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ABSTRACT 

 

In this paper, we report, for the first time, that a multiphase catalytic hydrogenation of 3-

butyn-2-ol over Pd/Al2O3 catalyst has successfully been running in a continuous 

oscillatory baffled reactor (COBR) for over 12 hours. Catalyst stability and attrition were 

examined, the results show that there was no catalyst loss for the whole duration of 

operation, the catalyst was stable for 9 hours with 97% selectivity at a target conversion 

of 95%. Catalyst deactivation thereafter was assessed at a rate of 0.03% per hour, this 

means that it would take 17 days (or 2040 cycles) of operation to achieve 50% of the 

target conversion. This is significantly better than the corresponding batch operation 

where half catalyst activity was reached after 32 cycles. In addition, one of the advantages 

of using COBR is that it allows screening of several operational parameters in a single 

reaction run as steady-state of operation was readily attained within 1 to 1.5 residence 

times.   

 

Keywords: Continuous hydrogenation, selectivity, reaction rate, catalyst deactivation, 

continuous oscillatory baffled reactor 

 

1. INTRODUCTION 

 

In industry, batch and semi-batch slurry reactors have been used for hydrogenation 

reactions in the production of drugs, biocides, herbicides, pesticides, inks and chemical 

additives.1 Batch reactors are well known for their versatility, robustness and familiarity 

due to decades of working experiences. However, it requires significant intermediate 

storage between operations, exhibits poor mixing and heat transfer capabilities, resulting 

in low operational efficiency and batch-to-batch variations.2 These disadvantages have 

led to the development of continuous flow platforms in order to overcome the limitations 

from batch technologies.3 In this paper, we report for the first time that a multiphase 

catalytic hydrogenation of 3-butyn-2-ol over Pd/Al2O3 catalyst has successfully been 

running in a continuous oscillatory baffled reactor (COBR) for over 12 hours. 

 

The selective hydrogenation of alkynol (3-butyn-2-ol) to produce alkenol (3-buten-2-

ol) over Pd/Al2O3 has been chosen as the model reaction. The challenge for this reaction 

is that the target product is a reaction intermediate, as shown in Figure 1. This is a 
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selective hydrogenation: the required product is formed via semi-hydrogenation. The 

risks of over-hydrogenation lead to the formation of undesired alkanol (2-butanol). Pd-

based catalysts have shown preferential adsorption of the triple bound related to the 

double bound,4, 5 circumventing the over-hydrogenation and contributing selectivity 

towards alkenol greater than 97%.6-9  

 

 

 
Figure 1. General terminal functionalized alkyne hydrogenation scheme. R, R’ = H, 

CH3 

 

 

2. EXPERIMENTAL SETUP AND PROCEDURES 

 

2.1. Materials  

 

The reactant, 3-butyn-2-ol (97%), was acquired from Sigma-Aldrich. The catalyst was 

Pd/Al2O3 (1% wt. Pd, characterized elsewhere10) purchased from Sigma-Aldrich and 

sieved into batches of controlled particle size ranging 38-45 μm and uncontrolled particle 

size < 45 μm in diameter. The solvent used in this study was distilled water.  

 

2.2. Reactor configuration 

 

The COBR in Figure 2 is comprised of a column made of stainless steel of 1.70 m tall 

and 0.016 m internal diameter, the volume of the reactor is 342 ml, the working volume 

is about 220 ml. A set of 41 orifice baffles, spaced 0.025 m apart, thickness of 0.002 m 

and free cross-sectional area ratio of 25%, was attached to a magnetic block located at 

the top of the column. A ring-shaped magnet was connected to a lineal motor that was 

controlled by a programed control box. The coupling between the magnets delivered the 

oscillatory frequencies (1-5 Hz) and amplitudes (1-25 mm). The temperature in the 

COBR was controlled by a water bath (Grant) and monitored using thermocouples (T-
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type) in three locations spreading along the column. Hydrogen was fed via a tubular-

shape sparger placed at the bottom of the column and its rate measured by a gas 

flowcontroller (Bronkhorst). Constant pressure was controlled and maintained by a gas 

regulator and checked by a pressure gauge (0-14 barG). The inlet reactant flow rates were 

delivered by a combination of a gear pump and a mass flow controller (Bronkhorst); the 

outlet product rate by a peristaltic pump (Watson-Marlow). The temperature in the 

solvent tank was controlled by a water bath (Grant) in order to maintain constant feed 

temperature.  

 

 

 
 

Figure 2. COBR scheme. (1) solvent vessel, (2) reactant vessel, (3) products vessel, (4) H2 

cylinder, (5) gear pump, (6) peristaltic pump, (7) liquid mass flow meter/controller, (8) pressure 

regulator, (9) gas mass flow meter/controller, (10) ball valve, (11) needle valve, (12) pressure 

gauge, (13) thermocouple T-type. P.1 and P.2 refer to sampling points 

 

 

2.3. Experimental and analytic procedures  
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The reactor was purged with N2 before starting, was then loaded with 3-butyn-2-ol and 

distilled water at a concentration of 0.19 M and the catalyst. The slurry was agitated, the 

temperature within the reactor was stabilized. This was referred as time zero as no 

reaction took place at this stage. Two feed pumps (one for 3-butyn-2-ol, one for distilled 

water) and one product pump were switched on enabling continuous operation. At the 

same time, H2 was fed into the reactor allowing quick pressurisation, this marked the start 

of the reaction.  

 

The flow-in rates of reactants were kept the same as the flow-out rate of product, 

maintaining the same liquid level within the reactor. From our previous work in a batch 

OBR,11 the reaction time to achieve 95% conversion was about 12 mins, this is the basis 

for the residence time in the continuous operation. Table 1 shows the residence times 

calculated as the ratio of the liquid volume (mL) over the overall volumetric flow rate for 

the liquid at the outlet (mL min-1), which are used in later experiments. 

 

Table 1 Volumetric flow rates at the inlet (Qin) and outlet (Qout) as a function of 

residence time (RT) 

RT (min) 
Qin (3-butyn-2-ol)  

(mL min-1) 
Qin (water) 
(mL min-1) 

Qout (product) 
(mL min-1) 

5 0.745 43.9 45 
7.5 0.497 29.2 30 
11 0.339 19.9 20 
12 0.310 18.3 19 

 

Figure 3 shows the temperature reading for the continuous run over 12 hours, 

indicating a constant temperature. Figure 4 are the snap shots of the inlet flow in the 

operation, the small fluctuations in flow rate are the direct result of fluid oscillation.   
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Figure 3. Temperature readings for the continuous hydrogenation reaction (T1 at the top 

of the column, T2 in the middle and T3 at the bottom). RT = 12 min 

 

The reaction products were continuously collected in a vessel at the end of the line. 

Liquid samples were taken every 10 mins for the first 7 hours and then every 20 mins 

thereafter during the course of the reaction. A 0.15 M solution 1-pentanol/distilled water 

was added to the samples as internal standard. The samples were analyzed using a Perkin-

Elmer Auto System XL gas chromatograph with an auto sampler equipped with a flame 

ionization detector (FID) and a Stabilwax® column. The method used was described 

elsewhere.12 The concentration of organic components (3-butyn-2-ol, 3-buten-2-ol, 2-

butanol and 2-butanone) were determined by converting peak areas to mols by means of 

regression equations based on calibration. A total carbon mass balance showed a 

reproducibility better than ± 5%. 74.3% conversion was obtained from the first sample at 

10 mins, which was similar to that (76%) in the batch OBR at the same sampling time. 

For the screening tests, liquid samples were taken every 4-5 mins. 
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Figure 4. Zoomed-in flow rates of solvent (water) and reactant (3-butyn-2-ol) in the 

continuous hydrogenation reaction; a) solvent flow rate and b) reactant flow rate. RT = 

12 min 

 

The catalytic activity is evaluated using the reaction conversion defined in Equation 

(1) and the selectivity of the products defined in Equation (2): 
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where CA0, CA and Ci are the initial reactant concentration and the reactant and product i 

concentration (mol L-1) at a given time, respectively.  

 

The catalyst deactivation was evaluated by means of a thermogravimetric analysis 

(TGA). The TGA in question was a STA PT 1600 Linseis instrument with a Type S 240 

furnace (RT- 1773 K) and aluminum oxide crucibles (0.3 mL) from Linseis Inc. The 

sample was exposed to N2 atmosphere (at a flow rate of 100 mL min-1) and heated from 

room temperature to 973 K at a rate of 10 K min-1.  
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3. RESULTS AND DISCUSSION 

 

3.1. Catalyst attrition study 

 

As hydrogenation is often operated at elevated pressures, this means that pressures within 

the reactor are higher than that outside where the product exit port is situated. Such 

pressure gradients would force solid catalysts out of the reactor system, leading to catalyst 

attrition and lower productivity.  

The procedures for assessing catalyst attrition include: a) opening the outlet valve for 

a very short period (typically 2-5 seconds) to enable sampling, b) closing the outlet valve 

quickly to allow re-stabilisation of the pressure with the COBR. The liquid samples were 

immediately filtrated; the amount of catalyst was weighed and recorded. Figure 5 shows 

the percentage of catalyst loss per time over the valve opening period for various 

oscillatory mixing and pressures at the sampling point P1 that was located below the free 

liquid surface and above the baffles, as illustrated in Figure 2. As expected, the loss of 

catalyst is more pronounced at higher oscillatory velocity and higher pressures. 

 

Figure 5. Effect of mixing and pressure on catalyst attrition 
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How to reduce/eliminate catalyst attrition in continuous operation is one of the key 

innovations in COBR. For each catalyst particle, there are four likely forces (or velocities) 

exerted onto it: liquid velocity (uliq), gas velocity (ugas), oscillatory velocity (uosc) and 

terminal velocity of particles (ut). Using the Stoke’s Law (Equation 3), the terminal 

velocity is 0.024 and 0.043 m s-1 for particle diameter of 38 and 45 microns, respectively. 

 

 𝑢𝑢𝑡𝑡 = 𝑔𝑔𝑑𝑑𝑝𝑝2(𝜌𝜌𝑝𝑝−𝜌𝜌𝑓𝑓)
18 𝜇𝜇

                              (3) 

where g is the gravitational field strength (m s-2), dp the particle diameter (m), ρp the mass 

density of the particles (kg m-3), ρf the mass density of the fluid (kg m-3) and µ the 

dynamic viscosity (kg m-1s-1). Figure 6 illustrates the directions of the velocities acting 

on a catalyst particle and Table 2 shows the magnitudes of the four velocities. 

 

Figure 6. Schematic of the velocities affecting a catalyst particle within the COBR. 

Liquid and gas flowing upwards 

 

 

Table 2 Velocities exerted on a catalyst particle 

ut (m s-1) uliquid (m s-1) ugas (m s-1) uosc (m s-1) 
0.024 - 0.043 0.015 – 0.037 0.0083-0.025 0.027 – 0.063 
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We see that the possible loss of catalyst in COBR can be minimized when the 

oscillatory velocity is reduced (see Table 2). This was achieved by modifying the fluid 

mechanical conditions within the reactor, allowing catalyst particles to settle down until 

no catalyst attrition was detected in all samples at P1.   

3.2. Catalyst deactivation 

 

For the purpose of comparison, the catalyst deactivation study was carried out initially in 

a batch OBR and then in continuous operation. 

 

 

Batch data 

 

 
Figure 7. Catalyst deactivation study in a batch OBR. Conversion at a fixed reaction 

time (12 min). Selectivity at target conversion (95%). Reaction conditions: initial molar 

ratio 3-butyn-2-ol/Pd = 4070, uosc= 0.045 m s-1, 5 bar, 323 K 

 

Catalyst deactivation was studied using fresh catalyst in the first batch. The catalyst 

after the first batch was separated, filtrated, repeatedly washed with the solvent (distilled 

water in this case) and dried in air. Before reuse, the amount of catalyst recovered from 

the first and subsequent batches was weighed and recorded. In the following batch, the 

reactor was charged with fresh reactant and the recovered catalyst in such a way that the 

initial molar ratio 3-butyn-2-ol/Pd was kept constant throughout the whole deactivation 

study. This method was repeated for three more runs. The results are presented in Figure 
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7. The horizontal axis is the batch number, but written as cycle number in order for 

comparison with continuous operation, as one batch was 12 min, which is one cycle in 

batch and one residence time in continuous operation. The vertical axis can be either the 

selectivity (dotted line with filled squares) or conversion (the grey rectangulars), with the 

target conversion in dash line.  

 

The study showed that the activity of the reused catalyst dropped over each batch, 

leading to a total loss of 9% in conversion after the fifth run with respect to the initial one. 

The rate of deactivation (% per cycle), expressed as the decrease in conversion of used 

catalysts compared to that of the fresh catalyst per cycle, is 1.5% per cycle. At this rate, 

it would require 32 cycles to reach 50% of the target conversion.  

 

A number of factors could have caused catalyst deactivation. Due to the operational 

stability of catalyst, leaching can be discarded as the potential deactivation mechanism. 

Likewise, sintering is also excluded due to the difference between the reaction 

temperature (323 K) and both Hüttig and Tamman temperatures for Pd (548 K and 914 

K, respectively).13 The possible causes of deactivation observed in Figure 7 were then 

due to poisoning of the active sites by the presence of by-products and/or the formation 

of carbonaceous components during the reaction. These were confirmed after performing 

a TGA to the aged catalyst (see Figure 8) from the batch tests, reporting a 17.5% weight 

loss.  

 

It was also observed that the selectivity towards the target product (3-buten-2-ol) 

decreased as the catalyst ages by 3% per batch due to increased formation of 2-butanol.  
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Figure 8.  TGA relative weight loss (%) for the aged Pd/Al2O3 after the fifth batch in 

the batch OBR.  — weight (%), --- temperature (ºC) 

Continuous data 

The same deactivation study was carried out in continuous mode in COBR over 12 hours 

by pumping the reactant and solvent at a ratio that ensures a constant concentration and 

molar ratio of 3-butyn-2-ol/Pd throughout the run (Table 1). The reaction (or residence) 

time was based on that obtained from the above batch work to achieve the target 

conversion of 95%. Figure 9a shows that the target conversion (95 ± 0.5 %) was achieved 

over a period of 9 hours (or 95 ± 1.0 % for the entire 12 hours). The rate of deactivation 

(% h-1), expressed as the decrease from the target conversion per time after 9 hours, is 

0.03% per hour or 0.006% per cycle. At this rate, it would take 17 days or 2040 cycles of 

continuous usage of the same catalyst to reach 50% of the target conversion (95%). This 

is significantly longer than that in the corresponding batch operation. In addition, the 

selectivity in the continuous hydrogenation was not affected for the entire duration 

(Figure 9b).  
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Figure 9. Catalyst deactivation study in the COBR. a) 3-butyn-2-ol conversion and b) 3-

buten-2-ol selectivity. Reaction conditions: molar ratio 3-butyn-2-ol/Pd = 4070,        

uosc= 0.045 m s-1, P = 5 bar, Temp = 323 K, RT = 12 min 

Continuous exposure of catalyst to H2 was reported as the means of mitigating catalyst 

deactivation.14 In our work, catalyst particles are continuously exposed to H2 due to the 

continuous supply of H2 into the COBR. Because there is no catalyst deactivation for over 

12 hrs, our work has thus provided the supporting data for the previous finding. 

3.3. Continuous screening of reaction parameters in COBR 

 

One of the advantages for COBR is that the steady state of operation can readily be 

attained within one residence time of operation (12 mins for this reaction). In an extend 

run of multi residence times, we are able to examine effects of many operating parameters 

on selectivity and conversion. The parameters examined include oscillatory velocity (uosc) 

from 0.027 to 0.0625 m s-1, residence times of 5-12 mins in terms of flow rates (shown 

in Table 1) and pressures (2-5 bar) at a reaction temperature of 323 K. For each parameter, 

the steady state was achieved and maintained for a sufficient period of time, e.g. 5 or 

more cycles of residence time, before a new parameter was started.  
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Oscillatory mixing – The effect of oscillatory mixing in terms of oscillatory velocity (the 

product of oscillation frequency and oscillation amplitude) on conversion at a fixed RT 

and pressure is plotted in Figure 10. The solid lines in Figure 10 represent the three 

oscillatory velocities from high to low used in the test, the magnitude is given in the 

vertical axis on the right. The lines with filled squares indicate the reaction conversion 

achieved, the magnitude is shown in the vertical axis on the left. It is clear that this 

hydrogenation reaction is a mass transfer control process, an increase in oscillatory 

velocity has led to the increase in the conversion of 3-butyn-2-ol, due to three distinct 

features: a) smaller and more uniform bubble sizes; b) higher gas hold up; c) significantly 

prolonged residence times of bubbles15, 16. Note that the conversion was higher than the 

target value of 95% at the highest oscillatory velocity studied, because the residence time 

for this particular mixing condition was longer than the norm.  

 

 
Figure 10. Effect of oscillatory mixing on hydrogenation reaction. Working conditions: 

molar ratio 3-butyn-2-ol/Pd = 4070, 5 bar, 323 K, RT= 7.5 min 

 

 

Residence time and Pressure – The effect of different residence times (by varying the 

liquid flow rates of 20, 30 and 45 mL min-1) and the effect of pressure (2, 3 and 5 bars) 

on the conversion can also be examined in the same manner. As expected, the conversion 

of 3-butyn-2-ol increased with the increase of residence time and pressure, resulting from 

longer contact times between the reactants and the catalyst and the increased solubility of 

H2 in solvent according to Henry’s Law17, respectively. 
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4. Conclusions 

 

The selective hydrogenation of 3-butyn-2-ol catalyzed by Pd/Al2O3 has successfully been 

operated in a COBR for the first time. The operation was run under pressure continuously 

over 12 hrs. There was no loss of catalyst at the exit of COBR due to the innovative 

mechanism within the COBR that allows catalyst particles to settle.  

 

Catalyst deactivation tests were carried out over 12 hours, no deactivation of catalyst 

was found for the first 9 hrs at the target conversion of 95±0.5%, (or for the whole 

duration of 12 hrs with the conversion of 95±1%), thereafter the conversion decreased at 

0.006% per cycle, meaning a 50% of the target conversion would be reached after 17 days 

or 2040 cycles of using the same catalyst. These figures are significantly better than that 

obtained in a batch OBR corresponding to 1.5% per cycle and 32 cycles respectively. 

Furthermore, the selectivity in the continuous operation remained constant throughout the 

12 hours, while selectivity decay was observed in the batch run for the same duration. In 

addition, continuous operation allows screening/examining many parameters within one 

run as the steady state can readily be reached.  
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