pore structure, finally to the disappearance of pore structure, and even to sintering. These
changes directly affected the catalytic performance of the catalyst. Besides, the specific sur-
face area, acid sites and active sites (V4 /VO?*) of the catalyst are also dependent on K ions.
The optimized Ky ,CuCsNH,PVA catalyst exhibited a larger surface area of 15.82 m?/g.
It is well known that with a larger surface area, more oxidation sites are available. This
is one of the reasons for the improvement of catalytic performance. Acidic protons can
activate C-H bonds to form the corresponding oxidized products [46]. As indicated by
the NH4-TPD results, K ions promote the decomposition of ammonium and supplement
the catalyst with new acid protons. Acidic protons can easily bind to bridging oxygen
(Mo-O-V), resulting in the instability of V-O-Mo bond, which lead to the elimination of
lattice oxygen through the release of the constitution water [47,48]. Proton-rich catalysts
can easily expel V species under thermal stress. The XPS results indicated that K ions could
facilitate the reduction of V°* to V4*. When K* met V%, the redox reaction was much more
likely to occur. The presence of abundant active sites (V4* /VO?*) in the catalysts increased
the selectivity of MAA. The abundant K* counter-ion inhibited the expulsion of V species
from the primary structure of Keggin units to the secondary structure.

Notably, the K ions significantly increased the MAA selectivity at the expense of COx,
which substantially increased the atomic utilization. The reaction over Ko CuCsNH4PAV
is in accordance with the principle of green chemistry. According to the foregoing analysis,
the improvement in the MAA selectivity was also a synergistic effect of multiple factors.
First, K ions increased the thermal stability of the Keggin structure during the oxidation
reaction. Next, K ions promoted the release of ammonium, forming hydrated protonated
heteropolycompounds. The acidic protons can activate the C=O bond and promote the
formation of MAA [16]. Third, K ions boosted the active species (V4*/VO?* species) on the
catalysts via the excitation of acidic protons. Finally, the uniform and well-defined porous
nanoparticles and large surface area promoted the desorption of MAA. To illustrate the
effect of K ions on catalytic performance, the Conceptual diagram is shown in Figure 11.
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Figure 11. Conceptual diagram of the effects of K ions on P-Mo-V catalyst.

3.2. Effect of Aldehyde Impurities on Catalytic Performance

Aldehyde impurities are carried into the MAA reactor with the MAL feedstock, which
may cause catalyst poisoning or irreversible structural damage. Co-feeding experiments
with aldehyde impurities were performed. A slight decreased in MAL conversion was
found. The reversibility of the MAL conversion in the transient response excluded catalyst
poisoning. The characterization of the spent catalysts revealed little structural change under
the switch of pure MAL and crude MAL. Moreover, formic acid and propionic acid were
detected at the reactor outlet. Aldehyde impurities could not damage the catalyst structure
under the selected experimental conditions. The reduction in the conversion of MAL is
attributed to the competitive adsorption of MAL and aldehyde impurities on the oxidation
sites of the catalyst. Additionally, a long-term stability experiment was conducted within
the crude MAL oxidation experiment. The results indicated that the Ky cCuCsNH4PAV
catalyst had good catalytic performance and stability in the oxidation of crude MAL.

4. Conclusions

A series of KxCuCsNH4PVA catalysts with different counter-ions were synthesized to
catalyze the gas-phase oxidation of MAL to MAA. Compared with modified catalysts, the
optimum catalyst K sCuCsNH4PVA exhibited a large surface area, more acid sites and,
abundant active sites in the secondary structure of the Keggin structure, consequently of-
fering high MAL conversion (83%) and MAA selectivity (93%). Moreover, K ions improved
MAA selectivity at the expense of COx. Additionally, we performed co-feeding experiments
with aldehyde impurities for the first time, and possible detrimental effects of aldehyde
impurities on structural damage and poisoning were excluded. A slight decreased in the
MAL conversion can be attributed to competitive adsorption of formaldehyde, propanal,
and MAL. Long-term stability experiments were performed under the oxidation of crude
MAL. The results indicated that the catalyst had long-term stable catalytic performance
(for 200 h), and they provide reliable basic data for future applications.

5. Materials and Methods
5.1. Catalyst Preparation

The preparation of precursor heteropoly acids was referred to in the literature [49]. A
series of samples were synthesized as follows: MoO3 and V,0s5 were dissolved in deionized
water. After vigorous stirring at 80 °C for approximately 2 h, 85 wt% H3PO,4 was dropped
into the suspension. The resulting suspension was the precursor solution. The mixture was
refluxed and vigorously stirred for approximately 3 h at 92 °C. The solvent was evaporated
in a rotary evaporator at 80 °C, and the sample was further dried at 80 °C in an oven for
24 h. A clear yellow powder of HPAV was formed. The fresh catalyst was calcined at
350 °C under an airflow for 12 h. Then, the obtained samples were tableted, crushed, and
sieved through a 20-40 mesh screen prior to use. NH;HCOj3, CsOH, Cu(CH3COO), and
KOH were separately dissolved in 5 mL of deionized water and then added dropwise to
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the precursor solution with the molar ratio of the target catalyst under stirring at 92 °C
for 1 h. The corresponding catalysts can be obtained by repeating the foregoing method.
V7,05, MoO3, H3PO,, H3PO4 and Cu(CH3COO); were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China) NH4HCO;, H3PO4 and KOH were
purchased from Shanghai Macklin Biochemical Co., Ltd.

5.2. Catalyst Characterization

FT-IR were recorded using an FT-IR spectrometer (Nicolet 380, Thermo Electron Corpo-
ration, Waltham, MA, USA) with anhydrous KBr as standard. TG analysis was performed
using a Shimadzu DTG60H thermogravimetric analyzer (Shimadzu Corporation, Kyoto,
Japan). The temperature was programmed to the range of room temperature to 550 min
at a heating rate of 5 °C/min. Powder XRD spectroscopy was performed using an X-ray
diffractometer (MiniFlex600, Rigaku Corporation, Tokyo, Japan) with Cu-K« radiation at
40 kV and 200 mA (scanning from 5° to 70° with steps of 0.02° /s and a 2-s acquisition
time). The specific surface area and pore structure of the catalyst were tested using an
ASAP2460 specific surface area and pore structure analyzer. SEM (5U4800, Hitachi Elec-
tronic Electric Appliance Company, Tokyo, Japan) with 5 kV of energy and a 90-mA beam
current and transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan) with
an acceleration voltage of 200 kV were performed. To identify the acid sites, NH3-TPD was
performed using a Micromeritics AutoChem II 2920 apparatus (Micromeritics Instrument
Corporation, Norcross, GA, USA). The redox behavior of the catalysts was determined
via temperature-programmed reduction of Hp with 10% Hj /N3 (30 mL/min) in the tem-
perature range of 80-650 °C. XPS spectra were obtained using a Kratos Axis Ultra DLD
(Manchester, UK) spectrometer with monochromatic Al K radiation.

5.3. Evaluation of Catalyst Activity

Selective oxidation of MAL to MAA was performed using a fixed-bed reactor. The
catalyst was loaded into the constant temperature zone of the stainless-steel tubular reactor
(10 mm). The catalyst was sandwiched between two layers of quartz wool, and supported
by a stainless-steel mesh. MAL and water were transported to the mixer using a micropump.
Air and nitrogen were continuously fed into the mixer simultaneously. Experimental
parameters are shown in Table 2. The products were analyzed using an Agilent-6820
gas chromatograph (GC) (Agilent Technologies Inc., California, USA) equipped with a
thermal conductivity cell detector (TCD) using an HP-INNOWAX capillary column. The
off-gas of the oxidation reaction was analyzed using an online GC through an HP-PLOT
capillary column.

Table 2. Experimental conditions for the selective oxidation MAL to MAA.

Project Conditions
MAL content (% v/v) 332
Formaldehyde content (% v/v) 0-0.33
Propanal content (% v/v) 0-0.21
Molar ratio MAL:O, 1:2.68
H,0 content (% v/v) 17472
Total volumetric flow (L-h~1) 6432
Preheater temperature (°C) 1302
Reactor temperature (°C) 280-320
Space velocity (h™1) 643-2572
Total pressure (MPa) atmosphere pressure ?

 Fixed parameters.

MALconversion was defined as follow:

MAL conversion (%) = 1 — moles of MAL®" /moles of MAL™ x 100, ()
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Selectivity to each product was calculated based on carbon basis with the follow-
ing equations:

Selectivity to MAA (%) = moles of MAA®"/(moles of MAL™ — moles of MAL®") x 100, 3)
Selectivity to HAC (%) = 1/2(moles of HAC®")/(moles of MAL™ — moles of MAL®") x 100, 4)
Selectivity to COx (%) = 1/4(moles of CO,°")/(moles of MAL™ — moles of MAL®"t) x 100, (5)

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/3/394/s1, Figure S1: The effect of aldehyde impurity on catalytic performance. Figure S2: IR
spectra recorded in the transient responses. Figure S3: X-ray diffraction spectrogram recorded in the
transient responses. Table S1: Specific surface area and elemental analysis in the transient responses.
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