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Abstract 

The continuous extraction of an amino acid, L-tryptophan, from aqueous solutions was 

studied in small channels with diameters of 0.5 mm and 2 mm. L-tryptophan was separated 

from nitric acid solutions into hexane using Di(2-ethylhexyl)phosphoric acid (D2EHPA) as 

extractant.  It was found that the plug flow dominated in the flow pattern map at mixture 

velocities below 0.1 m/s and all organic phase volume fractions in the 0.5 mm channel, while 

it appeared at mixture velocities below 0.02 m/s and organic phase volume fractions below 

60% in the 2 mm channel. During plug flow, the specific interfacial area increased with mixture 

velocity and acquired maximum values of 4432 and 1456 m2/m3 in the 0.5 and 2 mm channels 

respectively. Extraction efficiencies and percentage of up to 95% and 50% were reached in 

the 0.5 mm channel for residence times less 45s, while both values were about 5-10% less in 

the 2 mm channel. Mass transfer coefficients of up to 0.16 and 0.13 s-1 were reached in the 

0.5 mm and 2 mm channels respectively. 
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Introduction 

Liquid-liquid, or solvent, extraction (LLE) is one of the most important and efficient separation 

methods widely used in many industries. It is employed broadly in various processes including 

separation of metals, retrieval of biological compounds, such as proteins, enzymes, and amino 

acids, recovery and purification of biomolecules from fermented broth, industrial wastewater 

treatment, and reprocessing of spent nuclear fuel [1-10]. The separation is based on the 

solubilities of the compounds of interest in two immiscible liquids, an aqueous phase and an 

organic solvent. In particular, amino acids are an important class of compounds that have a 

variety of biological, industrial, and environmental applications, including food, animal feed 

additives, and in agriculture as plant nutrients [11-14]. The separation of amino acids plays an 

important role in many scientific and industrial fields. Amino acids contain an amino (-NH3
+) 

and a carboxylate group (-COO-), which result in their existence in acidic, basic, or zwitterion 

form depending on the pH value of the solution. These features make amino acids hydrophilic 

at all values of pH and therefore difficult to remove from aqueous solutions in conventional 

solvent extraction. To enhance the extractive potential of organic solvents, certain 

extractants, such as crown ether based extractant (18-crown–6, benzo-18-crown–6, dibenzo-

18-crown–6, dicyclohexyl-18-crown–6) [15-20], cationic extractants Di(2-

ethylhexyl)phosphoric acid (D2EHPA) [11, 21-26] and metal complexes (such as BINAP-metal, 

MeO-BIPHEP-metal, and SDP-metal) [27-31], are added in the organic phase. Crown ether 

based extractants and D2EHPA form stable hydrophobic complexes with the amino acids via 

hydrogen bonding and have long been used in their liquid-liquid extraction. For the extraction 

of amino acids, crown ethers are generally dissolved in chlorinated hydrocarbons or 

chloroform, while D2EHPA is used with hydrocarbons such as hexane, heptane and octane. 



 3 

Metal complexes have also been tested in the liquid-liquid extraction process of amino acids 

very recently as chiral selectors. Similar to crown ether based extractants, metal complexes 

are dissolved in chlorinated hydrocarbons or chloroform. 

The conventional equipment used in liquid-liquid extraction, such as mixer-settlers, packed, 

spray, pulsed and rotating disk columns, has many disadvantages, such as use of large solvent 

volumes, multistage extractions and long extraction times. [32-36] Moreover, the interfacial 

area related to the drop size in the conventional equipment, cannot be easily controlled. The 

drop size distributions are often broad and result in a wide range of times needed to complete 

the extraction. Non-uniform drop sizes result in varying extraction rates in the equipment.  

The extraction rate increases with decreasing drop size because the interfacial area is 

increased. However, with further decrease of the drop size the extraction rate decreases 

because the small drops behave as rigid spheres where molecular diffusion governs the mass 

transport [37, 38].  

To overcome the drawbacks of the conventional equipment, process intensification (PI) which 

often involves small scale devices, such as small channels, can be applied in liquid-liquid 

extraction. Studies have shown that during multiphase flows in small channels, bubble/drop 

sizes are small and have narrow size distribution; large interfacial areas can thus be achieved 

[39-41]. In small channels, the interfacial and viscous forces dominate over gravity and result 

in regular patterns, such as plug flow, where elongated drops of one liquid (plugs), with 

diameter larger than the channel diameter, are separated by the continuous phase (slugs), 

while a thin film separates the plugs from the channel wall. Plug flows have been associated 

with improved mixing due to the circulations within the plugs and slugs [42-44], short 

diffusion distances because of the thin films [45] and large interfacial areas (ranging from 
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2760 to 8500 m2/m3 in channels with internal diameter smaller than 1 mm) [8, 46, 47], which 

increase mass transfer rates. Previous studies have shown that the efficiency and overall mass 

transfer coefficients of metal extractions, such as Eu(III), Ti, Pt(IV), and U(VI), in small channels 

could reach above 90% and 0.06 s-1 respectively [8, 48-51]. 

There are currently no studies on the continuous extraction of amino acids in small channels 

with conventional organic solvents, despite the potentially significant improvements on mass 

transfer rates. In this paper, we report for the first time the continuous separation in small 

channels of L-tryptophan from an aqueous solution into an organic phase using D2EHPA as 

extractant. We present detailed flow pattern maps which indicate the range of flowrates 

where plug flow occurs, that enhances mass transfer.  The effects of the flowrates of the two 

phases, the residence time, the channel size and the concentrations of the amino acid and 

the extractant on the extraction percentage and the mass transfer coefficients are 

investigated. The findings can be implemented for the design of intensified solvent 

extractions in small channels of other biomolecules. 

Experimental set-up  

Materials 

Crown ethers and D2EHPA are commonly used as extractants for the separation of amino 

acids. However, crown ethers are usually dissolved in organic solvents such as chlorinated 

hydrocarbons or chloroform, which can be toxic. In this work Bis(2-ethylhexyl) phosphate 

(D2EHPA) was chosen, because it is chemically stable, has very low solubility in aqueous 

solutions, can be dissolved in less harmful hydrocarbon solvents, and is very effective in the 

extraction of many amino acids [25, 52-54]. The amino-acid, L-tryptophan (≥98% wt/wt purity, 
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molecular weight of 204.32 g/mol) and the extractant D2EHPA (97% wt/wt purity, molecular 

weight of 322.42 g/mol) were obtained from Sigma-Aldrich (UK) and used as received. The 

chemical structures of L-tryptophan and D2EHPA are shown in Fig. 1. The aqueous phase 

solution was prepared by dissolving the amino acid in deionised water and adjusting the pH 

value with 70% wt/wt nitric acid (HNO3).  In literature, various hydrocarbon solvents have 

been used for the extraction of amino acids, which showed no significant difference in the 

results. In the current work, hexane is selected as the organic solvent because of its low cost 

and the extremely low solubility of the amino acid in it. The organic phase solution was 

prepared by dissolving D2EHPA into hexane (≥98.5% wt/wt purity).  Hexane and nitric acid 

were also purchased from Sigma-Aldrich (UK).  

 

 

Figure 1. Chemical structure of (a) L-tryptophan and (b) D2EHPA. 

 

Experimental setup for continuous extractions in small channels 

The continuous flow experimental set-up is shown in Fig. 2a. The aqueous and organic phases, 

immiscible to each other, were injected separately by two high precision continuous syringe 
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pumps (Kd Scientific) via polytetrafluoroethylene (PTFE) tubing that had the same diameter 

(0.5 mm) and joined in a T-junction mixer (Fig. 2b) made of fluorinated ethylene propylene 

(FEP), where all side channels had the same diameter of 0.5 mm. After the T-junction, the 

mixture of the two-phases flowed through the main channel (made of PTFE with the diameter 

of 0.5 and 2 mm, which is hydrophobic and preferably wetted by the organic phase) and was 

separated in-line using a membrane-based flow separator (SEP-10 Zaiput, Flow Technologies). 

The membrane used was made of PTFE (part number IL-900-S10) and was hydrophobic, thus 

allowing the organic phase to permeate it while the aqueous phase was retained.  

 

Figure 2. (a) Experimental set up for the continuous flow experiments in small channels. (b) 

Schematic and photograph of the T-junction. 



 7 

 

Experiment procedure 

The extraction experiments were carried out at atmospheric pressure and room temperature 

(T= 298K). Amino acid solutions in the aqueous phase were initially prepared for the 

equilibrium studies with concentrations in the range between 0.00096 and 0.0096 M, as was 

verified by measurements in a Cary-60 high-end UV-Vis spectrometer (Agilent UK). Nitric acid 

was added into the aqueous phase solutions to keep the pH value constant at pH=1. The 

concentration of D2EHPA in the organic phase varied from 0.005 to 1.663 M, which was in a 

similar range to previous batch extraction studies for the same mixtures. 

The equilibrium experiments were carried out to obtain the partition coefficients of the amino 

acid between the two phases. For these experiments, equal volumes of the aqueous and the 

organic phase solutions (5 mL) were added in stoppered vessels and then mixed with a 

magnetic stirrer at constant rotational speed for 1 hour. The aqueous phase was removed 

from the vessel every 5 mins for the concentration measurements with the UV-Vis at 280 nm. 

The same amount of the organic phase solution was also removed from the vessel to keep 

the volumes of the two phases equal. The concentration of amino acid in the aqueous phase 

initially decreased but after about 40 minutes it reached a constant value which was taken as 

the equilibrium concentration. The distribution coefficient (𝐷) was then calculated according 

to the equation 

𝐷 =
𝐶𝑎𝑞,𝑖𝑛𝑖−𝐶𝑎𝑞,𝑒𝑞∗

𝐶𝑎𝑞,𝑒𝑞∗
       (1) 

where  𝐶𝑎𝑞,𝑖𝑛𝑖 and 𝐶𝑎𝑞,𝑒𝑞∗  are the initial and final concentrations of amino acid in the aqueous 

phase.  
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For the continuous extraction experiments, two different channels with diameters 0.5 and 2 

mm were used. The two phases were injected at the same volume flow rate in the small 

channels using the syringe pumps. The organic phase was fed initially in the channel as the 

continuous phase in contact with the channel wall, while the aqueous phase was introduced 

later and became the dispersed phase. Initially, flow pattern maps were constructed for both 

channels to identify the conditions that resulted in plug flow for mixture velocities ranging 

between 0.0001 m/s and 1 m/s and volume flowrate fractions of the organic phase varying 

between 10% and 90%.  For the extraction experiments the lengths of the test channels varied 

between 15 to 75 cm to obtain different residence times at certain mixture velocities. The 

phases were separated at the outlet by the Zaiput separator and collected individually; the 

amino acid concentration in the aqueous phase was measured using the UV-Vis instrument.  

The flow patterns and the characteristics of the plug flow in the main channel, were studied 

with a Photron Fastcam-ultima high speed camera at frame rates between 1000-5000Hz. To 

reduce optical reflections, the main channel was enclosed in a visualization box filled with 

water that has refractive index (1.33) similar to that of the channel wall (1.35). The resolutions 

of the images are 88 and 98 px/mm for the 0.5 and 2 mm channels. As the resolutions are not 

high enough for the measurement of film thickness, this was calculated from correlations (see 

next section). In plug flow, the plug length was determined by averaging over 10 images with 

low values of standard deviation up to 3%.  
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Results and discussion 

Equilibrium studies 

At neutral pH value, the amino acid is a zwitterion with a carboxylic group and an amino group. 

Two dissociation equilibria exist in aqueous solutions:  

𝐻2𝐴+
𝐾1
⇔ 𝐻+ + 𝐻𝐴   (2) 

𝐻𝐴 
𝐾2
⇔ 𝐻+ + 𝐴−      (3) 

where H2A+, HA, A- is the cationic, neutral, and anionic form of the amino acid, respectively. 

Only the cationic form of the amino acids, depending on the pH of the aqueous solution, can 

be extracted using D2EHPA. Since previous equilibrium studies have been conducted for pH 

< 3.0 [24, 25, 55], the pH value in the current work is set to 1 with nitric acid. The dissociation 

constants for the above equations are given below: 

𝐾1 =
[𝐻+][𝐻𝐴]

[𝐻2𝐴+]
  𝐾2 =

[𝐻+][𝐴−]

[𝐻𝐴]
     (4) 

In aqueous solutions, the pK1 and pK2 of L-Trp are 2.38 and 9.38 respectively [56]. During 

extraction, D2EHPA and the cationic amino acid form a complex, which diffuses into the 

organic phase. There are three types of complexes forming based on the concentration of the 

amino acid during extraction. At low L-Trp concentrations (less than 5.0 mM), only one form 

of the complex, 𝐻2𝐴𝑅 ∙ 1.5(𝐻𝑅)2appears in the solution [25, 53], as expressed by: 

[𝐻2𝐴+](𝑎𝑞) + 2[(𝐻𝑅)2](𝑜𝑟𝑔)

.
⇔ [𝐻2𝐴𝑅 ∙ 1.5(𝐻𝑅)2]𝑜𝑟𝑔 +[𝐻+](𝑎𝑞)   (5) 

where (𝐻𝑅)2 is the D2EHPA dimer. 
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Two additional complexes, 𝐻2𝐴𝑅 ∙ 𝐻𝑅 and 𝐻2𝐴𝑅, co-exist with the previous one at higher 

concentrations of the amino acid as shown below: 

[𝐻2𝐴+](𝑎𝑞) + [𝐻2𝐴𝑅 ∙ 1.5(𝐻𝑅)2]𝑜𝑟𝑔

.
⇔  2[𝐻2𝐴𝑅 ∙ 𝐻𝑅]𝑜𝑟𝑔 +[𝐻+](𝑎𝑞)   (6) 

[𝐻2𝐴+](𝑎𝑞) + [𝐻2𝐴𝑅 ∙ 𝐻𝑅]𝑜𝑟𝑔

.
⇔  2[𝐻2𝐴𝑅]𝑜𝑟𝑔 +[𝐻+](𝑎𝑞)               (7) 

At low L-Trp concentration, one molecule of cationic L-Trp is extracted by four monomeric 

D2EHPA molecules, while the other complexes, 𝐻2𝐴𝑅 ∙ 𝐻𝑅 and 𝐻2𝐴𝑅, at higher amino acid 

concentrations are formed with less extractant molecules. It has been suggested that an 

increase in the D2EHPA concentration in the organic phase increases the extraction of the 

amino acid from the aqueous phase [25]. Thus, in the current studies a concentration ratio 

between L-Trp and D2EHPA of 1:1 to 1:10 was chosen to cover the possible ratios suggested 

by the kinetics of the extraction and the increase of extraction at high D2EHPA concentrations, 

as suggested by the literature. 

The distribution coefficients obtained (Equation (1)) are shown in Fig. 3. At a constant total L-

Trp concentration, the equilibrium concentration in the aqueous phase decreases with 

increasing D2EHPA concentration, while the distribution coefficient increases. The 

equilibrium results in Fig. 3 agree with previous research [25]. In the following continuous 

extractions in the small channels, concentrations of D2EHPA of 0.0096 M and 0.096 M are 

selected to extract 0.0096 M amino acid from the aqueous phase solution, which correspond 

to concentration ratios between amino acid and extractant of 1:1 and 1:10.  
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Figure 3. (a) L-Trp concentration in the aqueous phase at equilibrium for different 

concentrations of the extractant D2EHPA. (b) Distribution coefficients at different 

concentrations of the extractant. Black symbols are results from the current work, while red 

ones are literature data [25]. 

 

Flow patterns in the small channels 

The characteristics of the flow patterns in the small channels can affect the extraction process. 

The flow pattern map for the flow of water and hexane in the 0.5 mm channel, is shown in 

Fig. 4. The extraction system where very small amounts of amino acid are present in the 

aqueous phase (<0.2% wt/wt) and of extractant in hexane (<3% wt/wt), have very similar 
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properties (interfacial tension: ~41 mN/m [57, 58]; density: 0.668 g/cm3, measured with 

bench scale and Fisherbrand pipettes at 25 °C) to those of the water-hexane system 

(interfacial tension: ~43 mN/m [59]; density: 0.66 g/cm3), and the patterns would be the same. 

In the same map, the boundary between plug flow and the other patterns for the 2mm 

channel is also shown. The Bond numbers ( 𝐵𝑜 = 𝑔𝑑2(𝜌𝐴 − 𝜌𝑂)/𝜎 , where 𝑔  is the 

gravitational acceleration, 𝑑 is the diameter of the channel, 𝜌𝐴 and 𝜌𝑂 are the density of the 

aqueous and organic phases respectively, 𝜎: is the interfacial tension) were calculated and 

were found equal to 0.0196 and 0.315 for the 0.5 mm and 2 mm channels, respectively, using 

the interfacial tension between the organic and aqueous phase. The values are below 0.88 

which indicates that the gravitational forces are not significant and interfacial forces 

dominate [60, 61]. From the various patterns that can form, plug flow is preferred for mass 

transfer because of its regular characteristics, the large interfacial areas and the enhanced 

mixing [62]. As can be seen in Fig. 4, plug flow is the dominant pattern in the 0.5 mm channel 

for all phase flowrate fractions tested and mixture velocities below 0.1 m/s. In the 2 mm 

channel, plug flow appears at lower mixture velocities (below 0.02 m/s) and organic phase 

flowrate fractions smaller than 60%. The length of the plugs decreased with increasing 

mixture velocity as shown in Fig. 5. The shape of the plugs resembled that of a capsule. The 

specific interfacial area 𝛼𝑝 can be calculated based on 𝛼𝑝 = 𝑆𝐴𝑝/𝑉𝑇𝑈  , where 𝑆𝐴𝑝  is the 

surface area of the plug and 𝑉𝑇𝑈 is the total volume of the unit cell, which includes a plug and 

a continuous phase slug. For the calculation, the front and back ends of the plug are 

considered as hemispheres and the section in between them is treated as a cylinder. The 

diameter of the cylinder is taken equal to the channel diameter minus the film thickness, 𝛿, 

that separates the plug from the channel wall. The film thickness is calculated from 2𝛿 𝑑⁄ =

0.35𝐶𝑎0.354𝑊𝑒0.097 [63], where 𝐶𝑎 is the Capillary number (
𝜇𝑂𝑈

𝜎
, 𝜇𝑂: viscosity of the organic 
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phase, U is the mixture velocity) and 𝑊𝑒 is the Weber number (
𝜌𝑈2𝑑

𝜎
, 𝜌 is the density of the 

mixture). As shown in Fig. 5, the specific interfacial area increases with increasing mixture 

velocity. The 𝐶𝑎 and 𝑊𝑒 values in plug flow are below 10-3 and 1, respectively, indicating that 

the interfacial tension forces dominate over the viscous and inertial ones, and give the plugs 

their regular shape. The subsequent extraction studies were carried out at 50% phase volume 

fraction. 

 

Figure 4. Flow pattern map for the flow of water and hexane. Symbols: flow patterns in the 

0.5 mm channel; dashed line: boundary of plug flow in the 2 mm channel. 
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Figure 5. Plug length (black squares) and specific interfacial area (blue crosses) at different 

mixture velocities for the 0.5 mm channel.  

The plug flow changed into intermittent flow with increasing mixture velocity, which is 

characterised by dispersed plugs with varying sizes. The transition depended on the channel 

size and the organic phase volume fraction and occurred at mixture velocities of around 0.3 

m/s in the 0.5 mm channel, and at around 0.02 m/s in the 2 mm channel. Drop flow, where 

the dispersed phase has length equal to or smaller than the diameter of the channel, 

appeared at increasing organic flowrate fraction (above 0.7 in both channel sizes).  

 

Continuous flow extractions in small channels 

The continuous extractions in the small channels were carried out during plug flow at equal 

volumetric flow rates of the organic and the aqueous phases. The extraction efficiency (𝐸𝑓𝑓%), 

extraction percentage (𝐸%) and the overall mass transfer coefficient (𝑘𝐿𝑎) were calculated 

using equations (8) to (10), respectively [64]: 
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𝐸𝑓𝑓% =
𝐶𝑎𝑞,𝑖𝑛−𝐶𝑎𝑞,𝑓𝑖𝑛

𝐶𝑎𝑞,𝑖𝑛𝑖−𝐶𝑎𝑞,𝑒𝑞∗
     (8) 

𝐸% =
𝐶𝑎𝑞,𝑖𝑛𝑖−𝐶𝑎𝑞,𝑓𝑖𝑛

𝐶𝑎𝑞,𝑖𝑛𝑖
   (9) 

𝑘𝐿𝑎 =
1

𝜏
ln (

𝐶𝑎𝑞,𝑒𝑞∗−𝐶𝑎𝑞,𝑖𝑛

𝐶𝑎𝑞,𝑒𝑞∗−𝐶𝑎𝑞,𝑓𝑖𝑛
)     (10) 

where 𝐶𝑎𝑞,𝑓𝑖𝑛 is the final concentration of L-Trp in the aqueous phase at the outlet of the 

channel. 

To isolate the effect of the mixture velocity on mass transfer, the channel length was varied 

with the mixture velocity to ensure that the residence time remained the same. In the 0.5 

mm channel, the mixture velocity ranged from 0.01 to 0.05 m/s and the channel length 

increased appropriately from 15 to 75 cm which resulted in a resident time of 15 s, while in 

the 2 mm channel the mixture velocity varied between 0.01 and 0.04 m/s and the channel 

length ranged from 15 to 60 cm resulting in the same residence time.  

As can be seen from Fig. 6, with increasing mixture velocity the extraction efficiency and 

percentage increase until about 95% and 50%, respectively. With increasing mixture velocity, 

the plug length decreases as shown in Fig 5. In the 0.5 mm channel, the plug length reduces 

from 1.4 mm at 0.01 m/s to 1.3 mm at 0.05 m/s. The circulation time within the plugs, defined 

as the average time to displace material from one to the other end of the plug, decreases as 

the plug length decreases at high mixture velocities [42]. Moreover, the decrease in plug 

length with increasing mixture velocity, leads to an increase of the specific interfacial area 

from 3968 to 4432 m2/m3 when mixture velocity increases from 0.01 m/s to 0.05 m/s, 

respectively. Both the decrease of circulation time and the increase of specific interfacial area 

result in better mass transfer with increasing mixture velocity. 
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The size of the channel has also an effect on the extraction efficiency. As shown in Fig. 6(a), 

the average efficiency in the 2 mm channel was about 5% lower than in the 0.5 mm channel, 

which is related to the decrease of the specific interfacial area with the increase of the channel 

diameter. At the mixture velocity of 0.01 m/s, the specific interfacial areas in the 0.5 and 2 

mm channels are 3968 and 1253 m2/m3 respectively.  

The effect of channel size and mixture velocity on the overall mass transfer coefficients, 𝑘𝐿𝑎, 

is shown in Fig. 7. The mass transfer coefficients are reduced in the 2 mm channel compared 

to the 0.5 mm one, which is attributed to more intense mixing and increased specific 

interfacial area in the small channel sizes. They are also increased with the mixture velocity in 

both channels. As discussed above, the specific interfacial area in the 0.5 mm channel is 3968 

m2/m3 at 0.01 m/s while the values in equipment such as packed columns and mixer-settlers, 

are less than 250 and 1000 m2/m3 respectively [65, 66]. 
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Figure 6. Effect of mixture velocity on (a) extraction efficiency and (b) percentage of 

extraction in the 0.5 mm and in the 2 mm channels. The channel length varies from 15 to 75 

cm to ensure constant residence time equal to 15 s. Black and red symbols are the results in 

the 0.5 and 2 mm channels respectively. The concentrations of D2EHPA in hexane are 

0.0096 M (triangle shapes) and 0.096 M (square shapes). 
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Figure 7. Overall mass transfer coefficient against mixture velocity in the 0.5 mm and 2 mm 

channels. The channel length varies from 15 to 75 cm to ensure constant residence equal to 

15 s. Black and red symbols are the results in the 0.5 and 2 mm channels respectively. The 

concentrations of D2EHPA in hexane are 0.0096 M (triangle shapes) and 0.096 M (square 

shapes). 

The effect of residence time on extraction efficiency and percentage can be seen in Fig. 8. To 

maintain the plug length, the mixture velocity was kept constant at 0.01m/s while the channel 

length varied from 15 to 60 cm accordingly. As it can be seen, the extraction efficiency 

increases with increasing residence time in both channel sizes. In the 0.5 mm channel, the 

extraction efficiency and percentage can reach, respectively, above 90% and 50% in 45 s at all 

extractant concentrations. The results are generally lower in the 2mm channel compared to 

the 0.5 mm one, with only one case (at the residence time of 30 s) with low extractant 

concentration in the 2 mm channel having the same efficiency and extraction percentage as 

in the 0.5 mm channel. The average extraction efficiency is lower in the 2 mm channel by 

about 6%, compared to the 0.5 mm one.  
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Figure 8. Effect of residence time on the extraction efficiency and percentage extraction of 

the amino acid in the 0.5 and 2 mm channels. The mixture velocity is kept constant at 0.01 

m/s while the channel length varies from 15 to 60 cm. Black and red symbols are the results 

in 0.5 and 2 mm channel respectively. The concentrations of D2EHPA in hexane are 0.0096 

M (triangle shapes) and 0.096 M (square shapes). 
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The overall mass transfer coefficients at constant mixture velocity decreased with increasing 

residence time (Fig. 9). Initially the decrease is large, but it becomes less prominent as the 

residence time increases. At the channel inlet after the T-junction, where the two phases first 

join, there is intense mixing and newly formed interfaces, while the concentration difference 

between the organic and aqueous phases is large, leading to enhanced mass transfer. Beyond 

the T-junction, fully developed plugs, that do not change in length, propagate further 

downstream in the channel while the concentration difference between the two phases 

decreases, resulting in small changes in 𝑘𝐿𝑎. The mass transfer coefficients for the different 

extractant concentrations in Fig. 9 are close to each other. This is probably due to the mixture 

velocity (0.01 m/s) used to observe the effect of residence time on the mass transfer 

coefficient. As can be seen in Figure 6 (a) and Figure 7, the extraction efficiencies and 𝑘𝐿𝑎 for 

the two different concentrations of the extractant at this mixture velocity (0.01 m/s) are all 

very close, in accordance with the results in Figure 9.  

From the overall mass transfer coefficient, 𝑘𝐿𝑎 and the specific interfacial area, 𝑘𝐿  can be 

estimated. For the 0.5 and 2 mm channels, 𝑘𝐿 ranges in 1.9 - 3.4 x 10-5 m s-1 and   5.8 - 9.3 x 

10-5 m s-1 respectively. This parameter can then be used at other systems, where the specific 

interfacial area values are different.  
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Figure 9. Effect of residence time on the overall mass transfer coefficient in the 0.5 and 2 

mm channels. The mixture velocity is kept constant at 0.01 m/s while the channel length 

varies from 15 to 60 cm. Black and red symbols are the results in the 0.5 and 2 mm channels 

respectively. The concentrations of D2EHPA in the hexane are 0.0096 M (triangle shapes) 

and 0.096 M (square shapes).  

 

Conclusions 

In this paper we demonstrated the ability of small channels in intensifying the liquid-liquid 

extraction of the amino acid L-tryptophan from aqueous solutions into an organic solvent with 

D2EHPA as extractant. 

The continuous extraction experiments were carried out in small channels with diameters 0.5 

mm and 2 mm. Flow pattern maps of the organic and aqueous phase mixtures in both 

channels were obtained, which can be used as a guide for the selection of conditions resulting 
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in plug flow in similar systems.  The largest specific interfacial areas of 4432 and 1456 m2/m3 

respectively for the 0.5 and 2 mm channels, were obtained at the highest velocity used of 

0.05 m/s. In general, the extraction percentage and extraction efficiencies increased with 

increasing residence time and with increasing mixture velocities for the same residence time 

and were generally lower in the 2 mm channel compared to the 0.5 mm one. The mass 

transfer coefficients also increased with the mixture velocity but decreased with the 

residence time.  

The above extractions were achieved in residence times less than 1 min, which are much 

shorter than those used in mixer settlers and liquid-liquid extraction columns [25, 32, 34, 67]. 

The maximum mass transfer coefficient achieved in the current small channel systems is 

around 0.16 s-1, while it is less than 0.1 s-1 in both stirred batch vessel systems and extraction 

columns [25, 65, 68]. The results demonstrate the extraction of amino acids such as L-

tryptophan can be intensified in small channels. The findings can be used to guide the design 

of small channel continuous separation systems for other amino acids or more generally 

biomolecules including enzymes and proteins. 
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