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ABSTRACT: A highly dispersed Rh catalyst supported on graphitic carbon nitride (Rh/g-C3N4) 

was used to investigate the hydroformylation of styrene. The results reveal that Rh/g-C3N4 exhibits 

high selectivity towards hydroformylation products; notably, no hydrogenated by-products were 

detected within the span of reaction conditions tested. An empirical model was developed to 

predict the selectivity to the branched (and linear) hydroformylation products  using design of 

experiments, including three factors, temperature, partial pressure of carbon monoxide and partial 

pressure of hydrogen, was developed using design of experiments. The selectivity towards the 

branched aldehyde is favored at low temperatures and high pressures, the test at 100 bar confirmed 

the model prediction with an observed branched selectivity of 86.3%. Conversely, linear aldehydes 

are predominantly formed at high temperatures and low pressures, achieving the best selectivity 

to the linear aldehyde of 65.4% at 150 °C and 16 bar total pressure of CO/H2 (1:1). 
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INTRODUCTION 

With the development of nanotechnology, the dispersion of nanoscale catalysts has been further 

improved, by dispersing metals as single atoms on the carrier. In this context, g-C3N4 was 

extensively studied in recent years due to its simple synthesis methods, attractive electronic band 

structures and outstanding chemical properties.1,2,3,4 g-C3N4 revealed as an outstanding support 

for single atom catalysts since the metal atoms are firmly trapped in the nitrogen-rich coordination 

sites.5 Indeed, the lone pair of N atoms in g-C3N4 favors the coordination of transition metals, but 

also adjusts the electronic structures and performance, thus improve the catalyst properties. 

The hydroformylation of alkenes (Scheme 1), which was originally discovered by Otto Roelen 

in 1938,6 is one of the most important industrial applications of homogeneous catalysis.7,8 From 

a synthetic point of view, the reaction is a one-carbon chain elongation reaction, caused by the 

addition of carbon monoxide and hydrogen across the  system of a C=C double bond.9,10 

 

Scheme 1. Hydroformylation reaction of alkenes. 

 

Recently, significant efforts have been made to develop heterogeneous catalysts for the 

hydroformylation of alkenes. And those based on isolated atoms or nanoparticles supported on 

inorganic oxides such as Al2O3
11, CeO2

12 or CoO13 have shown promising results in terms of 

activity. Indeed, highly dispersed and strongly anchored single atom catalysts (SACs) could 

present the advantages of both homogeneous and heterogeneous catalysts14 ,15 ,16  and recently, 

several examples of SACs supported on nanomaterials were reported for the hydroformylation of 

alkenes.11,17,18,19 However, the control of selectivity remains an issue for this type of catalysts. 

ZnO nanowires supported Rh SACs (Rh1/ZnO-nw) were reported to be competitive catalysts 
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for the styrene hydroformylation. In this study, pure SACs displayed high efficiency for styrene 

hydroformylation at 100 °C and 16 bar of CO/H2 (1:1) with 99% selectivity to aldehydes. However, 

no regioselectivity was achieved as a linear/branched (l/b) ratio of 1 was obtained.14 Wei and 

coworkers improved the linear selectivity using modified ZnO support anchored Rh SACs, a 90% 

conversion and 2.1 l/b selectivity were obtained at 100 °C and 40 bar CO/H2 (1:1) for 4 h.20 Li 

and colleagues modulated the selectivity to the linear aldehyde of the reaction via a coupling with 

low-temperature water-gas shift reaction catalyzed by Rh1/CeO2 SAC in water (3 ml) and dioxane 

(3 ml) mixed solvent at 120 °C for 12 h.21 Recently, Axet and coworkers reported the preparation 

of Rh SACs on graphitic carbon nitride (g-C3N4) using RhCl3·3H2O as precursor followed by an 

activation at 550 °C. The catalysts were active in the hydroformylation reaction of styrene with 

high selectivity towards the aldehydes, ranging from 82% to 99%, and an l/b ratio of up to 1.6 at 

90 °C and 20 bar of CO/H2 (1:1).22 In view of these results (Table S3), it can be concluded that 

the use of SACs in the hydroformylation of styrene favors the formation of the linear aldehyde. 

In the hydroformylation of styrene, both linear and branched products are very important since 

the latter constitutes an important class of anti-inflammatory drugs while the linear product is used 

in the manufacture of detergents and plasticizers as well as intermediate in organic synthesis.23,24,25 

Therefore, it is of high interest to understand how reaction conditions influence the regioselectivity 

of this process. 

Herein, g-C3N4 was selected as support to form Rh/ g-C3N4 SAC catalyst for further 

investigation on styrene hydroformylation as it proved resistant to high temperatures, oxygen, and 

in a variety of conventional solvents, including water, alcohols and toluene. 26  Aiming at 

determining the reaction conditions that favor the regioselectivity in styrene hydroformylation 

using such Rh/g-C3N4 SAC catalyst, a design of experiments (DOE) was used to investigate the 

relationship between conversion, selectivity and reaction conditions such as the temperature, the 

partial pressure of carbon monoxide and the partial pressure of hydrogen.27,28 
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EXPERIMENTAL 

General materials 

All chemicals and reagents were commercially available, with Rh(acac)(CO)2 (CAS: 14874-82-

9) storing in the desiccator, melamine (CAS: 108-78-1) in the ambient atmosphere. Solvents 

(toluene and hexane) were deoxygenated with argon before use, as detailed in the supporting 

information. 

Synthesis of graphitic carbon nitride (g-C3N4) 

Graphitic carbon nitride (g-C3N4) was synthesized by 99% melamine purchased from Sigma-

Aldrich.29 ,30  20 g white powder, namely melamine was introduced into an alumina crucible 

(Scheme 2) with a lid and heated at 550 °C (with 5 /min ramp) in static air for 4 h. Subsequently, 

the yellow powder of g-C3N4 was grinded in a mortar after cooling down. 50% yield with 7.9 m2/g 

Brunauer-Emmett-Teller (BET) surface was obtained. The surface was analyzed by diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFT) and X-ray diffraction (XRD) (Figure 

S4), and showed similar featured when compared to previously reported data31,32,33,34,35,36 

 

Scheme 2. Schematic diagram of catalysts synthesis and reaction conditions. 

Synthesis of g-C3N4 supported Rh catalyst (Rh/g-C3N4) 

The catalyst was prepared by an adsorption method (Scheme 2) aiming at a nominal loading of 

0.01 wt%.14,37 First, 2 g of g-C3N4 was dispersed in 150 ml deoxygenated toluene and stirred for 
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20 minutes at 700 rpm. At this point, 0.5 mg of Rh(acac)(CO)2 dissolved in 5 mL toluene was 

added to the g-C3N4 suspension under stirring. Stirring was stopped after 3 hours, and the solution 

was aged for one more hour. Then, the catalyst was filtered and washed 3 times with hexane. 

Finally, the solid was dried under reduced pressure at room temperature and stored in a glovebox. 

Note that to minimize uncontrollable errors we synthesized this catalyst several times and mixed 

the batches together, to make sure all the tests were performed with the same catalyst.14 Inductively 

Coupled Plasma Atomic Emission Spectrometry (ICP-OES) analysis was used to determine the 

Rh loading and a value of 0.007 ± 0.002 wt% was measured. 

 

Characterization of Rh/g-C3N4 

The sample was analyzed by scanning transmission electron microscopy (STEM) and Energy-

dispersive X-ray spectroscopy (EDS). The EDS spectrum in (Figure 1(a)) evidenced the presence 

of C, N, O, and Rh species on one of the particles. High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) provided information on the morphology of 

g-C3N4, and revealed layered structures with a particle diameter ranging from 200 to 300 nm (b1 

in Figure 1), but failed to detect Rh species (Figure 1(b)). The absence of Rh NPs suggested that 

the Rh species present at the support surface was single atoms or sub-nanoclusters. This result 

agrees with previous research by Axet and coworkers, who produced highly dispersed Rh single 

atoms on g-C3N4 with a rhodium metal loading of 0.1 wt%.22 
Comentat [A3]: How did they conclude that they have single 

atoms? In any case, if they had single atoms at 0.1 %wt, 

surely we can imply that we have single atoms at 0.01 %wt. 
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Figure 1. EDS spectrum and the respective elemental maps (a), Bright-Field and HAADF-STEM 

(b) images of 0.007 wt% Rh on g-C3N4. 

 

In contrast, when DRIFTS upon CO adsorption (Figure S5) was used, weak bands could be 

observed at 2052 cm-1 and 2017 cm-1 that were assigned to symmetric and asymmetric stretches of 

the positively charged Rh (CO)2 gem-dicarbonyl species and the peak at 1965 cm-1 associated with 

the linear-CO adsorption on Rh atoms. The absence of bridged-CO suggested that Rh was 

atomically dispersed on the g-C3N4 support. This result also matched the vibration frequencies 

obtained by density functional theory (DFT) calculations shown in Table S2. 

The calculated vibration frequencies from Axet et al. are also compared in Table S2 and 

consistent with our calculations.22 

Based on DRIFTS and HAADF-STEM, it can be concluded that Rh atoms are highly dispersed 

on the surface of the g-C3N4 support, confirming the identity of these Rh species. 

 

Comentat [A4]: I do not like this structure… I am not sure it 

is correct. 
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DESIGN AND RESULT 

Exploratory data analysis 

“Statistical thinking is making decisions based on data; a philosophy of learning and taking 

actions, based on the analysis, understanding and reduction of variation in a process”. 38  In 

catalysis, we aim at developing a catalytic process that maximizes the yield towards a desired 

product, which is usually in competition with one or more other possible coproducts. Analyzing, 

understanding and reducing the variation in the process output is hence fundamental for optimizing 

the catalytic process. The output of a catalytic process depends on two types of variables: 

controllable and uncontrollable. By controllable, we mean that we can accurately set the value of 

such variable with high precision, whereas uncontrollable are usually other process or 

environmental variables for which we cannot set an accurate value, but that we can read or monitor 

with a certain level of precision. Usually, the controllable variables, also known as factors, are 

those that can be used to improve the catalytic process. 

Several variables were identified to potentially influence the performance of the 

hydroformylation reaction in a batch reactor configuration: the metal used as catalyst, the support 

used to disperse the metal, the loading of the metal, the amount of catalyst used in the reaction, the 

nature of the solvent, the volume of the reactor, the volume of solvent, the reaction temperature, 

reaction time, partial pressure of carbon monoxide, partial pressure of hydrogen, presence of inert 

gases, agitation of the reaction mixture, aspect ratio of the reactor, etc. In the present study, we aim 

at studying the performance of highly dispersed Rh/g-C3N4 catalyst with a Rh nominal loading of 

0.01 wt%; therefore, all the variables related to the catalyst are held constant. The reaction took 

place in a 24-position bath reactor equipped with 4 ml glass tubes, as pictures shown in Figure S6 

(a). Hence, we limited ourselves to study the effect of the three process variables, namely, 

temperature, partial pressure of carbon monoxide and partial pressure of hydrogen. We could also 

present our analysis in terms of reaction temperature, total pressure and carbon monoxide to 

hydrogen molar ratio. 
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Temperature was allowed to change from a low value of 90 °C and up to a high value of 130 °C. 

Both carbon monoxide and hydrogen partial pressures were allowed to change between 10 bar and 

20 bar, resulting in a total pressure spanning from 20 to 40 bar, and a CO-to-H2 ratio from ½ to 2. 

These variables and their corresponding intervals of operation define a 3-dimensional space of 

possible experiments. Since there are no constraints when operating at any combination of reaction 

conditions within the defined experimental space, a full factorial design including a center point 

was used to build an experimental plan, with as few as 9 experiments (Table S4) to learn about the 

influence of the selected variables on the performance of the hydroformylation reaction. In order 

to estimate the experimental error each test was duplicated in the well of 1 and 2 marked in Scheme 

2. 

The experimental results are shown in Table S5 and Figure 2. On the one hand, at the high 

catalyst/substrate ratio (0.016%), all conversions of styrene are > 75%, which is of importance for 

the study of selectivity. Selectivity to hydroformylation products is 100%, 

with no hydrogenation products observed for the entire experimental design space studied. 

Selectivity to the linear (SELL) and branched (SELB) hydroformylation are therefore 

anticorrelated. SELB ranges from as low as 40% at high temperature (130 °C) up to 60% at low 

temperature (90 °C). Figure 2 shows that higher SELB is systematically achieved at low 

temperatures (blue shadowed area). The span in the values of SELB at high temperature is narrow, 

ranging only from 40.5 to 44.1%. This seems to indicate that temperature is the most important 

variable in maximizing SELL, probably asymptotically reaching to a maximum value with 

increasing temperature and provided no parallel reaction channels are opened at higher 

temperatures; both carbon monoxide and hydrogen partial pressures have little effect on 

maximizing SELL. The mean value of SELB at low temperature is 53.5%, whereas at high 

temperature is only 41.7%, more than 10% points lower (Table S6). 

 

Comentat [A5]: By loading catalyst in positions 1 and 2 of 

the multitubular batch reactor. 
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Figure 2. Conversion (filled discs) and selectivity towards the branched aldehyde (empty discs). 

The blue shadowed area highlights experiments done at 90 °C, the orange area at 110 °C and the 

red area at 130 °C. 

 

The effect of pressure on SELB (Table S6) is somewhat more complex. Increasing total pressure 

leads to an increase in SELB, with a mean value for SELB of 44.8% at 20 bar up to 55.1% at 40 

bar, an increase of 10.2% points. Similarly, increasing either the partial pressure of carbon 

monoxide or hydrogen led to an increase in SELB, however, the effect of each factor separately is 

less important than combined; from 46.3% at 10 bar of carbon monoxide to 52.4% at 20 bar (6.1% 

points increase), and from 47.0% at 10 bar of hydrogen to 51.8% at 20 bar (4.8% points increase). 

Expressed in terms of the ratio between the partial pressure of carbon monoxide and that of 

hydrogen, we observe an optimum value around a value of 1, with a SELB of 50.4%. If we decrease 

the ratio to 0.5, or increase it to 2.0, we observe an averaged SELB of approximately 48%. 

A deep-dive analysis in the effect of the factors shows that the effect of temperature at high 

pressure (40 bar) on the SELB is twice as large as at low pressure (20 bar). The SELB at 90 °C 

increases from 47.7% at 20 bar total pressure to 58.7% at 40 bar (11% points increase), and from 
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40.5% at 130 °C and 20 bar, to 44.1% at 40 bar (3.6% points). The different increase in SELB with 

increasing temperature at different pressure reveals the presence of an interaction between these 

two factors (this can be seen graphically by the different slope as a function of pressure in Figure 

S7). Similarly, the effect of temperature at high partial pressure of carbon monoxide is larger than 

at low partial pressure, although it is not as pronounced; increasing the SELB from 49.4% at 90 °C 

and 10 bar partial pressure of carbon monoxide to 56.3% at 20 bar (7% points increase), and from 

41.0% at 130 °C and 10 bar to 42.5% at 20 bar (1.5% points). The difference between high and 

low pressure is further decreased when considering the partial pressure of hydrogen; increasing 

from 50.6% at 90 °C at 10 bar partial pressure of hydrogen to 55.5% at 20 bar (4.9% points 

increase), and from 40.7% at 130 °C and 10 bar to 42.7% at 20 bar (2% points). 

 

 

Figure 3. Effect of pressure on the SELB split by temperature. 

 

The effect of pressure on the SELB is also influenced by the two-factor interaction between 

temperature and both partial and total pressure (Figure 3). We discussed above that the SELB 

increases with increasing total pressure from 44.8% at 20 bar total pressure up to 55.1% at 40 bar. 

However, this effect is more pronounced at low temperature (90 °C) where the SELB increases 

from 47.6% to 58.7% when increasing total pressure from 20 to 40 bar, whereas this increase is 

considerably less, from 40.5% to 44.1% at high temperature (130 °C). Similarly, we observe that 
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the SELB increases more with increasing partial pressure of carbon monoxide, from 49.4% to 

56.3%, when temperature is low (90 °C), whereas at high temperature (130 °C), this increase is 

only from 41.0% to 42.5%. Finally, the SELB also increases more with increasing partial pressure 

of hydrogen, from 50.6% to 55.5%, at low temperature, and only from 40.7% to 42.7% at high 

temperature. We can observe again that the effect of increasing either the partial pressure of carbon 

monoxide or that of hydrogen is less significant than that of increasing total pressure. 

In summary, SELB is favored at low temperatures and high pressures, with a carbon monoxide 

to hydrogen ratio close to one. On the contrary, SELL, which is anticorrelated with SELB as we 

did not observe any other products other than the hydroformylation products, is expected to be 

favored at high temperatures and low pressures. 

 

Model for the selectivity 

The design used in the present study enables us to build a linear model including the main (first-

order) effects of the factors and two-factor interactions between them (Equation 1). The model also 

allows us to assess the degree of non-linearity of the data. 

Equation 1 

𝑦̂𝑆𝐸𝐿𝐵 = 𝑏0 + 𝑏1𝑥𝑇 + 𝑏2𝑥𝑃𝐶𝑂 + 𝑏3𝑥𝑃𝐻2 + 𝑏12𝑥𝑇𝑥𝑃𝐶𝑂 + 𝑏13𝑥𝑇𝑥𝑃𝐻2 + 𝑏23𝑥𝑃𝐶𝑂𝑥𝑃𝐻2 + 𝜀 

 

Where 𝑦̂𝑆𝐸𝐿𝐵 is the model prediction for the selectivity towards the branched hydroformylation 

product, which is a function of the three factors (reaction temperature, 𝑥𝑇 , partial pressure of 

carbon monoxide, 𝑥𝑃𝐶𝑂, and partial pressure of hydrogen, 𝑥𝑃𝐻2), 𝜀 represents the random error. 

Although such a model can be fitted and explain a large proportion of the variability in the data, it 

is physically incorrect, as one could obtain negative values for the selectivity or values above 1 

(100%). Selectivity is, by its definition, a bound variable and therefore we need to transform the 

data so that its physical meaning is preserved in the model. One such transformation is the sigmoid 

transformation (Equation 2), that upon undoing the transformation enforces the response to be 
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bounded between 0 and 1, as required for modeling selectivity. 

Equation 2 

𝑦̂𝐿𝑆𝐸𝐿𝐵 = 𝐿𝑜𝑔 (
𝑦̂𝑆𝐸𝐿𝐵

1 − 𝑦̂𝑆𝐸𝐿𝐵
) 

 

Where 𝑦̂𝑆𝐸𝐿𝐵 is the predicted value for the SELB. The domain of the new variable, 𝑦̂𝐿𝑆𝐸𝐿𝐵, is 

from −∞ to +∞. If 𝑦̂𝐿𝑆𝐸𝐿𝐵 equals 0, then 𝑦̂𝑆𝐸𝐿𝐵 equals 0.5 (50%), as 𝑦̂𝐿𝑆𝐸𝐿𝐵 becomes more 

positive 𝑦̂𝑆𝐸𝐿𝐵  (asymptotically) approaches 1, and as 𝑦̂𝐿𝑆𝐸𝐿𝐵  becomes more negative, 𝑦̂𝑆𝐸𝐿𝐵 

approaches 0 (0%). 

We can also transform the original factors, temperature, partial pressure of carbon monoxide 

and partial pressure of hydrogen, before fitting the model. One important such transformation is 

scaling (Equation 3). Scaled factors prevent from the model being biased due to different order of 

magnitude in the values of the various factors; this is not, however, the case in equation 1 in the 

present study, but we keep using scaled factors for the sake of best practice. 

Equation 3 

𝑧𝑖 =
𝑥𝑖 − 𝑀𝑥𝑖

𝑅𝑥𝑖

2

 

 

Where 𝑀𝑥𝑖
 is the midpoint of the domain of factor 𝑥𝑖 used to build the model, and 𝑅𝑥𝑖

 is the 

range of the domain of factor 𝑥𝑖. The model that we will obtain is the resulting model from fitting 

the data to equation 4: 

Equation 4 

𝑦̂𝐿𝑆𝐸𝐿𝐵 = 𝑏0 + 𝑏1𝑧𝑇 + 𝑏2𝑧𝑃𝐶𝑂 + 𝑏3𝑧𝑃𝐻2 + 𝑏12𝑧𝑇𝑧𝑃𝐶𝑂 + 𝑏13𝑧𝑇𝑧𝑃𝐻2 + 𝑏23𝑧𝑃𝐶𝑂𝑧𝑃𝐻2 + 𝜀 

 

Or equivalently: 
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Equation 5 

𝑦̂𝑆𝐸𝐿𝐵 =
1

1 + 𝑒𝑥𝑝(−(𝑏0 + 𝑏1𝑧𝑇 + 𝑏2𝑧𝑃𝐶𝑂 + 𝑏3𝑧𝑃𝐻2 + 𝑏12𝑧𝑇𝑧𝑃𝐶𝑂 + 𝑏13𝑧𝑇𝑧𝑃𝐻2 + 𝑏23𝑧𝑃𝐶𝑂𝑧𝑃𝐻2))

+ 𝜀 

 

The model obtained from fitting the data to equation 4 is as follows: 

Equation 6 

𝑦̂𝐿𝑆𝐸𝐿𝐵 = −0.122 − 0.219𝑧𝑇 + 0.082𝑧𝑃𝐶𝑂 + 0.067𝑧𝑃𝐻2 −  0.051𝑧𝑇𝑧𝑃𝐶𝑂 − 0.025𝑧𝑇𝑧𝑃𝐻2

+ 0.027𝑧𝑃𝐶𝑂𝑧𝑃𝐻2 

 

Equation 6 expressed in physical variables is included in the supporting material (Equation S1). 

As shown in Table S7, all the model coefficients have a p-value well below 0.05 and they are 

therefore statistically significant. The model explains 96.7% of the variability in the data, upon 

correction for its complexity (number of terms in the model). The parity plot (Figure S8) for both 

the individual (left) and mean (right) values of the SELB shows that predictions are well within 

the confidence interval for a single prediction (light gray area). 

The estimated experimental error of the linearized selectivity is calculated as the root mean 

square error (RMSE) of the model, which is 0.047. In order to estimate the experimental error of 

the untransformed selectivity, we need to calculate the error for each test used to build the model 

and averaged over all the tests; this results in an estimate error for the selectivity of 1.15% points. 

This value compares well with the actual experimental error that we can calculate from the pool 

of tests using Equation 7, which is 1.09%. This result shows that the model is a good approximation 

to predict the SELB of the reaction, within the design space defined for this study (Table S8). We 

can also observe that the largest error is obtained for the center point, thus showing there is a 

certain degree of non-linearity not accounted for in the model; however, this deviation is small and 

only of 1.24% points (Figure S9). 
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Equation 7 

𝜎𝐸
2 =

∑ 𝜔𝑖𝜎𝑖
2

𝑖

∑ 𝜔𝑖𝑖
 

 

deviation for test i, and 𝜔𝑖 are the degrees of freedom (number of repetitions) of test i. 

A final validation check of the model is the assessment of the behavior for the residuals, which 

should be normal, for a model properly representing the data. Figure S10 displays the cumulative 

distribution function (CDF) plot of the data and the corresponding normal CDF, showing a good 

match between the two curves, which allows us to conclude that the errors are distributed normally. 

The parity plots (Figure S8) also show that temperature is the main factor explaining the 

different selectivity; this conclusion can also be drawn from the analysis of the coefficients, as 

(scaled) temperature has the largest absolute value coefficient (-0.219), followed up by the effect 

of partial pressure of carbon monoxide (0.082) and that of hydrogen (0.067). The factor-effect 

coefficients indicate that when we increase the scaled temperature (𝑧𝑇) in one unit, the linearised 

selectiviy to the branched hydroformylation product decreases in 0.219 units, or in other words, 

when we increase the temperature in 20 °C, SELB decreases in 5.4% points or 0.27% points/°C. 

Similarly, when we increase the scaled partial pressure of carbon monoxide by one unit (5 bar), 

we increase the linearized SELB by 0.082 units or 2% points (0.1% points/bar CO), and if we 

increase the scaled partial pressure of hydrogen by one unit (5 bar), we increase the linearized 

SELB by 0.067 units or 1.6% points (0.8% points/bar H2). 

The model also includes three two-factor interactions; the interaction between temperature and 

partial pressure of carbon monoxide (-0.51), between temperature and partial pressure of hydrogen 

(-0.025) and between partial pressure of carbon monoxide and that of hydrogen (0.027). This 

means that the effect of increasing temperature depends on the values set for the pressure of carbon 

monoxide and hydrogen; hence, increasing temperature by 20 °C at low partial pressure of carbon 

monoxide (10 bar) decreases SELB in 4.1% points (1.3% points less than the 5.4% points pure 
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effect of temperature), whereas at high partial pressure of carbon monoxide (20 bar), SELB is 

decreased in 6.7% points (1.3% points more). This antagonistic interaction between temperature 

and partial pressure of carbon monoxide (and hydrogen) implies that we can maximize the SELB 

working at low temperature and high partial pressure of both carbon monoxide and hydrogen, or 

the SELL working at high temperatures and low partial pressure of both carbon monoxide and 

hydrogen. 

 

Optimizing SELB and SELL 

From the previous analysis of the data and of the model obtained (Equation 6), we need to 

decrease the temperature and increase both the partial pressure of carbon monoxide and hydrogen 

in order to maximize the selectivity towards the branched hydroformylation product. Setting 90 °C 

as the lowest temperature to run the reaction, Equation 6 can be reduced to: 

Equation 8 

𝑦̂𝐿𝑆𝐸𝐿𝐵 = 0.097 + 0.133𝑧𝑃𝐶𝑂 + 0.092𝑧𝑃𝐻2 + 0.027𝑧𝑃𝐶𝑂𝑧𝑃𝐻2 

 

Equation 8 expressed in physical variables is included in Equation S2. 

 

The contour plot (Figure 4) resulting from the application of Equation 8 in an extended range 

of partial pressure from 10 to 40 bar shows that in order to get a high selectivity towards the 

branched product, one needs to work at high pressure (i.e. 80 bar) and with a carbon monoxide to 

hydrogen ratio close to 1. Equation 8 predicts a SELB between 80.1% and 91.6% at 90 °C and 40 

bar partial pressure of carbon monoxide and 40 bar partial pressure of hydrogen. The large length 

of the confidence interval (11.5% points) is due to the fact that we are extrapolating far from the 

design region in which the model was built. 
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Figure 4. Contour plot of the SELB at 90 °C as a function of the partial pressures of carbon 

monoxide and hydrogen. 

 

We therefore proceeded to perform a series of new experiments at higher pressure to confirm 

the predictions of the model (Table 1). All the new experiments were carried out at 90 °C varying 

the partial pressure of carbon monoxide and hydrogen in a range between 10 and 50 bar. We 

observe that the model predicts fairly well the experimental results (Table S9, Figure S11 and 

Figure 5); although for some experiments, the experimental selectivity observed falls outside the 

confidence interval of the prediction for an individual measurement, the discrepancy between the 

experimental and predicted values is small considering that the new experiments were done far 

from the design region used to build the model. The new experiment at 100 bar and a carbon 

monoxide to hydrogen ratio of 1 (#14) yield a SELB of 86.3%, whereas the predicted confidence 

interval for an individual measurement was between 88.2 and 98.1%. The second-best result 

obtained in the new experimental phase was at 50 bar and also a ratio of 1 (#11), which yielded a 

selectivity of 63.9%, well within the predicted confidence interval of 62.6 and 68.7%. All the other 

new experiments at 50 bar (#10, #12, #13), where the effect of the carbon monoxide to hydrogen 

ratio was explored varying it from ¼ to 4, performed worse than test #11 at a ratio of 1, hence 
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confirming the validity of the model in Equation 6 and the requirement to work with a carbon 

monoxide to hydrogen ratio of 1 to maximize the SELB. 

 

Table 1 New experimental phase to optimize the SELB (tests 10-14) and to the linear product 

(tests 15-16). 

Test 

Temperature 

(°C) 

CO pressure 

(bar) 

H2 pressure 

(bar) 

Total pressure 

(bar) 

H2/CO ratio Pred SELB  

10 90 10 40 50 0.25  52.3 - 61.8%  

11 90 25 25 50 1.00  62.6 – 68.7% 

12 90 35 15 50 2.33  62.0 – 68.2% 

13 90 40 10 50 4.00  58.4 – 67.4% 

14 90 50 50 100 1.00  88.2 - 98.1% 

15 140 8 8 16 1.00  32.7 – 41.0% 

16 150 5 5 10 1.00 29.6 – 39.6% 

 

Figure 5. Experimental SELB (dots) and confidence intervals of the predictions using Equation 6. 

Blue shadowed area corresponds to the tests used to generate the model. Red shadowed area 

corresponds to the new experiments at higher pressures. 
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Using the new data to update the model, we produced a new model for predicting selectivity 

towards the branched hydroformylation product (Equation 9), which is very similar to Equation 6, 

but where the interaction between temperature and the partial pressure of hydrogen has been 

removed from the model. We can also observe that the importance of the effect of the partial 

pressure of hydrogen is similar to that of carbon monoxide, and that the effect of the interaction 

between the partial pressure of carbon monoxide and that of hydrogen is now more important than 

the interaction between temperature and the partial pressure of carbon monoxide. 

Equation 9 

𝑦̂𝐿𝑆𝐸𝐿𝐵 = 0.388 − 0.313𝑧𝑇 + 0.405𝑧𝑃𝐶𝑂 + 0.428𝑧𝑃𝐻2 −  0.126𝑧𝑇𝑧𝑃𝐶𝑂 + 0.205𝑧𝑃𝐶𝑂𝑧𝑃𝐻2 

 

The new model explains 97.4% of the variability in the data, upon correction for its complexity 

(number of terms in the model). The parity plots (Figure S12) for both the individual (left) and 

mean (right) values of the SELB show that predictions are well within the confidence intervals. 

The experimental error, including the new experiments, is 1.11%, whereas the estimated 

experimental error is the same as previously and equals 1.09%. The new model in equation 9 

describes well the complete data set (tests 1-14). The center point of the first experimental phase, 

which was used to detect non-linearity in the first model, is not the one with largest deviation when 

using the second model (Figure S13); this could be interpreted as that the new model (Equation 9) 

does not show any significant non-linear deviation. 

Finally, we wanted to maximize the SELL. Since we obtained 100% selectivity to 

hydroformylation products in all the experiments performed, the SELL and SELB are perfectly 

anticorrelated, and therefore, maximizing SELL is the same as minimizing SELB. Using equation 

9 to model the SELB, we need to work at high temperatures and at low pressures to favor the 

production of the linear product; yet, it is important to note that the interaction effect between the 

partial pressure of carbon monoxide and that of hydrogen, which favors the production of the 
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branched product as both partial pressures increase or decrease, and the interaction between 

temperature and the partial pressure of carbon monoxide, which tends to reduce the effect of the 

partial pressure, limit the extent to which one could decrease both partial pressures simultaneously 

while increasing the temperature. 

Another limitation facet when willing to maximize the linear product is that pressure and 

temperature cannot be reduced and increased independently, as this could favor the evaporation of 

the solvent and substrate. With all this in mind, we performed two new tests, one at 140 °C and a 

total pressure of 16 bar (8 bar partial pressure of carbon monoxide and 8 bar partial pressure of 

hydrogen), and a second one at 150 °C and a total pressure of 10 bar (again with a carbon monoxide 

to hydrogen ratio of 1); tests number 15 and 16 in Table 1. 

Test 15 exhibited a conversion of 76.5% with 100% selectivity to hydroformylation products, 

and a SELB of 34.6% (the smallest selectivity obtained for the branched in this study, or 65.4% 

SELL), in good agreement with equation 9 (Figure 6), which predicted a mean selectivity of 36.8% 

and a confidence interval between 32.7 and 41.0% for an individual measurement (Figure S13). 

The parity plot also shows the good agreement between the predicted and actual values of 

selectivity obtained for experiment 15 (diamond symbol in Figure S13). Experiment 16, at 150 °C 

and 10 bar pressure, did not show conversion. 

 

Figure 6. SELB (dots) and confidence intervals of the predictions using equation 9. Blue shadowed 

Comentat [A6]: Maybe you could add the boiling 
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are corresponds to the tests of the first experimental phase. Red shadowed area corresponds to the 

second experimental phase at higher pressures. White area corresponds to the test done at low 

pressure and high temperature to maximize SELL. 

 

Our model predicts that at higher temperatures, a high carbon monoxide to hydrogen ratio while 

operating at a low hydrogen partial pressure is beneficial for the production of the linear product 

(Figure 7). Moreover, the model predicts a linear selectivity of 67% at 160 °C, however, the test 

was not conducted due to the consideration of the boiling point of toluene. We tried the test at 

140 °C, 50 bar carbon monoxide and 5 bar hydrogen; however, despite the production of the linear 

hydroformylation product is favored over the branched product, we also observed the presence of 

the hydrogenated product, a competitive product to the hydroformylation reaction products. Our 

model is therefore not applicable as it was built under conditions where only hydroformylation 

products were obtained. 

 

Figure 7. Contour plots for the selectivity towards the linear product with increasing temperature 

using Equation 9 as a function of the partial pressure of carbon monoxide and partial pressure of 

hydrogen. 
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Linear to branch ratio (l/b) 

Switching from high selectivity to the branched product or to the linear product using the same 

catalyst and only changing the reaction conditions could represent a techno-economic advantage 

of using heterogeneous catalysts, and in particular of Rh/g-C3N4 catalysts in the hydroformylation 

of styrene. Using DOE, we have been able to produce models with as few as 9 tests (model 1) and 

14 tests (model 2) that has led us to achieving a very high SELB of 86.3%, which represents a l/b 

of 0.16. According to our models, we could further increase the SELB by increasing the total 

pressure while working at a carbon monoxide to hydrogen ratio of 1; at a total pressure of 120 bar 

and 90 °C, we predict a SELB between 91.2% and 94.6%; increasing the pressure to 160 bar, the 

model predicts a SELB between 97.9% and 99.3%; and increasing the pressure to 200 bar, the 

model predicts a SELB between 99.6% and 100%. 

Regarding the SELL, the best result we have obtained was 65.4% working at 140 °C and 16 bar 

total pressure, with a carbon monoxide to hydrogen ratio of 1. This represents a l/b of 1.89, a value 

slightly larger than the best result published by Axet and coworkers.22 All further attempts to 

improve this result were deemed unsuccessful; in particular, a test at 150 °C and 10 bar total 

pressure did not show any conversion. Our model however predicts that increasing temperature 

and working at low partial pressure of hydrogen (i.e. 10 bar), but at a carbon monoxide to hydrogen 

ratio larger than 1 should favor the product of the linear product. Yet, our model also predicts a 

maximum SELL that seems to be a limit with the Rh/g-C3N4 catalyst. Figure 8 shows that at 140 °C, 

the model predicts that the highest mean SELL is slightly below 65%, and that this result can be 

obtained 20 bar total pressure with a carbon monoxide to hydrogen ratio of 1, or at higher pressures, 

but also increasing the carbon monoxide to hydrogen ratio. On the other hand, if we could work at 

160 °C, the SELL could improve, although slightly up to about 70% at moderate pressure (i.e. 50 

bar) and high carbon monoxide to hydrogen ratio (i.e. 4). According to the model, upon an increase 

in temperature to 180 °C and a drop in pressure to 2 bar, a linear selectivity of 75% would be 

expected. However, such variation could affect the chemoselectivity, which is not included in the 
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model. 

 

Figure 8. SELL as a function of the carbon monoxide to hydrogen ratio and total pressure. (left) 

predicted SELL at 140 °C, (right) predicted SELL at 160 °C. 

 

CONCLUSIONS 

A DOE method was employed to assess the impact of the reaction temperature, partial pressure 

of carbon monoxide and partial pressure of hydrogen on the hydroformylation of styrene over a 

highly dispersed Rh/g-C3N4 catalyst. No hydrogenated products were obtained in any tests 

indicating high hydroformylation selectivity. Regarding the regioselectivity, an empirical model 

for the prediciton of correlating SELB with tested parametersas a function of the process 

parameters was developed and both the SELB and SELL were maximizedoptimized. Through this 

methodology, high regioselectivity towards either the branched or the linear aldehyde product 

could be achieved by adjusting the reaction conditions. Therefore, the results from this study could 

be applied for the selective production of these products. Lower temperatures and higher pressures 

favor the branched product with a selectivity of 86.3% at 90 °C and 100 bar total pressure of CO/H2 

(1:1) and predicting a 100 % SELB at 90 °C and 200 bar pressure of CO and H2 in a 1:1 ratio. 

Conversely, higher temperatures and lower pressures promote the formation of the linear product, 

Comentat [A10]: It is not correlated as we used design of 

experiments. I will explain you the difference another day. 
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which influenced by solvent properties and other variables. 
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