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Abstract 

Solketal is derived from the reaction of acetone with glycerol, a by-product product of the biodiesel 

industry. We report here the continuous reaction of solketal with anilines over a solid acid niobium 

phosphate (NbP), for the continuous generation of quinolines in the the well-established Skraup 

reaction. This study shows that NbP can catalyse all stages of this multistep reaction at 250 °C and 10 

MPa pressure, with a selectivity for quinoline of up to 60%. We found that the catalyst eventually 

deactivates, most probably via a combination of coking and reduction processes  but neverthless we 

show the promise of this approach. We demonstarted here the application of our approach to 

synthesize both mono- and bis-quinolines from the commodity chemical, 4,4’-methylenedianiline. 
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Introduction 

Significant advances in the production of fuels, fine chemicals, and high valuable products from 

renewable feedstocks have been achieved over the past decade.1 Biomass has emerged as one of the 

most important sustainable sources for renewable organic carbon in line with the Principles of Green 

Chemistry.2,3 In this context, renewable energy sources derived from biomass such as biodiesels, offer 

opportunities to access glycerol, an inexpensive by-product representing 10%wt of the overall 
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production.4,5 The current increased production of biodiesel generates an ever greater abundance of 

glycerol to the point where supply exceed demand.6  

The possibility of using glycerol as a precursor to other chemicals has therefore attracted increasing 

attention in recent years.7,8 The chemistry of glycerol is widely developed as summarised in a number 

of major reviews.9,10,11  Among the varied transformations, the Skraup reaction stands out as one of 

the few that enables the direct transformation of glycerol into heteroaromatic compounds such as 

quinolines, which are an important class of hetero-aromatic compounds with large scale industrial 

applications.12 

The Skraup reaction is relatively old; it was first described13 in 1880 but remains somewhat under-

exploited. It relies on the dehydration of glycerol to form acrolein, a highly reactive intermediate, 

which subsequently condenses with aniline. Typically, it requires stoichiometric quantities of harsh 

and/or toxic soluble reagents such as concentrated sulfuric acid, nitrobenzene and a range of metal 

salts and strong oxidants (Scheme 1, top).14  

 

 

Scheme 1. Original Skraup reaction13 and the continuous flow Skraup reaction of solketal 1b and 

anilines 2 over niobium phosphate (NbP) described in this paper. 

 

More recently, a range of catalytic routes have been developed; however these procedures generate 

considerable amounts of waste and have to be performed under relatively harsh conditions, tedious 

and lengthy workup.15,16,17,18 The large quantities of waste, harsh reagents and conditions mean that 

this reaction is often overlooked as a viable route despite one of the main reagents being glycerol. 

Even though, modified conditions have been developed,19,20 the use of an oxidant and corrosive acid 

or expensive ionic liquids21 remain necessary. 
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From a green point of view, routes such as the Skraup reaction, which involve homogenous acids, are 

associated with problems of toxicity, corrosion, use of stoichiometric quantities, separation and 

recovery. Heterogeneous catalysts potentially offer a greener alternative as they can be easily 

separated at the end of a reaction and can often be recycled, reducing the environmental cost of a 

chemical process. Furthermore, solid acid catalysts can combine aspects of both Brønsted and Lewis 

acidity offering a versatile alternative to homogeneous acids, particularly in terms of acid strength, 

number of active sites and support morphology (e.g. surface area and porosity). Several 

heterogeneous catalytic systems have already shown to be active in the dehydration of glycerol to 

acrolein; these include zeolites,22,23 heteropolyacids,24,25,26,27 and metal oxides.28,29 

In this report we use niobium phosphate (NbP) as a heterogeneous acid catalyst that exhibits strong 

surface acidity and has been successfully used in the past to catalyse several reactions,30 including the 

dehydration of several bio-derived compounds such as xylose,31  fructose,32  cellulose33 and 

glycerol.28,34 NbP has acidic catalytic properties similar to niobium oxide.35,36,40 However, its acidic 

properties are more stable than those of the oxide at higher temperatures37,38 and frequently NbP 

limits side reactions as a result of additional Brønsted sites.39 Moreover, NbP has been demonstrated 

to be an effective catalyst for reactions in which water molecules are present or generated.40  

Inorganic solid acid catalysts are generally highly insoluble in organic solvents which make them 

suitable for applications in continuous flow processes. Tubular reactors can be easily filled with the 

solid acid to make a fixed-bed system that can be coupled to a flow setup allowing the continuous 

catalytic processing of reagents. Such reactors provide enhanced heat and mass transfer while offering 

opportunities for optimization and therefore simpler scale-up and greater safety.41 Furthermore, 

enhanced reactions rates are often observed because of high local concentrations.42  

Given the previous reports43,44 of the dehydration of glycerol and other biomass derived 

compounds45,46,47 using Niobium based catalysts, we have investigated how these catalysts might be 

used in a continuous flow system to develop a Skraup reaction that provides a greener, cleaner and 

continuous synthesis of quinoline derived products (Scheme 1, bottom).  

Results and Discussion 

The small scale of our equipment means that pure glycerol is too viscous to be pumped through the 

narrow-bore of the pipework. Therefore, the glycerol needs to be diluted with a solvent to reduce its 

viscosity. Unfortunately the choice of solvent is limited. Thus, starting point was to react glycerol 1a 

and aniline 2a with water as the solvent. In addition to its obvious lack of toxicity, water allows a high 

concentration of glycerol to be used and it is also compatible with the niobium catalysts.48 However, 
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whilst glycerol is soluble in water, aniline on the other hand has only limited miscibility to a maximum 

of ca. 0.4 M.49 The highest yield of quinoline 3a that could be achieved was only 10 % despite our 

testing of a range of parameters (temperature, pressure, flow rate, reagent stoichiometry). Even 

though the yield was low, it was an encouraging proof of concept. The remaining reaction products 

were often a complicated mixture. We have reported in previous work that aniline reacts with polar 

solvents, such as small alcohols, in presence of NbP resulting in alkylation reactions.30 Since glycerol is 

only soluble in water or very polar protic solvents, we decided to switch to an alternative reagent, 

solketal 1b, which is the isopropylidene acetal-protected form of glycerol.  It is produced by the 

condensation of acetone with glycerol.50 As two of its hydroxyl groups are protected, solketal is less 

prone to hydrogen bonding than glycerol and is soluble in a wider range of solvents.  

 

Scheme 2. The Multiple roles of niobium phosphate in the synthesis of quinoline 3a from solketal 1b. 

The three-step transformation is envisaged as a single continuous process. 

 

We envisaged that reaction with the acidic NbP would deprotect 1b to regenerate glycerol allowing 

its subsequent dehydration to acrolein. This should allow to the Skraup reaction to proceed in a slower 

more controlled manner (Scheme 2). It was anticipated that this approach might avoid the large 

quantities of by-products observed in our preliminary experiments. With a larger choice of solvents 

available, the problem of poor aniline solubility could also be overcome. To minimize potential 

alkylation reactions protic solvents were avoided and a more inert solvent was chosen; we ultimately 

settled on toluene as the solvent for the reaction. 

Our strategy has been to investigate the reaction of solketal with aniline to identify the best conditions 

in terms of conversion and selectivity as a function of pressure, temperature, reactor volume and ratio 

of aniline to solketal. Then we applied the reaction to two further anilines 3-methoxyaniline (MA) and 

4,4’-methylenedianiline (MDA). Of course, the use of solketal represents unnecessary derivatization 

(in contradiction to the Green Chemistry Principle No. 8) but on a larger scale the viscosity of neat 

glycerol would be less of a problem and its the replacement by solketal would not be required. 

However, solketal does allow these continuous reactions to explore on a laboratory scale. 
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Solketal 1b and aniline 2a were delivered via independent HPLC pumps; the reactor was filled with 

NbP and different parameters were explored to optimise the reaction. The initial temperature was 

250 °C as this had previously been identified as the best for the dehydration step of glycerol.51 The 

reaction was carried out at low pressure with a ratio aniline to solketal (2a:1b) of 1:3 to allow for 

possible loss of acrolein by polymerisation. The flow rate for solutions of both 2a and 1b were set at 

0.1 mL/min. 

 

The results are shown in Figure 1 and it is clear that: (i) the conversion of aniline, as measured by GC, 

decreased very rapidly with time, at 0.1 MPa  pressure; (ii) as the pressure was increased the rate of 

drop off was slower; (iii) increasing the pressure above 5 MPa had no further effect; (iv) the selectivity 

for quinoline 3 was never above 60 % and reduced over time; (v) the reduction in selectivity appears 

to be greater at lower pressure. 

 

 

Figure 1. Effect of the system pressure on the (a) aniline conversion and (b) quinoline selectivity over 

NbP. The different experiments were performed under the following conditions: 250 °C, 0.2 mL/min 

of total flowrate for 1:3 ratio of 2a:1b in toluene. 

 

Table 1. Physical properties of the reagents and products involved in the reaction. 

Compounds Boiling point  (°C) Tc  (°C) Pc (MPa) 

Toluene 110.6 318.6  4.11 

Glycerol  290.0 492.2 4.31 

Solketal 188.0-190.0 - - 

Acrolein 53.0 254.0 5.07 

Aniline 184.2 425.6 5.31 

4-Methoxyanilineǂ 246.0 - - 
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4,4’-methylenedianilineǁ 398.0 - - 

Quinoline 3a 237.0 - - 

3-methylindole 3b 265.5 - - 

ǂ melting point 57°C. ǁ melting point 89°C. 

 

The effect of pressure in fact can be rationalised, at least qualitatively, by looking at the physical 

data in in toluene. 

 

Table 1. Apart from glycerol, all the reaction components will be in the vapour phase at 250 °C and 

0.1 MPa pressure. Increasing the pressure will create a two phase system and most probably the entire 

reactor is filled with liquid at pressure > 5 MPa.52,53 This switch from vapour to liquid phase will give 

higher volumetric concentrations of reactants and longer residence times for a given flow rate of 

reactants into the system (Table 2). 

 

Table 2. Influence of the pressure on the conversion of aniline, quinoline 3a selectivity and 

productivity over NbP. 

Pressure 1 MPa 5 MPa 7.5 MPa 10 MPa 

Aniline conversiona 71% 90% 90% 80% 

Quinoline selectivitya 44% 53% 49% 57% 

Quinoline productivity 0.067 g/h 0.1 g/h 0.093 g/h 0.1 g/h 

a The conversion, selectivity and productivity were averaged between 2nd and 10th hour and calculated 

based on GC analysis. Reaction conditions were 2a:1b ratio of 1:3 and 0.2 ml/min total flowrate, 250 

°C at 10 MPa.  

The major by-product was isolated by column chromatography and was identified via NMR and mass 

spectrometry as 3-methylindole 3b. Its formation can be understood as arising from the reaction of 

hydroxyacetone with aniline (Scheme 3). 54 Hydroxyacetone has previously been reported55 as being 

formed from acrolein in presence of Lewis acid sites.56,57 Over Lewis acid sites, coordination of the 

glycerol intermediate takes place, leading to the removal of water from a primary OH group of glycerol 

as reported previously.58 This results in an unstable enol intermediate, which undergoes a rapid 

tautomerisation to hydroxyacetone. Similar mechanisms have been observed over La2CuO4 as a 

catalyst explaining the occurrence of hydroxyacetone 1d.55 Once glycerol is converted to 

hydroxyacetone, the latter is transformed to 2-hydroxy-1-propanal via a keto-enol tautomerism. The 

aldehyde undergoes a condensation with aniline to form a -hydroxyimine intermediate. Then, the 
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loss of a second molecule of water generates a secondary carbocation able to trigger a ring closure 

which provides the final indole derivative.54 

 

Scheme 3. Main by-product observed from the continuous flow reaction of solketal 1b and aniline 2a 

over Niobium phosphate (NbP). (a) Synthesis of quinoline 3a through acrolein 1c over Brønsted acid 

sites and (b) synthesis of 3-methylindole 3b through hydroxyacetone 1d intermediate over Lewis acid 

sites.  

The effect of increasing the ratio of 2a:1b from 1:1 to 1:3 is shown in Figure 2 and Table 3. As expected, 

increasing the ratio has a positive effect on conversion of aniline. However, after a few hours, there is 

very little difference in the selectivity for quinoline 3a between the different experiments. By contrast, 

the lifetime of the catalyst appears to be reduced at the higher ratios, presumably because of coking 

process via the polymerisation of acrolein. The higher concentration of water, coproduced with 

acrolein may also have an effect. A lower amount of solketal has been fed (ratio 2:1) to minimize 

acrolein degradation with a result similar to the stoichiometric ratio for both conversion and selectivity 

over 15 hours. 

 

 

Figure 2. Plots illustrating that the ratio reagent has relatively little effect on the (a) conversion of 

aniline and (b) quinoline selectivity over NbP.  The different experiments were performed under the 

following conditions: 250 °C, NbP catalyst, 0.2 mL/min of total flowrate and 10 MPa for 1:1 (blue), 1:2 

(red), 1:3 (green) and 2:1 (yellow) ratios of 2a:1b.   
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Table 3. Influence of the reagents ratio effect on the conversion of aniline, the selectivity and 

productivity of quinoline 3a over NbP. 

 2a:1b ratio 1:1 1:2 1:3 2:1 

Aniline conversion a 63% 73% 72% 61% 

Quinoline selectivity a 51% 52% 53% 52 

Quinoline productivity  0.068 g/h 0.08 g/h 0.08 g/h 0.065g/h 

a The conversion, selectivity and productivity were averaged values of the reaction from 2nd to 15th  

hour and calculated based on GC analysis. Reaction conditions were 2a:1b ratio of 1:1 and 0.2 ml/min 

total flowrate, 250 °C at 10 MPa.   

 

 

Figure 3. Effect of the temperature on (a) aniline conversion and (b) quinoline selectivity of four sets 

of experiments were carried out isothermally at 225, 250 and 275 °C at 10 MPa with a constant reagent 

2a:1b ratio of 1:1. Two 0.275 M solutions of solketal and aniline were set to a total flowrate of 0.2 

mL/min. The dotted lines are purely to aid visualization. 

 

The effect of temperature was more striking. As shown in Figure 3, the conversion of aniline increases 

with temperature from 53% at 225°C up to 78% at 275°C and, although not illustrated, it increases to 

85%, at 300 °C (Table 4). Selectivity however drops to 20-30% at 275 °C and only 10% at 300 °C. This 

observation is possibly due to the different effects of temperature on the relative rates of generation 

of acrolein from solketal and its subsequent polymerization.  
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Table 4.  Aniline conversion, quinoline selectivity and productivity measured as function of 

temperature. 

Temperature 200°C 225°C 250°C 275°C 300°C 

Aniline conversiona 45% 53% 64% 78% 85% 

Quinoline selectivitya 16% 42% 52% 24% 10% 

Quinoline productivity 0.015 g/h 0.49 g/h 0.68 g/h 0.04 g/h 0.05 g/h 

a The conversion, selectivity and productivity were averaged values of the reaction from 2nd to 15th 

hour and calculated based on GC analysis. Reaction conditions: 2a:1b ratio of 1:1, total flowrate of 0.2 

mL/min at 10 MPa. 

 

A modest scale-up of the reaction was attempted using three reactors filled with NbP in series with a 

fourth reactor placed upstream and filled with sand to act as pre-mixer (Rb - 20 cm length, Ø=1/4" 

each and ~4.5 mL) as described in experimental section and in previous work.59 The flow rate was 

initially set at the same value (0.1 mL/min) of each reagent. The triple reactor ran for 60 hours before 

any fall off in conversion was detected. By comparison, the single reactor showed significant fall off in 

less than 20 hours (one reactor Ra, 0.1 mL/min). When the flow rate through the triple reactor was 

increased by a factor of three, its temporal behaviour was similar to that of the single reactor; indeed 

the fall off in both conversion and selectivity was more dramatic (Figure 4). This suggests that there 

may be a relationship between the amount of substrate passing through the reactor and the active 

lifetime of the NbP (Table 5). 

  

Figure 4. Scaled-up Continuous flow quinoline synthesis in series. (a) Aniline conversion and (b) 

selectivity to quinoline study under the same conditions of those in Figure 3 (250 °C, 10 MPa). 
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Equimolar solutions of both reactants 2a and 1b were fed at flow rates of 0.1 and 0.3 mL/min. The 

yellow profile is the same as in Figure 3 and it is reported here for comparison.  

Table 5. Scale-up Continuous Flow Skraup reaction productivity comparison for the one reactor Ra 

versus the triple reactor Rb setup at various flow rates.  

a 
The conversion, selectivity and productivity were averaged values of the reaction from over 15 hour 

and calculated based on GC analysis. The different experiments were performed under the following 

conditions: 2a:1b ratio of 1:1 at 250°C and 10 MPa. b Turnover frequency (TOF) has been calculated 

relative to the number of acid site as followed: TOF= number quinoline formed/number of NbP acid 

site. The number of acid sites is based on pyridine desorption.61 

Scheme 4 sketches a possible mechanism for the Skraup reaction catalysed by NbP. Even under our 

best conditions, the conversion of aniline and the selectivity towards quinoline did not exceed 80% 

and 60%, respectively. The moderate yields can be understood by considering the overall reaction 

which occurs through three consecutive catalytic steps. Available data indicate that the dehydration 

of glycerol over NbP or mesoporous siliconiobium phosphate as (doped) catalysts proceeds with 

conversion and selectivity from 68 to 100% and from 70 to 75%, respectively.45,46,34 It is therefore likely 

that, once the dehydration of glycerol is coupled to the other two catalytic steps (i.e. the ketal 

deprotection and the condensation of acrolein with aniline), the overall yield will be low.  

Total 

Flowrate 

1.2g NbP Cat. 1.2g *3 NbP Cat. 

Aniline 

Conv. a 

Quinoline 

Sel. a 

Quinoline 

productivity 

TON 

(TOF, s-1)b 

Aniline 

Conv. a 

Quinoline 

Sel. a 

Quinoline 

productivity 

TON 

(TOF, s-1)b 

0.2ml/min 63% 51% 0.068 g/h 4.33 

(0.57×10-3)  

79% 41% 0.07 g/h 1.45 

(0.24×10-3) 

0.6ml/min 
  

  74% 41% 0.19 g/h 4.09 

(0.67×10-3) 
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Scheme 4. One possible acid-catalyzed mechanism for the formation of quinoline, based on papers 

cites in our introduction, starting from Solketal 1b and aniline 2a over niobium phosphate (NbP).60 

None of the postulated intermediates nor any other were detected presumably because whatever 

intermediates formed are unstable under our conditions. 

Two of the steps in Scheme 4 might be causing the decline in catalytic steps. The first is coking caused 

by polymerization of the free acrolein. The other is the final oxidation step leading to the formation 

of 3a. The literature suggests that the acidity61 strength of the most selective catalysts for the 

dehydration of glycerol to acrolein lies between 8.2 ≤ H0 ≤ -3.0.23 Systems having very strong acid 

activities (H0 ≤ - 8.2), such as NbP, may offer low acrolein selectivity (40 - 50 %) due to the onset coke 

deposition during the reaction. The dehydration process usually requires high temperatures (250 – 

300 °C) and acrolein can easily undergoes undesired polymerization and coke formation.62 Various 

approaches have been proposed to limit the deactivation of dehydration catalysts.24 These include the 

suppression of the rate of coking by adding O2 or H2 to the feed flow63,64,65 and modifying the catalysts 

with promoters to change the acid properties of the catalysts. We have found that the deactivation of 

NbP is related to the amount of solketal (and thus, of glycerol) used in the reaction. The more solketal 

is delivered to the reactor, the more acrolein is formed and consequently, the larger the coke 

deposition over the catalyst active phase. TGA traces shown in ESI for the used catalyst are consistent 

with the presence of organic coking. 

There seems to be no obvious reason why polymerization should give rise to the near stoichiometric 

behavior which we observed. On the other hand, the oxidation step must give rise to a corresponding 
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reduction of the surface. Such reduction would be expected to be close to the stoichiometric. 

Whichever of the explanations is correct, the route to regenerating the spent NbP may well be heating 

under a stream of air. We found that heating up to 300 °C for 20 hours was unsuccessful and, 

unfortunately, our reactors could not be heated to higher temperature without compromising their 

pressure rating.32 

Control experiments were carried out to establish whether the acetone liberated from the solketal 

might be reacting with aniline as this compound 2,2,4- trimethyl-1,2-dihydroquinoline 4b has been 

reported66 from the reaction of aniline with acetone over zeolite catalysts  but also halide acid clusters 

in vapour phase above 200⁰C.67 Therefore, a 0.275 M solution feed of acetone in toluene was used 

instead of the solketal solution under the same reaction conditions as Figure 3 at 250 °C. Less than 8 

% yield of two products 2,4-dimethylquinoline 4a and 2,2,4- trimethyl-1,2-dihydroquinoline 4b was 

obtained (Scheme 5). The products were isolated and characterized by MS and NMR analysis (See 

supporting information). However, these products were not detected in any of our reactions carried 

out with solketal, demonstrating clearly that the acetone is unlikely to take part in any side reactions 

in our system under these conditions.  

 

Scheme 5.  Condensation of acetone with aniline in the absence of solketal over NbP to give 

compounds 4a and 4b. The same reaction products have been reported over zeolite catalyst.67 

In order to demonstrate that NbP can be extended to catalyse the Skraup reaction more widely, two 

anilines, 4-methoxyaniline and 4,4’-methylenedianiline (2b and 2c in Scheme 6) were used to react 

with solketal. The expected heterocyclic quinoline product was formed as the major component in 

both the cases. 
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Scheme 6. Products observed from the continuous flow reaction of 4-methoxyaniline 2b and 4,4’-

methylenedianiline 2c with solketal over niobium phosphate (NbP). 

 

We began with best reaction conditions found for aniline itself i.e. 1:1 ratio, 250°C and 10 MPa. With 

4-methoxyaniline, the 6-methoxyquinoline 5a was obtained with a GC-yield of 30%. The two main by-

products observed were 4-Methoxy-N-methylaniline 5b and N-Ethyl-4-methoxyaniline 5c (Total 

amount < 10 %). All these compounds were isolated and characterized by NMR and MS (see the ESI). 

The process was not further optimised. 

For the toxic 4,4’-methylenedianiline 2c (MDA), a higher temperature of  300 °C was necessary to 

increase the aniline conversion with a 1:1 mixture of 2c:1b. Both the dissymmetric 6a and symmetric 

6b products were observed with a GC-yield of 20 and 12 % respectively. A crystal of compound 6a was 

grown and the structure determined by crystallographic analysis for the first time. The compounds 

were isolated and characterized by MS and NMR analysis (see experimental section). It is interesting 

that the major product is the desymmetrized compound 6a.  

Conclusions 

The experiments described here are useful proof of concept. Solketal can be used as a 

feedstock for the continuous Skraup reaction promoted by a niobium phosphate solid acid 

catalyst. No liquid acids or added oxidants are needed. It therefore adds to the range of 

transformations that can be carried out using glycerol, a by-product product of the energy 

industry. Although the reaction contravenes the sixth Principle of Green Chemistry in that it 

requires high temperature and pressure, it should be noted that: i) the high pressure may not 

be a substantial hindrance since the reactants are liquids and therefore relatively 

incompressible requiring little energy to be pressurized; and ii) technologies for the integrated 

heat recovery in modern biorefineries allow a cheap access to temperatures up to 300 °C.   
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The major problem still to be addressed is how best to regenerate the niobium catalyst. 

Heating the catalyst to 300⁰C in air had little effect. Our TGA experiment suggests that at much 

higher temperature calcination may be effective. Even at the current stage of development, 

however, the reaction could provide a convenient route to less common quinolines such as 

the desymmetrized 6a.  From a sustainability point of view the key points are that a continuous 

Skraup reaction is possible and can be catalysed by niobium phosphate a relatively inexpensive 

and abundant metal in a continuous flow process. 

 

As explained above, we have used solketal because the limitations of our small-scale 

equipment prevent the efficient pumping of glycerol.  Those experiments which we did 

perform with glycerol gave poor selectivity.  We attributed the better selectivity which we 

observed with solketal as being due to the better control of the equipment which we could 

achieve with this substrate.  However, there remains the intriguing possibility that solketal may 

give inherently better selectivity than glycerol itself under these reaction conditions.  If this 

were the case, solketal would be the preferred starting material for this process of valorisation 

of the glycerol by-product. Unfortunately we have insufficient data to test this possibility.  

Nevertheless, the point should be explored before dismissing the use of solketal as 

unnecessary derivitisation, in contravention of the eighth Principle of Green Chemistry (i.e. 

“unnecessary derivatization [blocking group, protection/deprotection, temporary 

modification of physical/chemical processes] should be avoided whenever possible”).  For the 

moment, it is clear that solketal is potentially an alternative to glycerol for smaller scale 

reactions, even if glycerol may eventually turn out to be preferable from a Green Chemistry 

point of view for larger scale processes. 

Experimental 

All the continuous flow experiments were carried out using a simple system consisting of a stainless 

steel tubular reactor (1/4 in. OD) or a 4 tubular reactors in series for the scale-up as detailed in ESI.  

The reactors were filled with the Niobium phosphate catalyst without any treatment (1.2 g). A tubular 

pre-mixer was filled with sand and attached before the reactor. The regents were delivered using HPLC 

pumps and were flowed through the reactor in a downward direction. A back pressure regulator was 

used to maintain and adjust the system pressure. The reaction requires specific sensors linked to trip 

box to ensure safety requirements for high temperature and pressure conditions. An in-line GC/FID, 

placed between the reactor and the BPR, was used to automatically sample and analyse the reaction 

controlled by MathLab software. Niobium Phosphate was supplied as powder form by CBMM and 1.2 
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g (unless specified otherwise) was packed into the reactor without any treatment. The system was set 

to the studied parameter approximatively 10 to 25 h. The conversion and selectivity were determined 

at regular intervals, by analyzing samples taken online GC from the reaction medium for calculation 

of the conversion and selectivity. 

P1
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BPR

Reactant 2

Reactant 1

Mixer

Reactor

CO2

Collection

T

Heater

T

Heater

In-line

GC/FID

 

Figure 5. Schematic apparatus for the continuous flow niobium phosphate catalysed quinoline 

synthesis 
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