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Abstract: The synthesis method of a zinc-tantalum catalyst supported on three-dimensional 10 

mesoporous silica with high specific surface area was studied. Its activity in the conversion of 11 

ethanol to butadiene was optimized using the Design of Experiment approach. A Plackett-12 

Burman screening design identified the important preparation parameters, notably the ratio of 13 

Zn to Ta. It was subsequently optimized using the Response Surface Methodology, affording 14 

a highly active catalyst.15 
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1. Introduction18 

The Lebedev process, the conversion of ethanol to 1,3-butadiene (BD), is being considered as19 

a sustainable alternative to hydrocarbon steam cracking. The latter which currently produces 95% 20 

of BD—the world’s most consumed diolefin [1–6]. Not only does the Lebedev process use a 21 

widely available feedstock derivable from biomass, it is also much more selective towards BD 22 

than steam cracking [1]. Selectivity comes into play when considering the purity needed by 23 

polymerization catalytic processes used to synthesize rubber from BD [5–7]. However, to 24 
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financially compete with fossil-based routes, the Lebedev process requires—amongst other 25 

things—better performing catalysts [8,9]. 26 

Silica-supported metal and metal oxide mixtures have demonstrated high catalytic activity in 27 

the Lebedev process [1,4]. Their performances are owed to the multi-functionality provided by 28 

the combination of different metals or metal oxides, each possessing complementary chemical 29 

properties required to catalyze the multi-step ethanol-to-butadiene reaction (Fig. 1). A balance 30 

between these properties has been cited as the key to maximizing BD production [10]. We found 31 

through a preliminary rough screening study (not published) that silica-supported Zn and Ta 32 

yielded the largest amount of BD compared with the other transition metals tested, e.g., Al, V, 33 

Cu, Ga, Zr, Nb,Hf, La, and Ce. In addition, catalyst structural properties have been linked to 34 

superior catalytic activity in the Lebedev process: high active phase dispersion [11–15], large 35 

specific surface areas [15,16], three-dimensional mesoporous morphology [8,11,17] were all 36 

found to improve catalytic performances in metrics such as BD productivity, BD selectivity and 37 

resistance to coke deactivation. 38 

In our previous work, we used the procedure developed at the Delft University of Technology 39 

to synthesize mesoporous silica (TUD-1) to prepare a Zn-Ta-TUD-1 catalyst showing remarkable 40 

performances in the conversion of ethanol to BD compared to commercial silica and 41 

dealuminated BEA materials [18,19]. The Zn-Ta-TUD-1 material proved to be more productive 42 

and stable than other highly active catalysts under comparable reaction conditions, notably 43 

hierarchical MgO-SiO2 reported by Men et al. and Zn-Y/SiBEA reported by Li et al. [20,21] 44 

We seek to improve the performances of the Lebedev process by tuning the synthesis of 45 

catalysts possessing the important physical and chemical properties mentioned above. TUD-1 46 

materials have a three-dimensional sponge-like mesoporous morphology and many advantages 47 

over conventional mesoporous catalyst carriers [22,23]. They boast a simple, yet cost-effective 48 
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one-pot synthesis based on the sol-gel process, with tunable pore size and specific surface area, 49 

ranging from 2 – 50 nm and 400 – 1000 m2/g, respectively. TUD-1 materials are also reported to 50 

have a high hydrothermal stability, which suits them well for processes involving the dehydration 51 

of alcohol at high temperature. Furthermore, metals are easily introduced and dispersed within 52 

the silica framework with minor adaptation of the preparation procedure [23]. A key component 53 

of the TUD-1 synthesis is the addition of an organic chelating agent during the sol-gel process: it 54 

forms complexes of the metal and silica precursors, insuring their homogeneous dispersion 55 

throughout the preparation by preventing cluster formation; it also acts as a structure-directing 56 

agent to produce the sponge-like morphology when the silica precursor condenses during thermal 57 

treatment of the gel [23,24]. Catalysts with a highly dispersed active phase, a large specific 58 

surface area and a mesoporous morphology for the Lebedev process can thus be obtained. 59 

However, despite its simplicity, the TUD-1 preparation procedure needs to be treated carefully: 60 

the effects of several synthesis parameters are unclear in the literature, which may cause 61 

unexpected result when scientists attempt to adapt the method for their own purposes. 62 

Furthermore, authors working with TUD-1 sometimes omit to justify their preferences when 63 

adapting the synthesis method. One instance we encountered was the use of tetraethyl ammonium 64 

hydroxide (TEAOH) as an alkalizing agent during the sol-gel process. Although descripted as 65 

optional in the original paper by Jansen et al. [18] most scholars resort to it, undoubtedly due to 66 

its role as gelation catalyst. However, the quantity in relation to silica precursor amount appears 67 

to arbitrarily change from one publication to another [22,25,26]. Parameters we found to change 68 

depending on the publication were the calcination method [25,27] and solvent used [22,25,28–69 

30], amongst other. 70 

The objective of our work was thus two-fold: to prepare a Zn-Ta-TUD-1 catalyst active in the 71 

Lebedev process based on the observations of our previous work, as well as sorting and 72 



 4

understanding the effect of certain synthesis variables on the morphology of bimetallic TUD-1. 73 

These goals were achieved using a Design Of Experiment (DOE) methodology combined with 74 

mathematical and statistical techniques which allow the modeling of dependent responses to the 75 

independent variables of a process. Such models can be used for process optimization, but also 76 

for statistical interpretation in order to study the influence exerted by each independent variable 77 

on the selected response. First, a Plackett-Burman (PB) experimental design was used to identify 78 

important variables of the Zn-Ta-TUD-1 synthesis and their impact on BD productivity, specific 79 

surface area and pore size. It is a two-level factorial design of experiment that allows the 80 

screening of n – 1 factors in a maximum of n experiments, where n is the number of runs and a 81 

multiple of four [31,32]. This highly economical design is ideal for studying processes that are 82 

expensive or time-consuming, but comes at the cost of screening resolution, meaning only the 83 

main effects of each variables can be calculated. With a better understanding of the Zn-Ta-TUD-84 

1 synthesis, the catalyst was further optimized for BD productivity using a three-level factorial 85 

design of experiment combined with the response surface methodology (RSM), a mathematical-86 

statistical technique used in engineering for experiment design and process optimization [31,33–87 

35]. In this case, only two independent variables were selected—Zn and Ta concentration in the 88 

catalyst—enabling a more descriptive study of their effect on BD productivity. Catalytic testing 89 

and characterization of the morphological properties were performed to gather the experimental 90 

data needed for empirical modelling. 91 

2. Material and methods 92 

2.1. Reagents & materials 93 

For the synthesis of Zn-Ta-TUD-1, two sources of each metal were used alternatively: 94 

tantalum chloride (Alfa Aeser, 99.8%) or optical grade tantalum ethoxide (Alfa Aeser, 99.95%), 95 

and zinc chloride (Acros Organics, 97+%) or zinc acetate dehydrate (Acros Organics, 98+%). 96 
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Two different chelating agents were used: triethanol amine (or TEAH3, Acros Organic, 99+%) or 97 

tetraethylene glycol (or TEG, Agros Organics, 99.5%). Tetratethyl orthosilicate, (or TEOS, Agros 98 

Organics, 98%) was the silica precursor. Tetraethyl ammonium hydroxide (or TEAOH, Aldrich, 99 

35 wt. % in water) was used as the alkalizing agent to catalyze gelation. Ethanol (Aldrich, 99.8%) 100 

was used as the solvent for the synthesis and as reactant during catalytic testing. 101 

Thermal treatment of the dried gel was performed in a 35 mL PTFE-lined autoclave from the 102 

Parr Instrument Company. Calcination under air flow was done in a quartz tubular reactor and 103 

under static air in a muffled oven. 104 

2.2. Characterization 105 

Catalyst structures were characterized with nitrogen physisorption experiments at -196 °C 106 

using a Micromeritics Tristar II instrument. Prior to analysis, 50–200 mg of catalyst were 107 

outgassed under vacuum at 150 °C for 6 hours. Specific surface area (SBET) was calculated with 108 

the Brunauer–Emmett–Teller (BET) method. The Barret-Joyner-Halenda model was used to 109 

calculate the pore diameter (Dp) distribution using the desorption isotherm. 110 

Transmission electron microscopy (TEM) was used to characterize the microstructure of 111 

selected Zn-Ta-TUD-1 samples with a FEI Tecnai G2 transmission electron microscope operated 112 

at 200 kV. 113 

2.3. Catalytic testing 114 

Ethanol conversion was performed with a Multi-R® apparatus from Teamcat Solutions SAS [36], 115 

which is a high-throughput equipment for heterogeneous catalyst screening. Four glass reactors 116 

can be used simultaneously, with the gaseous feed being calibrated to ensure an equal inlet flow 117 

using a splitter; the reactor outputs were analyzed with an online Agilent 7890 A equipped with 118 

an FID detector. An independently controlled valve enables selecting the output of each reactor 119 

for analysis. 120 
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Catalyst testing was performed at 350 °C and a pressure of 1 atm. Each catalyst was ground and 121 

sieved to 120 mesh granules, 30 mg of which were loaded in glass reactors and kept in place with 122 

SiC. To feed the reactors with ethanol, He was used as a carrier gas. It was passed through a 123 

bubbler containing ≥99.8 % ethanol, set at pressure and temperature to afford vapor concentration 124 

of 4.5% according to the Antoine’s law. Weighted hourly space velocity of ethanol (WHSVEtOH) 125 

was set to5.3 h-1 by adjusting the inlet flow and catalyst mass. 126 

Ethanol conversion (X, %), the selectivity towards each product (Si, %), the molar yield of each 127 

product (Yi, %) and the productivity in butadiene (PBD, gBD·gcat
-1

·h-1) were used to describe 128 

catalytic activity—equation 1, 2, 3,and 4 respectively, where ci represents the number of carbon 129 

moles measured for a given compound i. These values were recorded after 1 hour on stream, after 130 

initial stabilization of the reactor output. The carbon balance (CB) for each test was calculated by 131 

dividing the sum of carbon moles detected with the molar amount of carbon introduced as ethanol 132 

and found to range between 95 – 105 %. 133 

X=
cEtOH,in −  cEtOH,out

cEtOH,in
·100 (1) 

Si=
ci,out

cEtOH,in −  cEtOH,out
·100 (2) 

Yi=	·Si (3) 

PBD=X·SBD·
��
����·0.587/100 (4) 

2.4. General Zn-Ta-TUD-1 synthesis 134 

The default TUD-1 preparation method was inspired by the work of Pescarmona et al. 135 

[29,37,38]. However, we substituted 2-propanol—the original solvent—by ethanol as the former 136 

failed to adequately dissolve some metal precursors. In a typical synthesis (see Fig. S1), 1.741 g of 137 

TEOS and the metal precursors, i.e. 0.067 g of TaCl5 and 0.257 g of Zn Zn(NO₃)₂·6H₂O, were138 
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added to 30 mL of ethanol under vigorous stirring at room temperature. After obtaining a clear 139 

solution, the chelating agent was added dropwise while stirring; if TEAH3 was used, it was first 140 

dissolved in water with 1:11 molar ratio; a typical synthesis used 1.741 g of TEAH3. The mixture 141 

was left to stir for 1 hour, resulting in a clear solution. TEAOH, 35 wt.% in water (i.e. 1.767 g of 142 

it) was added dropwise to the clear solution under vigorous stirring. During this step, the solution 143 

quickly became white and opaque, before returning to a clear, colorless solution, which was 144 

further stirred for 2 hours. This sol was left to age for 24 hours, resulting in gelation. The 145 

obtained gel was dried overnight at 100 °C, resulting in a solid, transparent xerogel with varying 146 

shades of dark orange. It was gently ground to a fine powder and placed in a Teflon-lined 147 

autoclave for a thermal treatment at 180 °C during 6 to 48 hours. The ensuing solid—a sticky 148 

power reminiscent of brown sugar—was calcined at 600 °C for 10 hours. 149 

2.5. Plackett-Burman screening study 150 

XLstat, an add-on for the Microsoft Excel® software, was used to generate the Plackett-151 

Burman design used for studying the effects of the synthesis parameters on the properties and 152 

activity of Zn-Ta-TUD-1 and analyze the responses obtained experimentally (Table 1). XLstat 153 

can model the effect of each parameter (also known as variable or factor) of a given response by 154 

fitting a first-order polynomial function of the studied parameters (equation 5) with the 155 

experimental response. 156 

�� =  �� + � �� ∙ 	�

�

���
+ (5) 

where Yj is the fitted response, β0 the model intercept, βi is the linear coefficient of independent 157 

variable i with Xi its level, k the number of involved variables, and ε the residual error. Equation 5 158 

was solved using the least square method, which is a multiple regression technique that fits 159 

mathematical models to experimental data by minimizing the value of residuals between 160 
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experimental and fitted responses. Quality of fit and model significance were established by the 161 

coefficient of determination (R2) and Fischer’s F-test, respectively. The obtained statistical results 162 

showed the medialization to be statistically acceptable for further study.163 

The effect of each variable was judged according to their statistical significance, which was 164 

assessed with an analysis of variance (ANOVA) performed with XLstat. For each response, this 165 

required transforming three of the eleven variables into ‘dummy’ variables to reach the minimum 166 

variable-to-observation ratio required for statistical analysis. Variables were considered ‘dummy’ 167 

when the contribution of their coefficient to the response model was less than 1%. The ANOVA 168 

afforded standardized main effects of variables, which are t-statistics that test the null hypothesis, 169 

e.g., that the effect of a variable on the response is 0.170 

BD productivity (YBD) was chosen as the first response to model due to its industrial importance171 

[2,39]. BET specific surface (YSBET) and average pore diameter (YDp) were selected as responses 172 

due to their importance as morphological properties of catalyst carriers. The choice of synthesis 173 

variables was based on the literature concerning both the Lebedev process and TUD-1 catalysts, as 174 

well as preliminary experiments (not shown). The Zn-to-Ta (Zn:Ta) and total Si-to-metal molar 175 

ratios (Si:M) in the precursor gel were selected due to the reported importance of balanced active 176 

phases in catalysts for the Lebedev process [10,13,16,40–42]. The nature of the metal precursors, 177 

was reported as influential on TUD-1 morphology [22], but also on activity in the Lebedev 178 

process.[43] In this case, zinc chloride and zinc acetate hydrate were selected as levels for the zinc 179 

precursor parameter (ZnPr). Tantalum chloride and tantalum ethoxide were chosen as tantalum 180 

precursors (TaPr). Thermal treatment (ThTr) duration is reported as an important TUD-1 synthesis 181 

parameter because of its influence on morphology [23–25]. The TEAOH-to-Si mole ratio in the 182 

precursor gel (Alk:Si), the type of chelating agent (ChAg) and the choice of calcination method 183 

(CalcM) were selected due to the ambiguity in the literature regarding their influence. For instance, 184 
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TEAOH is described as optional [18], yet is used in most publications, without an optimal ratio 185 

being reported [22,25,26]. The calcination temperature ramp (CalcR) and the need for a drop-wise 186 

addition of TEAOH under vigorous stirring (StiDW) were investigated as potential time-saving 187 

measures. The order by which the chelating agent was added to the precursor solution (ChOrd) 188 

with regards to the metal precursor was also investigated out of curiosity. Fig. 2 illustrates the Zn-189 

Ta-TUD-1 synthesis methods used in the PB experiment, as well as the different levels of all 190 

parameters with the exception Zn:Ta and Alk:Si. 191 

Choosing the two levels of each factor, represented by + and – in Table 1, was largely a 192 

matter of preliminary experimentation with the TUD-1 and the result of our unpublished 193 

screening study previously mentioned. Table 2 lists the levels of each variable investigated in the 194 

Zn-Ta-TUD-1 synthesis; Fig. 2 illustrates these levels in relation to the Zn-Ta-TUD-1 preparation 195 

procedure. Experiments were performed in a random order generated by the XLStat software to 196 

minimize errors and biases. 197 

2.6. Response surface methodology 198 

RSM is a technique that encompasses multi-variant experimental design, statistical modelling 199 

and process optimization. It is generally performed in three steps: (1) DOE, (2) response surface 200 

modelling through regression and (3) optimization of the response [44]. The XLstat software was 201 

used for all three steps. RSM was used to optimize the productivity in BD (YPDB) by establishing 202 

its relationship to two independent variables: Zn and Ta molar content in Zn-Ta-TUD-1, Zn 203 

mol.% and Ta mol.% respectively. The variables were selected after the PB screening study 204 

showed that the Zn:Ta molar ratio had a significant effect on the activity of the catalyst. In 205 

addition, the Zn-Ta-TUD-1 preparation method used corresponded to the best performing 206 

procedure identified by screening, which was equivalent to that used for sample PB12 in Table 1. 207 
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For a single-response, two-variable experiment, a three-level full factorial design was found 208 

suitable, as it did not require many experiments, yet provided a reasonable amount of information 209 

[35]. The three levels used were symbolized by -1, 0, 1. Table 3 lists the experimental design, the 210 

corresponding experimental values for each level and the YPBD response obtained via catalytic 211 

testing. Like above, experiments were performed in random order to minimize errors and biases 212 

via the XLstat software. 213 

Response surface modelling was performed by an empirical quadratic model of the response 214 

(Equation 6) to the experimental data using the least square root method. 215 

�� =  �� + � �� ∙ !� + � ��� ∙ !�"
�

���

�

���
+ � ��� ∙ !�

�

�#�
∙ !� +    (6) 

where Yj is the fitted response, β0 the model intercept, βi is the linear coefficient of independent 216 

variable i with xi its input factor, and k the number of involved variables, βi is the quadratic 217 

coefficient of variable i, βij is the linear interaction coefficient between variable i and j, and ε the 218 

residual error. Goodness of fit of the model was evaluated with R2 and its significance with 219 

Fischer’s F-test. Contrarily to the modelling used in the PB experiment, the introduction of 220 

second-order terms allows the study of variable interaction effects. The relevance of each 221 

coefficient was judged according to the t-statistics resulting from an ANOVA. 222 

Optimization, e.g., finding the variable level providing the theoretical maximum response, 223 

was performed using the method of steepest ascent, which is available due to the model being 224 

limited to a single response [31]. 225 

3. Results and discussion 226 

3.1. Plackett-Burman screening 227 

3.1.1. Statistical interpretation 228 
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The coded value of experimental points representing the variables of the Zn-Ta-TUD-1 229 

synthesis and the corresponding responses are listed in Table 1. For each response—BD 230 

productivity, BET surface area and average pore diameter—a first-order polynomial equation 231 

was generated and fitted to the experimental data. Accuracy of fit and F-test results (Table S1) 232 

indicate that all three models explain >94% of the response variation and are overall significant at 233 

95% confidence level. An association test of the studied responses with Pearson-type correlation 234 

was performed at 95% confidence level. The correlation matrix can be found in Table 4. 235 

The calculated linear coefficient βi of every independent variable i can be used to estimate 236 

their influence on each response. A more rigorous interpretation considers the standardized main 237 

effects, which are the t-values of variable effects computed with the ANOVA of the models [32]. 238 

Two criteria were used to judge the importance of each variable: the t-value limit at confidence 239 

level of 95% (α = 0.05) and the Bonferroni limit, which tests the null hypothesis at more 240 

conservative confidence level [32]. Factors with standardized effects above the t-value limit were 241 

interpreted as likely to be significant; above the Bonferroni limit, variables were considered 242 

significant [32,45]. Below the t-value limit, variables were deemed unlikely to be significant. 243 

Pareto charts of standardized effects are simple bar charts, but a useful visualization tool to 244 

quickly interpret the results of factorial screening studies through. By plotting the t-value and 245 

Bonferroni limits, the significant of each variable of the Zn-Ta-TUD-1 synthesis can be easily 246 

assessed. The length of each bar also indicates the relative weight of each variable. The effects 247 

each experimental level of the synthesis parameters had on the responses were also considered. 248 

For a given response, dashed bars indicate that the low level (–) of the parameter afforded the 249 

greater response value comparatively. Contrarily, dash-less bars indicate that the high level (+) 250 

gave a higher response. Pareto charts of standardized effects of Zn-Ta-TUD-1 synthesis on BD 251 

productivity, SBET and Dp are illustrated in Fig. 3. 252 
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3.1.2. Zn-Ta-TUD-1 morphology 253 

The results of N2 porosimetry with the catalysts prepared according to the PB design are 254 

listed in Table 1. These confirm the formation of mesoporous materials with high surface area. As 255 

Table 1 indicates, BET specific surface area (YBET) ranged between 228 and 747 m2g-1 and average 256 

pore diameter (YDp) varied between 3.0 and 25.1 nm. This degree of irregularity in terms of 257 

morphological properties is consistent with the high tunability of TUD-1 materials.  258 

In the original paper introducing the TUD-1 synthesis procedure, Jansen et al. explained how 259 

the mesoporous morphology could be tuned [18]. By adjusting the thermal treatment duration of 260 

the silica xerogel, pore diameter and specific surface area could be modified, with the value of 261 

each characteristic being inversely proportional to one another as a function of time—lengthening 262 

treatment time reducing specific surface area and increasing mesopore size. Similar observations 263 

were made with metal-containing TUD-1 materials when time was the only synthesis variable 264 

[24]. 265 

The xerogel is an organic-inorganic hybrid in which the chelating agent and its metal 266 

complexes are homogeneously dispersed [24]. Upon heating, silica particles grow and organic 267 

species agglomerate, shaping the mesoporous framework by steric hindrance. In theory, 268 

lengthening the heating period promotes the organic agglomeration [46], resulting in larger, but 269 

fewer agglomerates for silica to condense around. The morphological consequence of this 270 

phenomenon is larger pores, but a reduced specific surface area. This trade-off between the two 271 

morphological properties as a result of thermal treatment time is well established [18,23,46].   272 

Surprisingly, the statistical analysis of the effects exerted by the 11 variables of the Zn-Ta-273 

TUD-1 synthesis under study (Fig. 3) found thermal treatment time not to influence BET specific 274 

surface area or the average mesopore size. Nevertheless, the association test (Table 4) indicated a 275 

strong inverse correlation between the two morphological properties. In other words, the trade-off 276 
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between surface area and pore size typical of TUD-1 still took place, but was the subject of 277 

variables other than thermal treatment time. Fig. 5 illustrates this relationship. The type of 278 

chelating agent and TEAOH:Si ratio in the precursor gel were identified as statistically 279 

significant variables influencing both morphological properties. According to the literature, 280 

TEAH3 and TEG play the identical dual role of precursor chelating and structure directing agents, 281 

with the former being the predominant choice in TUD-1 synthesis.[23] However, no study could 282 

be found that directly compared both molecules. Interestingly, TEG led to larger specific surface 283 

area and TEAH3 to larger pores. This is consistent with the fact the latter has a larger molar 284 

volume than TEG, both when determined empirically at 25 °C and using Connolly’s molecular 285 

surface package [47], since equimolar amounts were used in the synthesis of Zn-Ta-TUD-1. 286 

Incidentally, greater quantities of TEAOH—used for catalyzing the gelation process and 287 

introduce micropores within the framework—was correlated with bigger pore diameter at the 288 

expense of surface area, although no micropores could be detected by N2 porosimetry. The 289 

additional organic matter within the precursor gel likely increases the size of structure-shaping 290 

agglomerates during the thermal treatment. Consequently, the use of TEOH should be limited to 291 

gelation catalysis, as its structure-directing properties could be fulfilled by the less expensive, 292 

safer chelating agents. 293 

Other synthesis variable studied showed significant effect on the morphological properties of 294 

Zn-Ta-TUD-1 (Fig. 3). However, these were not reciprocal between both responses studied. 295 

Considering the inverse correlation observed, two possibilities main explain this discrepancy: 296 

these variables exclusively affected one of the morphological properties independently of the 297 

other; interaction effects between variables also influencing TUD-1 morphology could not be 298 

estimated due to the low degree of freedom of PB designs [31]. The most important synthesis 299 

parameter identified to only affect pore size was the TEAOH addition procedure during the sol-300 
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gel process. Most authors indicate TUD-1 should be prepared by adding TEAOH drop-wise 301 

under vigorous stirring and left stirring for up to two hours until a clear gel is obtained. 302 

Surprisingly, directly pouring TEOH consistently afforded a clear colorless gel, whereas the 303 

traditional method occasionally resulted in milky mixtures, which have been observed 304 

elsewhere.[26,46] In the sol-gel methodology, the basic catalyst feed rate controls the silica 305 

precursor hydrolysis and condensation kinetics; higher feed rates have been associated to faster 306 

particle growth.[48] Consequently, the influence of the TEAOH addition method on the 307 

morphology of Zn-Ta-TUD-1 may be owed to the change in gelation kinetics it induces. Why 308 

this effect is statistically significant only for the average pore diameter remains to be answered. 309 

3.1.3. BD productivity 310 

The catalytic performances of Zn-Ta-TUD-1 catalysts prepared according to PB design varied 311 

significantly in terms of productivity (Table 3). In a typical test, ethanol was converted to 312 

predominantly three products: BD, acetaldehyde and ethylene; 1–3 % yield consisted of diethyl 313 

ether, propylene, 1-butanol and butenes. Selectivity towards the three main products depended on 314 

the catalyst used. The best performances were achieved with PB12: its activity is depicted in Fig.315 

4. As illustrated, BD selectivity reached 70%, a value comparable to many of the best catalysts316 

found in the literature [4]. Although BD selectivity remained stable, deactivation took place, as 317 

evidenced by the decreasing ethanol conversion. Nevertheless, high BD productivity was 318 

achieved. 319 

As previously indicated, several authors have associated the morphology of studied materials 320 

and their performances in the Lebedev process [8,11,16,17]. Association tests of BD productivity 321 

with specific surface area and average pore diameter were performed. Accordingly, a Pearson-322 

type correlation between BD productivity and specific surface area at 95% confidence interval 323 

was found (Table 4); although statistically significant, it is unlikely that the correlation is linear, as 324 
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a better fit was found with a quadratic equation (Fig. 5 (b)).  Similar correlations have been 325 

reported by other scholars for this reaction [16]. In fact, it is well-established that greater surface 326 

area allows for a better accessibility to active sites and is often considered a desirable feature of 327 

catalysts. Contrarily to Jones et al. [8] and Palkovits et al. [17], who reported improvements in 328 

BD yield with increasing pore size, no correlation could be found between the average pore 329 

diameter and BD productivity on Zn-Ta-TUD-1. This can be explained by the trade-off between 330 

SBET and Dp mention in section 3.1.2.: the benefits of greater pore size may be cancelled due to 331 

the loss in specific surface area, suggesting the latter to be the most important morphological 332 

property of the two for maximization BD formation. Consequently, it is unsurprising that two of 333 

the most influential factors on SBET, the nature of the chelating agent and the calcination method, 334 

were also statistically significant on BD productivity, as depicted by Fig. 3 (c). 335 

The only factor with no impact on TUD-1 morphology, but significantly influential on BD 336 

productivity was the Zn-to-Ta molar ratio. Zinc oxide is well-established for catalyzing the 337 

dehydrogenation of ethanol and tantalum oxide can perform the conversion of ethanol-338 

acetaldehyde mixtures of BD. However, many authors have reported that a subtle balance must 339 

be struck between the dehydrogenating and condensation promoters, as the active sites are also 340 

known to catalyze undesirable side-reaction. This theory is given statistical evidence through the 341 

results of our PB screening. The fact that the Zn-to-Ta molar ratio was statistically insignificant 342 

on synthesis procedure with regards to the resulting morphological properties further indicates 343 

that it is solely attributable to the chemical properties of Zn-Ta-TUD-1.  344 

Further increase in BD productivity proceeded by tuning the synthesis of Zn-Ta-TUD-1. Of 345 

all significant preparation parameters identified by the PB design experiment, the Zn-to-Ta ratio 346 

was selected for the RSM experiment. To accommodate a two-variable design, Zn-to-Ta was split 347 

into the molar amount of each element, thereby providing information of the effect of low metal 348 



 16 

content. All other variables were set to their low-level setting, as Fig. 3 shows them to improve 349 

BD productivity. Incidentally, this corresponds to the procedure used to synthesize PB12, except 350 

for the ratio and amount of Zn and Ta. 351 

3.2. Response surface methodology 352 

3.2.1 Statistical interpretation  353 

The obtained response listed in Table 3 was correlated with independent variables Zn mol.% 354 

and Ta mol.% using the quadratic equation, Eq. (6). The least square regression method was used 355 

to fit the experimental data to Eq. (6), resulting in the model below: 356 

�$%& =  1.191 + 0.146 ∙ 	� + 0.156 ∙ 	" + 0.059 ∙ 	�" − 0.366 ∙ 	"" − 0.031 ∙ 	� ∙ 	" (7) 

where X1 is Zn mol.% and X2 is Ta mol.%. Validity of the model was tested through statistical 357 

means (Table S2Error! Reference source not found.). The coefficient of determination and its 358 

adjusted form, 0.971 and 0.924, respectively, showed that the experimental results were well 359 

represented by the model. ANOVA of the model indicated an F-value of 20.347 and a p-value 360 

below 0.05; theses statistical results demonstrated the significance and adequacy of the model. 361 

The importance of each factor on the response (BD productivity) was assessed by comparing 362 

their standardized effect to the minimum t-value at 95% confidence interval. The Pareto chart 363 

depicted in Fig. 6 reveal the most important factors. The main effect of Zn and Ta content were 364 

found to be important, naturally suggesting both elements contribute to the catalytic activity of 365 

Zn-Ta-TUD-1. However, no interaction effect could be discerned between the two variables; this 366 

implies Zn and Ta—although both required for forming BD—do not have a synergy effect that 367 

can be discerned using our quadratic model. Only the squared effect of Ta loading was 368 

significant, but also negative. This can be interpreted as a non-linear detrimental effect of Ta 369 

mol.% on BD productivity. 370 
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The two-dimensional contour plot of BD productivity corroborated with Zn and Ta loadings 371 

is shown in Fig. 7; it is the visual representation of the quadratic response model, Eq. 7. A 372 

noticeable plateau effect with regards to the Ta loading can be deduced from its shape [35], 373 

reflecting the squared negative effect noted above. A linear relation between BD productivity 374 

with Zn content within the experimental region can also be observed. The method of steeped 375 

ascent indicated BD productivity can be maximized with a catalyst containing 3 mol.% of Zn and 376 

2.2 mol.% of Ta. However, the elliptical shape of the response maxima suggests the true optimal 377 

value to be outside the experimental region with regards to Zn content. Incidentally, PB12—378 

synthesized for the screening experiment with a loading of 4 mol.% Zn and 2.1 mol.% Ta—379 

showed a BD productivity of 1.60 gBD·gcat
-1

·h-1. A Zn-Ta-TUD-1 catalyst with 6 mol.% and 380 

2.2 mol.% of Zn and Ta was synthesized using the same methodology to further test the influence 381 

of Zn. BD productivity dropped to 0.86 gBD·gcat
-1

·h-1, with a noticeable gain in acetaldehyde 382 

selectivity (not shown). The resulting curve of PB selectivity versus Zn mol.% at fixed Ta content 383 

the RSM indicated the optimal Zn-Ta-TUD-1 catalyst should have a Zn content between 3 and 384 

4 mol.%. Ta content between 2 and 2.2 mol.% was found optimal with the method of steepest 385 

ascent. This amounts to a Zn-to-Ta ratio between 1.5 and 2. 386 

3.2.2. RSM series characterization 387 

The TUD-1 preparation has been described as an easy way to homogeneously disperse metals 388 

within a mesoporous silica framework [23]. Optimization of Zn-Ta-TUD-1 synthesis to 389 

maximize its activity in the Lebedev process afforded highly active materials. To verify that the 390 

materials prepared were comparable to those found in the literature, thereby confirming the 391 

success of the synthesis method used, characterization was performed. 392 

N2 porosimetry results (Table S3) indicated the final Zn-Ta-TUD-1 method afforded materials 393 

with an average BET surface area of 661±41 m2∙g-1, indicative of its repeatability. Average pore 394 
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size diameter of 9.8±1.5 nm was obtained, with an outlier at 7.0 nm. Interestingly, no correlation 395 

between BET surface area and activity could be observed. This suggested the metal content 396 

becomes the predominant factor once specific area is large enough, e.g., ≥600 m2∙g-1at which 397 

point this morphological property appears to no longer be an issue. 398 

SEM images typical of samples prepared during the RSM experiments are shown in Fig. 8. 399 

The results are similar to those reported in the literature for M-TUD-1 at low metal loading 400 

[25,30,38,49–51]. Zn-Ta-TUD-1 consisted of <100 μm particles apparently without a well-401 

defined morphology. At high magnification, the catalyst surface is shown to be rough and 402 

irregular, typical of the sponge-like morphology resulting from the agglomeration of silica 403 

particles formed during the synthesis procedure [23,24,52]. 404 

Fig. 9 illustrates HR-TEM images of RSM series Zn-Ta-TUD-1 catalysts. Inspection of 405 

various samples confirmed the sponge-like 3D structure with “worm-like” pores characteristic of 406 

TUD-1 materials [23,26]. The absence of discernable metal oxide nanoparticles suggests Zn and 407 

Ta were completely isolated within the carrier framework. Their presence was confirmed by 408 

energy-dispersive X-ray spectroscopy. Furthermore, nanoparticles could be detected upon 409 

electron irradiation of the samples, which provoked the degradation of silica and metal oxide 410 

agglomeration (Fig. 9, right, and Fig. S2) [53,54]. 411 

3 Conclusion 412 

The effect of various parameters in the synthesis of Zn-Ta-TUD-1 materials on their 413 

morphology and ability to convert ethanol to BD was studied using designs of experiments. A 414 

Placket-Burman screening design coupled with mathematical modelling and statistical tools 415 

identified the most important preparation variables for attaining high BD productivity and 416 

understanding their effect on surface area and pore size. Response surface methodology was used 417 
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to optimize BD productivity by tuning the Zn and Ta content of catalysts prepared according to 418 

the most suitable procedure resulting from the screening study. 419 

We found the nature of the chelating agent to play a statistically significant role on the 420 

morphology of Zn-Ta-TUD-1. Use of TEG—a sterically smaller molecule—resulted in larger 421 

surface area and smaller average pore diameter than TEAH3. There existed a trade-off situation 422 

between the two structural properties depending on the agent used and the total amount of 423 

organic species present in the precursor gel. Ostensibly, the difference manifests itself during the 424 

structure shaping process taking place under thermal treatment. Choosing a favorable chelating 425 

agent may be an alternative to tuning the thermal treatment duration for obtaining desirable 426 

morphologies, the common practice with TUD-1 material. New chelating agents and their effect 427 

should also be investigated. 428 

Substituting the drop-wise addition under stirring of TEAOH for rapid pouring influenced 429 

pore size, likely due to changes in the gelation kinetics. It showed great reproducibility in 430 

obtaining materials with large surface area (≥600 m2·g-1) and mesopores diameters averaging 431 

10.5 nm. In practical terms, this finding enables time saving during the synthesis. However, a 432 

more thorough study of the gelation kinetics with better controlled alkalizing agents addition 433 

rates is advised. 434 

Besides the chelating agent, high BD productivity required a balanced Zn:Ta ratio and 435 

calcination of the samples under air. RSM optimization of Zn and Ta loadings further indicated 436 

the optimal content of Ta was between 2 and 2.2 mol.%. Maximum BD productivity required a 437 

Zn content between 3 and 4 mol.%. Despite finding no mathematical evidence of interaction 438 

between the amount of Zn and Ta, the results highlight the need for a balanced quantity of each 439 

element for maximizing BD production. This observation coincides with other findings of the 440 
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literature which concluded that the multi-step reaction of the Lebedev process requires catalysts 441 

with balanced properties, often obtaining by tuning their different components [10,16,40]. 442 

The butadiene productivity of catalyst RSM-8 prepared via the improved synthesis method 443 

can be compared with that Zn-Ta-TUD-1 from our previous work—synthesized by conventional 444 

method with unoptimized metal content [19]. At 400 °C and WHSVEtOH of 5.3 h-1, RMS-8 445 

achieves a comparable BD productivity of 2.18 gBD·gcat
-1

·h-1 after 3 hours on stream, despite 446 

possessing 53% of the total metal content (3 and 2 mol.% vs. 6.1 and 3.4 mol% of Zn and Ta, 447 

respectively). Furthermore, RSM-8 displayed a better resistance to deactivation over a 20 h 448 

period, decreasing by 8 percentage points, compared to 16 percentage points for the catalyst of 449 

our previous work (Fig. S3). Consequently, we conclude that the design of experiment approach 450 

successfully improved the synthesis method for preparing Zn-Ta-TUD-1 materials highly active 451 

in the Lebedev process. 452 
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6 ANNEX - FIGURES 550 

551 

552 

Fig. 1 Generally accepted mechanism for the conversion of ethanol to 1,3-butadiene. Reaction 553 

steps: (a) ethanol dehydrogenation; (b) aldol condensation of acetaldehyde; (c) acetaldol 554 

dehydration; (d) MPVO reaction; (e) crotyl alcohol dehydration. 555 

556 

557 
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Table 1 Plackett-Burman experimental design used for studying the main effects of Zn-Ta-TUD-558 

1 synthesis variables.559 

Run no. Cat. name 
Variable Responses 

Zn:Ta Si:M ThTr TaPr ZnPr ChAg Alk:Si ChOrd StiDW CalcM CalcR YPBD YSBET YDp 

1 PB1 + + - + + + - - - + - 0.583 341 18.7 
10 PB2 - + + - + + + - - - + 1.089 336 25.3 
11 PB3 + - + + - + + + - - - 0.644 424 28.3 
2 PB4 - + - + + - + + + - - 1.139 747 3 
6 PB5 - - + - + + - + + + - 0.748 516 7 
4 PB6 - - - + - + + - + + + 0.753 228 25.11 
5 PB7 + - - - + - + + - + + 0.669 401 26 
3 PB8 + + - - - + - + + - + 0.745 505 15.9 
7 PB9 + + + - - - + - + + - 0.640 486 12.6 
8 PB10 - + + + - - - + - + + 0.912 601 11.9 
9 PB11 + - + + + - - - + - + 1.181 740 6.6 
12 PB12 - - - - - - - - - - - 1.602 739 10.7 

Variable signification: Zn:Ta, the zinc-to-tantalum molar ratio; Si:M, the silica-to-total-metal ratio; ThTr, the thermal 560 

treatment time; TaPr, nature of the Ta precursor; ZnPr, nature of the Zn precursor; ChAg, nature of the chelating 561 

agent; Alk:Si, the TEAOH-to-Si ratio; ChOrd, the order of chelation; StiDW, Dropwise addition of TEAOH with 562 

stirring; CalcM, calcination method; CalcR, calcination ramp. 563 
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564 

Fig. 2 Preparation scheme of Zn-Ta-TUD-1; (+) and (-) signs represent the levels of the Plackett-565 

Burman experimental design.566 

567 

Table 2 Level of variables in the Plackett-Burman experiment of Zn-Ta-TUD-1 synthesis568 

Variable Unit Symbol - + 
Zn-to-Ta ratio n/a Zn:Ta 2 5 

Silica-to-metal ratio n/a Si:M 16 8 
Thermal treatment duration Hour ThTr 6 24 

Nature of Ta precursor n/a TaPr Ta(EtO)5 TaCl5 
Nature of Zn precursor n/a ZnPr Zn(CH3CO2)2 ZnCl5 

Nature of chelating agent n/a ChAg TEG TEAH3 
TEAOH-to-Si ratio n/a Alk:Si 0.5 1.0 

Order of chelation addition step n/a ChOrd Before metal After metal 
Dropwise addition of TEAOH with stirring n/a StiDW No Yes 

Calcination method n/a CalcM Under air flow Under static air 
Calcination temperature ramp °C/min CalcR 1 3 

569 

Table 3 Three-level factorial design and corresponding levels of variable for the optimization of 570 

Zn-Ta-TUD-1 preparation to maximize butadiene productivity and the corresponding 571 

experimental responses. 572 

Run no. Catalyst name 
Variable 

YPBD (gBDgcath-1) Ta mol.% Zn mol.% 
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2 RSM1 -1 1 % -1 1 % 0.555 
5 RSM2 0 2 % -1 1 % 1.048 
4 RSM3 1 3 % -1 1 % 0.978 
9 RSM4 -1 1 % 0 2 % 0.715 
7 RSM5 0 2 % 0 2 % 1.188 
8 RSM6 1 3 % 0 2 % 0.939 
1 RSM7 -1 1 % 1 3 % 0.849 
6 RSM8 0 2 % 1 3 % 1.456 
3 RSM9 1 3 % 1 3 % 1.150 

573 

Table 4 Correlation matrix between the responses selected for the PB experiment.574 

Response YPBD YSBET YDp 

YPBD 1 0.689** -0.45
YSBET 0.689** 1 -0.828**
YDp -0.455 -0.828** 1 

** indicates correlations that are statistically significant. YBD: BD productivity; YSBET: BET 575 

specific surface area; YDp: Average pore diameter.  576 

577 

Fig. 3 Pareto chart of standardized effects each TUD-1 synthesis has on the selected responses: 578 

(a) butadiene productivity; (b) BET specific surface area; (c) Average pore diameter. In579 
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comparing both levels, dashed bars indicate that the low level of the parameter gave the highest 580 

response; dash-less bars indicate the high level resulted in the highest response. 581 

582 

Fig. 4 Conversion and selectivity towards major products of ethanol conversion on (a) PB12 and 583 

over time. T = 350 C, P = 1 atm, WHSVEtOH = 5.3 h-1. EtOH: ethanol. AcH: acetaldehyde. C2=: 584 

ethylene. 585 

586 

Fig. 5 Relationship between BET specific surface area and (a) the average pore diameter, (b) BD 587 

productivity of PB series of catalysts. 588 
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 589 

Fig. 6 Pareto chart of the standardized main and interaction effects the Zn and Ta content have on 590 

the BD productivity of Zn-Ta-TUD-1. X1 = Zn mol.%; X2 = Ta mol.%. In comparing both 591 

levels, dashed bars indicate that the low level of the parameter gave the highest response; dash-592 

less bars indicate the high level resulted in the highest response. 593 

 594 

Fig. 7 Contour plot obtained by the RSM representing BD productivity versus Zn and Ta loading 595 

in TUD-1. BD productivity increases from dark to light on the gray scale. Reaction conditions: 596 

350 °C, WHSVEtOH of 5.3 h-1, TOS of 1 h. 597 
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598 

Fig. 8 SEM images at different magnifications of Zn-Ta-TUD-1 prepared during the RSM 599 

experiment.600 

601 

Fig. 9 HR-TEM images of Zn-Ta-TUD-1 prepared during the RMS experiment. Left: RSM9 602 

image taken immediately. Right: the same area of RSM9 after irradiation under electron beam for 603 

5 minutes.604 

605 

606 

607 

608 

609 

610 

611 
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