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Selective Separation of Amines from Continuous Processes using 
Automated pH Controlled Extraction.   

Luke A. Powera, Adam D. Claytona, William R. Reynoldsa, David R. J. Hoseb, Caroline Ainsworthb, 
Thomas W. Chamberlaina, Bao N. Nguyena, Richard A. Bournea, Nikil Kapura and A. John Blackera*. 

We present a rapid continuous processing methodology to screen 

for the optimal, selective, liquid-liquid extraction conditions, from 

a typical post-reaction mixture of amines, using both inline and 

online analysis to systematically alter the pH, by controlling the acid 

addition pump. A mixture of 95% α-methyl-benzylamine, 1, and 5% 

N-benzyl-α-methyl-benzylamine, 2, simulated a reaction product 

and impurity, with the former extracted from toluene into water 

with 92% efficiency and 99% purity. The initial acid concentration 

and outlet pH (post-extraction), were compared with the amine 

concentration in each phase. The incorporation of inline, pH and 

HPLC, monitoring of both the aqueous and organic phases, allowed 

for detailed analysis of the applied extraction conditions. This 

produced an autonomous system for exploring the amine 

extraction conditions: optimal amount of acid and organic-aqueous 

phase ratio. 

Continuous processing within the fine chemicals sector is being 

widely explored and is showing benefits in reaction selectivity and 

conversion.1–3 Most papers focus on continuous flow reactions with 

dowstream separation and purification carried out in batch. If the 

advantages of productivity and consistency, that continuous 

processing can bring, are to be realised, the removal of impurities 

and by-products is vital. Adamo et al have introduced a useful unit 

for liquid-liquid (L-L) extraction which has been made commercially 

available. It employs a cast polymeric separation membrane, with 

diaphragm to internally regulate the pressure and maintain a driving 

force on the raffinate side.4,5 Several groups have reported additional 

devices for continuous L-L extraction and used them in the work-up 

of reaction mixtures.6–8 Acid/base mediated amine extraction has 

been demonstrated with these units, however, selective extraction, 

incorporating pH monitoring to control the removal of impurities, 

has not. Furthermore, there has been little investigation of flow 

methods to identify optimal extraction conditions, although 

autonomous optimisation strategies have been employed for batch.9  

Dissociation extraction techniques are a subset of reactive 

extractions, used with, for example, amines or carboxylic acids in 

pharmaceutical and fine chemical production, fermentation broth 

extractions and enantioselective extractions.10–15 Although the 

extractant varies between techniques, from mineral to large aliphatic 

acids or bases, the function is the same, where ion-pairing alters the 

organic-aqueous distribution to allow for enhanced extraction. As 

purification processes account for a significant fraction of process 

solvent consumption, leading to higher costs and increased 

environmental impact, a method to more rapidly identify the 

optimum extraction conditions represents a useful addition to the 

process chemists repertoire.16–18 

The focus of this research is on amine extraction, as 11% of final 

product pharmaceuticals contain at least one amine in their 

structure,19 but work on selective extraction of carboxylic acids is on-

going and will be reported elsewhere. For the most part, amines have 

pKaH values that fall within the pH limits of water, which leads to a 

population of charged and neutral forms, where each species has a 

significantly different distribution aqueous and organic solvent. The 

selective extraction of one component of a mixture of two similar 

amines can be achieved if they have sufficiently different pKaH 

constants (ΔpKaH), e.g. starting material and product or product and 

impurity.20,21  

A modular designed system was assembled, in which an organic 

and aqueous phase were mixed within a series of fReactor 

CSTRs and then separated using a Zaiput membrane separator 

(Figure 1).4,22 In-line pH and temperature probes were 

incorporated into the initial acid mixing and final post 

separation sections by exchanging the lids of two of the CSTRs 

for faceplates that allow the probes to be mounted. This 

provided live data monitoring of the initial acid concentration 

and final post-extraction pH. A series of membranes, volume 

ratios and total flowrates were screened to determine the 

optimal system conditions to run the bulk extraction. In an 

effort to replicate the demands of an industrial process, 

conditions were selected to maximise the organic:aqueous 

volume ratio which would minimise the water needed. The 

Zaiput has an optimal volume ratio (organic:aqueous) of 1:1 and 

this was chosen to minimise the potential for loading (organic 

phase not passing through the membrane), at a maximum 

a. Institute of Process Research and Development, School of Chemistry, University 
of Leeds, Leeds, LS2 9JT, UK. 

b. Chemical Development, Pharmaceutical Technology and Development, 
Operations, AstraZeneca, Macclesfield, SK10 2NA, UK. 

† Electronic Supplementary Information (ESI) available: [details of any 
supplementary information available should be included here]. See 
DOI: 10.1039/x0xx00000x 
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flowrate of 2 mL/min and using a PTFE hydrophobic membrane 

(0.9 µm pore size).  

To test the system and mimic process conditions, a combination 

of a major product (α-methyl-benzylamine 1) and minor 

impurity (N-benzyl-α-methyl-benzylamine 2) 95:5 mole% at a 

total concentration of 0.87 M was chosen (Scheme 1). This 

concentration introduces potential for additional process 

related deviations such as phase transfer that can impact upon 

the volume and ratio as the species are ~10% of the liquid 

volume. The organic solvent was toluene, and the acid 

concentration was produced by combining the flowrates of a 

water and a dilute hydrochloric acid pump that mixed in the 

initial CSTR.  

Readings from pH probe A were compared with the calculated 

acid concentration from the water and acid pumps to act as an 

initial validation. The correlation, with a linear fitting set to 

bisect the origin, was R2 = 0.99 and the slope deviated by 2.55% 

± 1.4%. This is expected, with minor deviations between pumps 

and pH probe accuracy decreasing as pH tends towards 0 (1M 

acid) due to the exponential increase in proton concentration 

and further distancing from the calibration points. 

The acid concentration, extrapolated from pH probe A, was 

compared to the aqueous extraction efficiency of the individual 

amines from the mixture, defined as:20 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 (1 + 𝐾𝐷)⁄  

 

Where KD is the distribution coefficient of the amine across the 

two phases: 

𝐾𝐷 = 𝐶𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐶𝐴𝑞𝑢𝑒𝑜𝑢𝑠⁄  

Figure 2. The extraction efficiency of each amine compared to the inlet acid 

concentration found from pH probe A.

Scheme 1.The controlled use of acid to selectively extract -methyl-benzylamine (1) to the aqueous phase leaving N-benzyl--methyl-benzylamine (2) in the toluene phase.

Organic Phase

Aqueous Phase
Optimal HCl 

Concentration
Excess HCl

1 2

Figure 1.  A schematic of the experimental setup for screening extractions in which the water and acid pumps mix a known concentration of acid  that is monitored with pH 

probe A. This is then mixed with the toluene and amines for two CSTR volumes (to reach steady state), before it is separated, and the aqueous pH is further monitored. Samples 

of both the organic and aqueous streams are taken after that for offline HPLC.

pH B

pH A

pH B

pH A

Water Pump

Acid Pump

Sampling for 
Offline HPLC Analysis

Pump

fReactor CSTR

Zaiput Membrane 
Separator

Organic Solvent 
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and C is the concentration of a compound in either the organic 

or aqueous phase.  

Figure 2 illustrates a linear rise in the extraction of 1 into the 

aqueous phase as the acid concentration is increased until it is 

completely protonated. The total observed acid concentration 

required to completely ionise 1 was found to be between 0.78 

and 0.84 M, which matches the concentration of 1 in the system 

(0.82 M). The minor impurity 2 rapidly protonates and transfers 

across, just as 1 is almost completely transferred. Altogether 

this forms a linear region where 1 can be isolated in high purity, 

whilst minimising the presence of 2. Increasing the acid 

concentration beyond that causes the opposite effect whereby 

the efficiency of purification rapidly decreases to a minimum.  

This effect can also be explained by the buffer regions that 

would exist for each of the amines. The titration curve shown in 

Figure 3, compares the acid concentration inferred from pH 

probe A with the final pH probe B for 1 (pKaH = 9.73).23  At low 

acid concentrations, partition of 1 into the organic phase 

removes the direct relationship between the pH and pKaH value 

normally seen by the Henderson-Hasselbach equation.24 

However, beyond acid concentrations of 0.7 M, the slope drops 

rapidly and little buffer region is observed for 2 (pKaH = 7.77), 

apart from a number of points clustered in a small region after 

0.8 M acid, that are due to the lower concentration of the minor 

component.23 Using this data, the acid concentration for 

optimal selective extraction is ~0.79 M, extracting 92% of 1 and 

minimising the amount of 2 extracted to ~1%, i.e. 99% pure 

product in 92% yield. 

The extraction of the amines into the aqueous phase was 

related to the pH monitor at position B, Figure 4. Each amine 

gives a single stage titration curve as it is protonated and 

transferred into the aqueous phase (Figure 4 upper). The 

difference curve (Figure 4 lower) was used to highlight the 

difference in physical-organic behaviours between the two 

amines, removing the concentration factor present in the 

extraction efficiency curves. The Separation Factor is frequently 

used to compare data of this kind, however, the  Extraction 

Efficiency parameter was chosen in preference with less 

variance observed in the optimal region (See ESI figure S11. for 

Figure 3. Titration curve for the extraction of 1 and 2 comparing acid added and pH after 

extraction. The buffering effect of 1 is clear, but lower than would be expected due to its 

partition into the organic phase. The effects of 2 are less apparent due to its lower 

concentration. 

Figure 4. Upper: the extraction efficiency of -methyl-benzylamine 1 (blue) and N-benzyl--methyl-benzylamine 2 (orange) with pH measured from probe B. Lower: the 

difference in extraction efficiency between 1 and 2, where the colour refers only to the pH, highlighting a normal distribution due to the relationship between the pKaH 

values. An optimal purification of 1, with 92% selectivity, is seen at pH 7.
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details of the comparison).25  The pKaH differences that exist 

between the two species (ΔpKaH between 1 and 2 = 1.96) 

become apparent, indicating that a region exists where 1 is 

protonated and extracted, while 2 remains in the organic phase. 

The -Extraction Efficiency curve has fewer datapoints between 

pH 7 and 4, because, as 2 transfers its lower concentration limits 

its ability to act as a buffer. The pump used is only able to deliver 

flow rates 0.01 mL/min increments leading to a maximum of 73 

experimental points of discrete acid concentration (for the 

extraction this means there’s 69 potential increments for the 

transfer of 1; and 4 potential increments for the extraction of 

2).  

With pH screened off-line, an on-line HPLC with computer 

communicable pumps was incorporated, to enable an 

autonomous work-up platform. Sample loops were attached to 

either the aqueous or organic outlets for automated injection 

into the HPLC. Some deviation in membrane function was 

observed when the sample loops caused slightly different back 

pressures to the separator. This overtook the diaghram’s 

function and led to some instances where loading was 

observed, but was mitigated by the addition of secondary 

flowpaths, allowing for a pressure relief. 

Given these modifications to the equipment, another extraction 

variable was included, phase volume ratio. This was varied 

between 0.9 to 1.1 (volume organic/volume aqueous), wider 

than this the data reproducibility was found to be poor. A full 

factorial DOE, with additional points incorporated around the 

maximum, was designed. These were extrapolated from the 

optima, determined from the linear experiments. Varying the 

acid concentration and volume ratio, the effect on the post-

extraction pH and extraction efficiency of 1 and 2 are shown in 

Figure 5Error! Reference source not found.. As the acid 

concentration is increased, 1 is increasingly transferred to the 

aqueous phase with a maximum difference between 1 and 2 of 

0.85 observed at pH 7.02, similar to the optimum in Figure 4. 

The difference in extraction efficiencies rapidly drops after this, 

as 2 is protonated and also transfers to the aqueous phase. For 

this system, better extractions are seen with more organic 

phase. Additional acid is required to titrate a larger mass of 

amine into the aqueous phase, meaning an overall higher 

efficiency can be reached when moving to higher volume ratios. 

The optimal Δ Extraction Efficiency found was 0.85, which 

compares to 0.92 for the linear screen. The difference is 

explained by the natural partition of each amine (no pH 

adjustment).  

For fine chemical industries, where most extractive work-ups 

are carried out in batch, this methodology could turn a 10 stage 

extraction into a single stage, yielding a high purity, highly 

extracted product.26 This single stage approach has potential to 

be expanded to mutistage operation, with the same inline and 

online data acquisition and autonomy, allowing for large data 

gathering and rapid optimisation.27 

 

Conclusion 

A method is reported for screening L-L extraction conditions, 

for ionisable species, that uses pH monitoring within a 

continuous flow titration. The study highlights the 

improvements that can be achieved in extraction by controlling 

the inlet acid concentration, leading to improvement in 

extraction efficiency and purification of a product from a minor 

impurity. The method has removed the link between solute and 

acid/base concentration so that conditions for selective 

extraction of mixed species with different pKaH values can be 

identified. The use of in-line and on-line analytics and computer 

controlled pumps with a full factorial DOE has been 

demonstrated to provide similar optimum conditions to more 

intensive linear methods. Furthermore it has allowed 

exploration of the phase volume ratio. If an algorithm based 

approach were also embedded this would further automate the 

process to provide additional data and evidence for extraction 

optima.23,28 Further work is looking at separation of mixed 

carboxylic acids and the effect of additional variables on the 

extraction efficiency. With a large amount of waste produced 

through work-up, intensification in this manner can reduce the 

number of extraction stages or washes required and contribute 

to improved environmental performance.  
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