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Abstract 

The pharmaceutical industry is gradually shifting towards a green and sustainable future. 

Separation technologies during downstream processing contributes greatly to the waste 

generation of pharmaceutical manufacturing that needs to be mitigated. This chapter focuses 

on the sustainability of liquid-liquid separation methodologies from chromatography through 

crystallization to membrane technologies. As the application of continuous technologies in the 

pharma sector continues to increase rapidly, the chapter highlights the sustainable aspects of 

continuous liquid chromatography, capillary electrophoresis, organic solvent nanofiltration and 

crystallization. The work presented here also summarizes the current trends in the field, 

discusses relevant case studies, and underlies the predicted future of separation processes for 

pharma products. 
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1. Introduction 
The unicorn of pharmaceutical chemical processes (the so-called ideal reaction) where by-

products are fully reduced in the reaction stage rather than eliminated in the downstream 

processing is practically non-existent. This concept of waste minimization at source coupled 

with a suitable separation technology is needed to reach a certain quality set by official 

regulations [1]. A ‘sustainable mind set’ is required at the very beginning of the development 

phase, which ensures that the upcoming sub-processes could also meet requirements. This 

means that the design, validation, optimization and scale-up steps follow the same principles 

regarding safety and toxic waste management and consider the green and sustainable aspects 

of the reaction. Even if these issues are addressed, the separation of the reaction media is 

necessary to a certain degree. This chapter will focus on the sustainable aspects of downstream 

processing in pharmaceutical drug manufacturing.  

Although the principles of green chemistry and the need for sustainable manufacturing were 

described in the late 1990s, there remains considerable need for improvement from the 

scientific community, legislators and the industrial sector [2]. Similar to process intensification 

(PI) methods, sustainable manufacturing seeks to adapt novel ideas into the pharmaceutical 

industry. Sustainable manufacturing is currently held back by the following concepts: 

• perception of risk or ‘rush-to-be-second’ mentality, 

• long and costly legalization processes for existing technologies 

• technological limitations (i.e., the idea that there might be no possible sustainable 

solution for a certain problem). 

Regarding the annual energy consumption in the US (3 ∙ 1012 𝑘𝑊ℎ), the industry sector uses 

approximately 32% (9.6 ∙ 1011 𝐾𝑊ℎ), from which 45%–55% (~4.8 ∙ 1011 𝑘𝑊ℎ) are 

consumed by thermal separation processes [3] (Figure 1a). 
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Energy-efficient, integrated and intensified separation processes are required for corporations 

to shift towards green and sustainable pharmaceuticals. The inherent benevolent aspect of green 

chemistry sets up a moral threshold for academic and industrial researchers and guides them 

towards optimal design for novel processes. With the rise of new methodologies, the 

pharmaceutical industry has demonstrated a steady transition towards sustainability and carbon 

and metal neutrality to meet the standards of the circular economy. These methodologies 

include PI [1], miniaturization [4], high throughput techniques (HTT) [5], promotion of green 

solvents [6], switching from batch to continuous manufacturing [7], rapid development of 

membrane technologies [8], hybrid technologies [9] and more precise modelling along with the 

use of artificial intelligence (AI). 

1.1. Separation concepts in the pharmaceutical industry 

Separation processes convert feed mixtures into two or more products that differ in composition 

[10]. Separation unit operations can be divided into two main categories: diffusional and 

mechanical separations. Homogeneous mixtures can be separated using diffusional separation 

processes, such as distillation, adsorption, extraction or chromatography. In cases of 

heterogeneous mixtures, where the phases are already separated, mechanical separations are 

used, such as filtration, sedimentation or flotation. Another way to categorize different 

separation processes are based on their purpose. Purification of a substance is achieved by the 

removal of undesired impurities from the mixture, such as chromatography, liquid-liquid 

extraction or adsorption. Concentration and recovery are intended to maximize or minimize the 

fraction of the desired product in a fluidum, for example membrane filtration or crystallization. 

These two categories, purification and recovery, imply the separation of a large amount of one 

substance from a small amount [11]. On the other hand, fractionation is the separation of two 

or more substances from each other when the components are in comparable quantities. 

Fractionation includes distillation and chromatography.  
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The importance of separation processes in the pharmaceutical industry is inevitable due to the 

required high purity of active pharmaceutical ingredients (APIs) and finished pharmaceutical 

products (FPPs). Impurity is defined as any component of an API or the FPP that is not the 

chemical entity of the API or the FPP [12]. When a product contains impurity, the manufacturer 

must limit the quality and quantity of those impurities according to regulations. Thus, 

pharmaceutical companies are regulated by good manufacturing practices (GMPs), which 

describe the minimum standard that the company must meet in their production practice [13] . 

In 2005, the American Chemical Society (ACS), the Green Chemistry Institute (GCI) and 

several pharmaceutical companies formed the ACS GCI Pharmaceutical Roundtable to 

prioritize separation processes as the second most important key research area with only one 

point less from the first place (continuous manufacturing) [14]. Separation steps contribute 

approximately 40%–90% of the process mass intensity of a pharmaceutical synthesis 

(distillation, crystallizations, product isolation and non-product filtration), and this could reach 

up to 50% of the total energy used in the process[14]. A general four-step synthesis process 

usually consists of four extractions, two distillations, crystallization, product drying steps and 

one step of non-product filtration to reach only one API [14]. The vast majority of the 

pharmaceutical reactions are performed in organic media, from which the removal of the 

product is required due to the frequent toxicity of the solvents, remaining reagents and the 

formed by-products [11]. As a general rule, once a solvent or chemical has been used in a 

process, it cannot be reused without prior treatment due to possible contamination. In 2002 in 

Switzerland, more than 50 solvents were used in a quantity exceeding 10 t/year, from which 

only 18% were recycled and 68% were thermally treated (incineration) [15]. On average, in a 

10-step synthesis of a pharmaceutical, nine different solvents are used [15,16]. The highest 

amount of waste is generated as different organic solvents resulting from either the reaction or 

the subsequent purification steps. Figure 1b shows the average amount of materials used to 
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manufacture pharmaceuticals. Organic solvents constitute 56% of the total mass, and 6.1 

million tons are produced annually (February, 2020) [17]. Consequently, the development of 

sustainable and green processes usually focuses on recycling and reusing solvents. With the 

recent rise of green and sustainable solvents, the impact of manufacturing processes on safety, 

health and the environment can now be lowered.  

 

Figure 1. A) Chemical separation processes account for approximately half of the industrial energy consumption 
in the United States and more than a tenth of the country’s total energy usage. Adapted from [3]. B) The mass 
composition of the different ingredients employed in pharmaceutical production. Adapted from [18] 

A less discussed issue relates to the long discovery and development phases of a new drug and 

their contributions in terms of overall raw material usage. Drug candidates that cannot reach 

the commercial phase due to various reasons but which pass through the discovery and 

development phases also contribute considerably to the overall waste production. These highly 

potent compounds which are produced on a small yearly scale could contribute substantially to 

overall waste stress on the environment in the Phase I stage.  

1.2. Continuous and automated separation Processes 

The transition from multipurpose batch reactors to modular continuous or semi-batch processes 

in the pharmaceutical sector has been evolving over the past 20 years [7,19]. The strong 

competition and strict safety and environmental regulations has pushed the industry towards 

continuous microflow technologies, which offer safer and greener alternatives. Self-adjustable 

and automated platforms and process analytical technology (PAT) offer responsive systems, 
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generally lowering both incident risk and generated toxic waste [20]. The recent development 

of PAT technologies has played a vital role in the adaptation of advanced separation systems 

in the pharmaceutical industry. Continuous separation processes, such asimulated moving bed 

chromatography [21], continuous liquid-liquid extraction [22] and continuous crystallization 

[23,24] methodologies have emerged in the last two decades. Integration of continuous 

processes requires careful design and in-depth understanding of all the process steps to achieve 

safe and steady-state operating conditions and to obtain a high-quality product with an 

economically acceptable yield.  

Figure 2 illustrates the contributions and relationships between green chemistry and 

green engineering for different technologies appearing in this chapter. Although each 

technology by itself might not be able to contribute to all the points in green chemistry or green 

engineering, the synergistic effect of the combination of one or more technologies could 

eventually lead to completion. 

 

Figure 2 Contribution of different technologies in green chemistry (left side of the circle) and green engineering (right side of 

the circle). Notions: centrifugal partition chromatography (CPC); Simulated moving bed (SMB) chromatography; continuous 

crystallizer (CC); organic solvent nanofiltration (OSN) and supercritical fluid chromatography (SFC). 

2. Chromatography-based separations 

2.1. Sustainable Aspects of Chromatography 

Chromatographic separations, whether performed on analytical or preparative scales, 

represent an integral and fundamental part of both pharmaceutical R&D and manufacturing 
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processes [25]. A myriad of chromatographic techniques are employed in the pharmaceutical 

industry, namely, state-of-the-art analytical methods supporting discovery chemistry [26,27],  

highly regulated pharmacokinetic and impurity profiling methodologies for drug development 

[28,29] and industrial-scale separations of APIs [30]. Considering this diverse and intensive 

utilization, sustainability in the pharmaceutical sector heavily depends on the effectiveness of 

chromatographic separations, in particular their solvent usage [31–33]. Thus, a clear trend has 

emerged in the last two decades regarding implementation of the green chemistry concept in 

chromatography-based industrial procedures [34,35]. 

The principle of green chromatography consists of minimizing energy and solvent 

consumption, reducing waste generation over the entire workflow and striving to use non-toxic 

and eco-friendly reagents and solvents often derived from renewable resources [36]. The 

progress in the realization of this concept, however, is challenging in preparative-scale 

chromatography [36]. Analytical-scale chromatography mainly focuses on turning sample 

preparation techniques green [36,37], whereas preparative-scale chromatography separations 

focus mainly on the generation of large quantities of both solid and liquid waste. Consequently, 

avoidance of chromatographic purification is preferred [38]. Chromatographic techniques have 

high solvent consumption calling for solvent recycle [39]. Drug discovery chemists from 

Amgen, Astra Zeneca, Pfizer, Merck and GSK have described this approach for silica gel-based 

flash chromatography [40]. The proposed decision tree distinguishes three levels in decreasing 

order of sustainability: (i) avoid chromatography if feasible, (ii) try alternative separation 

techniques and (iii) make the chromatographic step more sustainable by proper solvent 

selection and efficient method optimization (see Figure 3). 
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Figure 3 Industrial approach for improving the sustainability of flash chromatography widely used by medicinal chemists 
for the isolation of discovery compounds. SFC and MPLC stands for supercritical fluid chromatography and medium-pressure 

liquid chromatography, respectively. Adapted from [40]. 

2.2. Towards green chromatographic techniques 

2.2.1. Gas chromatography 

Gas chromatography (GC) is typically used for impurity profiling, including residual 

solvent content of APIs. It is generally considered greener than liquid chromatography (LC), 

as it separates the volatile analytes in the gas phase and does not require any solvents for the 

separation. Moreover, adoption of the principles of green chemistry into GC techniques can be 

achieved in many ways [36,41,42]: (i) appropriate carrier gas selection, where hydrogen is 

preferred over helium and nitrogen both in terms of environmental awareness and 

chromatographic efficiency [43]; (ii) reduction of the runtime, using fast capillary columns [44] 

or ultrafast temperature programming enabled by Low Thermal Mass (LTM) technology 

providing simultaneously extreme reduction in power consumption [45] and (iii) 

comprehensive two-dimensional GC, which features superb resolution and peak capacity with 

similar separation time and sample need compared to conventional GC [41]. Solvent-free 

sample preparation techniques [46] and miniaturizations [47] clearly seek to minimize the 

footprint of the entire analytical workflow. Whereas thermal extraction-based residual solvent 

analysis technique requires less sample and method optimization time [48]. Ultimately, it 

should be added that the aforementioned approaches are concerned typically with fields other 
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than the pharmaceutical industry due to certain regulatory limitations; however, these could 

easily be extended to pharmaceutical applications. 

2.2.2. Capillary electrophoresis 

Capillary electrophoresis (CE) has been moderately adapted in the pharmaceutical 

industry for analytical-scale separations [49]. CE employs 100% aqueous buffer, which allows 

the separation of mass to charged species through electroosmotic flow. The sustainable nature 

of CE is due to its minimal solvent consumption (µL volumes), simple instrumental set-up and 

low energy consumption [50]. In addition, versatility and competitiveness of CE methodologies 

are high because the different CE modes are able to embody the equivalent pair of mainstream 

LC modes, such as reversed phase versus micellar electrokinetic chromatography, normal 

phase and ion-exchange versus capillary zone electrophoresis, size exclusion chromatography 

versus capillary gel electrophoresis, chiral LC separations versus chiral electrokinetic 

separations and affinity chromatography versus affinity CE [51]. These features make CE an 

ideal platform for the study of novel and green solvents and also for the study of miniaturization 

[52]. On the other hand, CE technology still needs the support of instrument manufacturers and 

vendors through the construction of more robust instrumentation and devising kits and reagents 

to reach its deserved place in the pharmaceutical analytical toolbox [50]. 

2.2.3. Counter-current chromatography 

Counter-current chromatography (CCC) is a liquid-liquid preparative chromatographic 

technique in which separation occurs between two immiscible liquid phases: The stationary 

phase is immobilized by a strong centrifugal force, while the mobile phase is pumped through 

it. Thus, the unique feature of CCC is that unlike all other LC technologies, the stationary phase 

is also a liquid without any solid support [53]. The resolution of solutes in CCC is based on the 

difference of their partition between the two immiscible liquid phases. The key green properties 

of CCC were reviewed by Faure and co-workers [54]. The all-liquid nature and the large 

stationary phase volume (70%–80% of the total column volume) results in higher loadability 
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(up to 10%–30% of column volume) and higher recovery (up to 100%) compared to 

conventional LC. This ultimately enables more productive purifications without generating 

depleted solid packing material to dispose. Owing to the simple separation mechanism (solely 

partition), elution in CCC is fully predictable and scale-up is straightforward (quasi-linear). A 

wide range of sample polarities can be handled, and in parallel, eco-friendly solvents can be 

employed because the polarity conditions in the chromatographic system can be freely 

modulated by the appropriate selection of the biphasic solvent system [39]. CCC is inherently 

suitable for coupling with continuous and/or solvent recycling techniques [55]. For example, 

the coupling of organic solvent nanofiltration to CCC purification of APIs at GSK improved 

the mass-intensity of the CCC process, reducing solvent use by 56% [39]. 

Nonetheless, due to early instrumental issues and obscurity among practicing industrial 

chromatographers [56,57], CCC found its mainstream application in the purification of natural 

products [58–60]. However, thanks to automation [61], throughput-enhancing modalities 

[62,63] and improved cell designs [64,65], recent publications have demonstrated the 

sustainable character of CCC [66]. As such, DeAmicis and co-workers presented a high-

performance counter-current chromatography (HPCCC) alternative for the pilot scale isolation 

of the insecticide spinosad with increased productivity, sample loading and reduced stationary 

phase costs and solvent usage compared to the conventional RP-HPLC method [67]. Theory, 

instrumentation and applications of hydrostatic CCC (centrifugal partition chromatography) 

are extensively discussed in Chapter 4/iii.  

2.2.4. Supercritical fluid chromatography 

Supercritical fluid chromatography (SFC) utilizes pressurized gases, mainly carbon 

dioxide in the supercritical state (critical parameters Tc = 31 °C and Pc = 74 bar), as the mobile 

phase [68]. Taking advantage of the intrinsic properties of supercritical carbon dioxide, such 

as low viscosity, high diffusivity, great solvating power and low polarity, SFC permits fast and 
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efficient separations, which makes it particularly suitable for replacing preparative normal 

phase separations [69]. In addition, these chromatographic benefits are accompanied with a 

myriad of green features: Carbon dioxide is inexpensive, nontoxic, non-flammable, chemically 

inert, easily removable from the product by depressurization and available in high abundance 

at high purity from a renewable resource [70]. 

Recent improvements in instrumentation and column technologies [71] and scientific 

clarification of the theoretical aspects of nonlinear SFC and method optimization [72,73] have 

made SFC a mainstream technology in all stages of pharmaceutical manufacturing. In 

particular, SFC is used as a reliable and reproducible technique for impurity profiling of drug 

substances [74,75]. The dominance of SFC in the preparative isolation of chiral drugs and 

discovery compounds has long been indisputable and is demonstrated through the fact that the 

major API companies, such as Merck, Eli Lilly, Amgen, Sanofi-Aventis, Genentech, Hoffman 

la Roche, Takeda, Bristol-Meyers Squibb, Pfizer, Novartis, Johnson and Johnson and 

AstraZeneca, all employ SFC for enantioseparation [76]. However, a single case study based 

on a throughout exergtic life cycle analysis showed that SFC required 34.3% more resources 

than preparative HPLC due to the total energy cost of production and distribution of liquid 

carbon dioxide [77]. Nevertheless, the majority of comparative studies have reported on the 

superiority of SFC in terms of productivity and sustainability not simply over chiral preparative 

batch LC [78,79] but also in non-conventional achiral separations [80,81]. These advantages 

are exemplified by a recent case study [82] published by Novartis under section 4.3 of this 

chapter. Methanol as co-solvent can be efficiently substituted with azeotropic ethanol-water 

mixture in chiral SFC [83]. This method implements the 3 R’s approach: replacement of 

methanol with a less toxic alternative, reducing solvent consumption by lower retention times 

with azeotropic ethanol-water mixture and facile recycling compared to pure methanol. 
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2.3. Strategies toward green liquid chromatography 

Traditional liquid chromatographic methods using conventional columns, stationary and 

mobile phases are considered as workhorses in the pharmaceutical sector [84], generating huge 

volumes of organic waste, thereby posing high risks to the environment. According to a study 

published in 2011, the total amount of waste generated by HPLC instruments worldwide was 

34 million L per year [85]. Although an RP HPLC system operates with low flow rate, the 

overall solvent consumption could reach a significant level. For example, based on an average 

of 19 different API purification methods, the flow rate was approximately 0.75 mL min-1 

(ethanol–water) [86]. Since equipment usually operate around the clock, there is a snowball 

effect, and a single analytical HPLC could generate 380 L of waste annually. For a company 

or research institute operating 100 HPLC with 50% capacity, the annual generated solvent 

waste would reach 20,000 L. In the case of laboratory scale flash chromatography, the average 

flow rate is one or two magnitudes higher (10–100 mL min-1) as well as the generated 

waste/sequence run [27]. Using a production scale chromatography system, where the linear 

scale-up factor could easily increase 30,000–1,000,000-fold, an approximate flow rate is 

approximately 1,200 L h-1 resulting in 5.3 million L of solvent waste being generated annually 

(50% capacity) [87]. Consequently, the implementation of solvents from sustainable sources 

and the recycling of these solvents in analytical and industrial scale chromatography processes 

are crucial for both green chemistry and expenditure perspective [88,89]. 

Different approaches can be employed in order to make LC greener, which is also referred 

to as the 3 R’s approach: (i) replacement of hazardous solvents with green alternatives, (ii) 

reduction of organic solvent consumption by accelerated separations and miniaturization, (iii) 

efficient waste recycling. The major strategies with examples and their industrial acceptance 

are summarized in Table 1. For detailed discussion of these techniques, the reader is kindly 

referred to review articles covering the general aspects of green LC [36], miniaturizations 

[41,50], mobile phase alternatives and additives [86,90] and accelerated separations [84]. It 
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must be mentioned that using alternative eluent mixtures, such as ethanol–water, would not 

only reduce toxic waste generation and increase sustainability but could result in significant 

cost reduction as well [91]. 

Table 1 Strategies aiming to improve the sustainability of liquid chromatography methods based on the three Rs (replace, 

reduce, and recycle) approach. Note that examples are listed in subcategories in descending order of industrial acceptance. 

Strategy Approach Example Industrial 
Acceptance 

Ref 

Replacement 

of hazardous 

solvents 

Green alternatives 

 

 

 

 

 

Mobile phase 

additives 

 

Supercritical CO2 

Ethanol 

Acetone 

Ethyl-acetate 

Superheated water 

Deep eutectic solvents 

MLCa 

Cyclodextrins 

 Ionic liquids 

High 

Moderate 

Low 

Low 

Low 

Low 

High 

High  

Moderate 

[70,78,81,92] 

[31]; Table 1 in [86];[93]  

[32,94,95] 

[94,96] 

[97] 

[98–100] 

Table 2 in [86];[101,102] 

Table 2 in [90] 

[86,90,103] 

Reduction of 

organic solvent 

consumption 

Accelerated 

separations 

 

 

 

Miniaturization 

 

Direct 

methodologies 

 

Sample prep 

techniques 

 

Multidimensional 

separations 

Reduced column dimension 

Core-shell particles 

UHPLCb 

High temperature (HTLC) 

 

Microflow/Capillary LC 

 

On-line/in-line 

 

 

Microextraction 

Microwave-assisted extraction 

LCxLC, 2DLC 

High 

High 

High 

Low 

 

Moderate 

 

Moderate 

 

 

High 

 

 

Moderate 

 

[84,104] 
[105–107] 

[84] 
[90,93,108] 

 

[41,50] 

 

[109] 

 

 

[37] 

 

 

[36,41] 

Recycling of 

solvents 

Mobile phase reuse 

Distillation 

 OSN 

 Low 

Moderate 

Moderate 

[110–112] 
[32,113] 
[39,114] 

aMLC stands for Micellar Liquid Chromatography; bUHPLC stands for Ultra High Performance Liquid Chromatography 

 
The use of normal phase (NP) separations in the discovery phase as flash methods and 

chiral techniques, have been reduced by supercritical techniques and innovative green 

approaches [40,91,92]. However, their widespread application in chiral API manufacturing is 

yet to be replaced with greener alternatives [78,79,82]. Reversed phase (RP) techniques still 

dominate the field of pharmaceutical analysis; however, with the advent of innovative sample 

preparation techniques, UHPLC, miniaturization, core-shell particles and multidimensional 

separations, the sustainability of RPLC has significantly improved [115]. Nonetheless, solvent 

recycling is still an emerging field in the pharmaceutical industry [84,116]. 
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Ogden and Dorsey recently demonstrated that the ethanol–water mobile phase at 

elevated temperatures was a more sustainable alternative to methanol/water in RP-HPLC-based 

lipophilicity prediction. The elevated temperature efficiently overcame the issues associated 

with the high viscosity of ethanol and simultaneously resulted in reduced runtime due to the 

higher solvent strength of ethanol [93]. Socia and co-workers from Merck have improved the 

chromatographic workflow of dissolution testing by combining the utilization of narrow-bore 

columns packed with core-shell particles, injection cycle time for gradient re-equilibration and 

system dwell volume understanding for optimization. The optimized method resulted in 

70%−80% reduction in solvent usage and waste generation. Moreover, the precision, 

robustness and equivalent accuracy of the consecutive run times increased [115]. 

 

Figure 4 Improving the sustainability of dissolution testing by a combined approach. Reprinted with permission from [115]. 

The replacement of petrochemical-derived eluents, such as acetonitrile, with ethanol-

based mobile phases complemented with the utilization of microscale devices provides not only 

green but also mobile analytical technologies [31]. A buffer- and organic-free mobile phase, 

modified by a natural deep eutectic solvent (based on choline chloride and ethylene glycol) 

was designed for the isocratic analysis of melamine in milk by micellar liquid chromatography. 

The method was validated, and both chromatographic resolution and runtime were improved 
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by the sustainable mobile phase [101]. In addition, Wang and co-workers have recently 

demonstrated that a deep eutectic solvent composed of choline chloride and L-maleic acid used 

for plant material extraction could be further utilized as a stationary phase in a subsequent high-

speed counter-current chromatography separation and efficiently recycled [100].  

2.4. Relevant industrial applications: Case studies 

2.4.1. Computer-assisted Method Development for Efficient Scale-up of Preparative 

Purifications 

 The time pressure during a drug discovery project poses a significant burden to rapidly 

optimizing a productive and robust preparative chromatographic separation. An elegant 

solution was proposed by researchers from Merck. A computer-assisted modelling software 

(ACD/Labs) was introduced in method optimization workflows for efficient scale-up. The in 

silico optimization allowed maximum loading with reduced cycle time by selectively 

improving resolution of only target compounds. Co-elution caused by undesirable tailing of the 

components was prevented by changing the elution order of the target peaks. 3D-resolution 

maps that served as a database to reduce method development time when similar reaction 

mixtures were encountered were generated [117]. The authors validated this green and efficient 

approach using well-established reversed phase liquid chromatography and ion exchange 

chromatography methods.  

2.4.2. Alternative solvent system for silica gel chromatography used in medicinal 

chemistry labs 

 The amount of solvent waste generated by flash chromatography operations in 

medicinal chemistry labs is considerable and inherently unsustainable. The severity of the 

problem is demonstrated by the numerous reports by prominent drug discovery groups 

[33,40,92]. Researchers at Genentech designed a three-component solvent system composed 

of isopropyl acetate, methanol and heptane with the aim of replacing dichloromethane 

(DCM) in routine flash chromatography [91]. The reported tripartite solvent blend showed 
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equivalent separation performance to traditional DCM/methanol, while roughly halving the 

associated costs. 

2.4.3.  Integration of Supercritical Fluid Chromatography into Drug Discovery 

Workflows 

 Novartis researchers provided an insightful evaluation of preparative chromatographic 

techniques from an industrial perspective [82]. Normal phase HPLC even with steady state 

recycling is characterized by a large footprint and high costs. By contrast, reversed phase HPLC 

with aqueous eluents is considered more sustainable in the first approximation. However, there 

is an offset of energy required to remove water and toxic solvent, such as methanol and 

acetonitrile, by time-consuming distillation and lyophilization. Simulated moving bed 

chromatography was developed to address the challenges of most large-scale HPLC 

purification methods. Supercritical fluid chromatography provides a sustainable and robust 

alternative to methods employing normal phase. Its benefits in drug discovery projects include 

better separation efficiency, shorter elution times, lower solvent consumption and reduced 

evaporation time. 

2.5. Conclusions 

Substantial progress has been made in the last decade toward the adoption of green 

chromatography in the pharmaceutical industry. Nevertheless, the paradoxical nature of the 

industry, which is simultaneously conservative, highly regulated and innovative, means that 

the potential for change is high. Time pressures to deliver new drugs and regulatory risks are 

the main bottlenecks to the adaptation of green chemistry principles, whereas potential cost 

savings and environmental regulations are the top incentives (Figure 5). 
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Figure 5 Pros and cons regarding the adoption of green chromatography principles in the pharmaceutical industry based on 
[118,119]. 

Regarding the industrial acceptance of green chromatographic technologies, the 

greatest progress has been made in the field of SFC, whereas emerging CCC techniques can be 

identified as the most promising solutions at a preparative scale. Pharmaceutical manufacturers 

welcome innovations as they emerge; however, their immediate goal is to make existing 

chromatographic methods more efficient with regards to reliability, speed, robustness and 

automation. 

3. Membrane based separations 

3.1. Membrane separation in the pharmaceutical industry: a liquid dominant sector 

A synthetic membrane is a layer of organic or inorganic material that serves as a selective 

barrier between two phases. It is impermeable or semi-permeable to different species when a 

driving force, such as pressure, is applied. Some species permeate through the membrane from 

the feed stream, whereas others are retained by it and accumulate in the retentate stream. The 

target size of interest covers the range of microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO) processes. This section will focus on the 

application of membrane processes in the pharmaceutical industry.  

It is important to highlight the contribution that membrane processes offer for a sustainable 

future and that its application includes petrochemicals, power generation and pharmaceuticals 
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[18]. Utilization of membrane technology in the pharmaceutical industry could contribute to 

the transition from batch to continuous processes and to the realization of energy-efficient 

solvent recovery and recycle. APIs are often temperature sensitive, which makes them difficult 

to purify by thermal separation processes, such as crystallization or distillation. Membrane 

processes do not require phase changes, and therefore, they are ideal for the separation of 

thermally labile compounds.  

Figure 6 shows the difference between the solvent treatment methods (a-b). We differentiated 

between solvent recovery and solvent recycle. Solvent recovery covers those unit operations 

where the post-process mixture is separated into two or more components, and at least one 

component can be reused. Recycling covers those operations where the purified solvent 

immediately reintroduced into the cycle. In case of batch reactions, solvent recovery (c) is the 

only viable option, whereas solvent recycling should be preferred for continuous reaction-

separation processes. 

 

Figure 6. A) Off-site solvent recovery. B) On-site solvent recovery. C) Solvent recovery or regeneration. D) Solvent recycling 

3.2. Organic solvent nanofiltration 

Organic solvent nanofiltration (often called solvent resistant nanofiltration [SRNF]) is a 

pressure-driven separation process designed for operations in organic media and harsh aqueous 
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environments. OSN separates solutes in the size range of 1–10 nm, which corresponds to 

approximately 200–2,000 g mol-1 molecular weight [8]. This makes it ideal for separations 

involving both small molecules and peptide-based APIs. The overwhelming majority of the 

manufacturing of these molecules are performed in liquid phase, more specifically in water or 

organic solvents [16]. Owing to the recent development of robust membrane materials that are 

stable in harsh environments, the application areas of OSN has been expanding. The higher the 

desired API purity, the higher the solvent consumption, which results in high mass intensities 

for the overall process. 

OSN is considered a green technology compared to thermal processes or large scale 

chromatography-based separations, based on its lower energy consumption per kilogram of 

product, and they are generally easily integrated into continuous processes [120–122]. 

However, OSN is yet to be considered as the best available technology for liquid separations 

in the fine chemical industries due to high cost and a lack of know-how in the industry [114]. 

The exceptional high purity for APIs and FPPs also challenge the implementation of OSN in 

the industry due to the insufficient discrimination between similar compounds (co-products) 

[123]. Nonetheless, the applicability of OSN has been demonstrated in a plethora of 

pharmaceutical-related applications, such as the concentration of reaction mixtures, solute 

enrichment and recovery, impurity removal, catalytic synthesis, solvent recovery and the 

natural product extraction. Figure 7 presents the different membrane configurations (a-c) and 

two different post-reaction membrane filtration configurations for continuous flow reactors (d-

e). 
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Figure 7 Different membrane configurations used for a) concentration of solute, b) solvent exchange, c) purification, d) post 

reaction solvent recovery using a membrane module and e) post reaction solvent and reagent recovery with two stage OSN. 

3.2.1. Solute enrichment and solvent recovery 

Isolation or concentration of any solutes such as APIs, intermediates, starting materials, 

catalysts and waste streams are imperative from green and sustainable perspectives because the 

solvent can be recycled, and more profit can be generated. The recovery and concentration of 

a penicillin intermediate from the mother liquor has been successfully implemented using OSN 

[124]. The recovery rate was 97%–99% of the penicillin intermediate, and the final product 

was isolated with 98% purity. In a collaboration with Johnson & Johnson, the removal of five 

different APIs from three different solvents (methanol, toluene, methylene chloride) using 

Starmem® membranes were analyzed [125]. They were able to reach 90% rejection in 

methanol, with a dual membrane passage and recirculation of the retantate. The new separation 

method reduced energy consumption by 200 fold compared to distillation. An industrial 

enrichment example of OSN is API recovery from waste stream. GlaxoSmithKlein generated 

downstream waste containing 1 wt% heat sensitive API (420 g mol-1), which contributed to a 

significant revenue loss. They were able to concentrate the solution up to 10% using a 
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Duramem 300 spiral-wound membrane module with a 90% recovery rate in acetone. The 

procedure was eventually applied in manufacturing.  

3.2.2. API purification and degenotoxification 

An early example for OSN-assisted API purification in diafiltration mode was presented by 

Sereewatthanawut et al. [125]. An API of 675 g mol-1 from Janssen Pharmaceutica, a new drug 

candidate at that time, was purified from a series of oligomeric substances, achieving 99.7% 

final purity and 90% API recovery. The group successfully operated a Duramem spiral-wound 

module in a continuous mode up to 10 and 120 days using dimethyl formamide and 

tetrahydrofurane as solvents, respectively. The conventional separation technologies for the 

removal of genotoxic impurities (GTIs) from APIs are usually solvent- and energy-intensive 

due to the multistage extraction and crystallization processes. Given that the separation factor 

between GTI and the API is sufficiently large in a membrane separation system, OSN is a 

sustainable alternative for GTI mitigation. Hovione PharmaScience Ltd. developed and 

patented an OSN separation system [126] and demonstrated its feasibility over 20 different 

GTIs and APIs. SolSep and Borsig GMT membranes were used at 10 and 20 bars in THF and 

MEK solvents. Comparing the different solutes, they used simple descriptors such as the 

molecular size and weight, and they presented the results in terms of API loss and GTI removal. 

A continuous-flow diafiltration method was applied [127], and the API loss was between 1.8% 

and 5.5%, depending on the API dose and the number of diavolumes.  
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Figure 8. Organic solvent nanofiltration pilot plant for separation during pharmaceutical manufacturing. Reprinted with 

permission from [125]. 

Insufficient rejection of the product limits the application of API purification with single stage 

diafiltration. Less than 100% product rejection results in product loss and significant revenue 

loss, which restricts the widespread industrial application of OSN in the pharmaceutical 

industry. The loss of API also causes significant environmental burden due to the increased 

amount of toxic waste. Most of the green metrics used to report the sustainability of processes 

are normalized using the mass of the product (e.g., E-factor, carbon intensity and solvent 

consumption). Consequently, the loss of API results in a considerable increase in these metrics 

[128]. Advanced membranes with high selectivity and uniform pore size, such as covalent 

organic frameworks (COFs) [129] or molecular organic frameworks (MOFs) [130], could 

provide a solution in the near future. A more immediate engineering solution is the use of 

membrane cascades detailed in section 3.2.3. 

3.2.3. Membrane cascades for enhancing product and solvent recovery  

The frequent solvent exchange between reaction steps makes the application of consecutive 

reaction cascades difficult and produces large amounts of solvent waste. Efficient, small and 

robust continuous solvent exchange methods are required to meet the requirements of rapidly 
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developing microflow technologies. Ideal rejection profiles for any membrane is difficult to 

achieve, which necessitates the implementation of several stages of the same membrane 

process, that is, cascade process configuration. One of the output streams (either permeate or 

retantate, depending on the application) is fed into another membrane unit. Membrane cascades 

were first studied by Hwang and Kammermeyer approximately 60 years ago [131]. This 

concept was later improved into an ideal counter-current recycling cascade configuration [132]. 

The same group suggested that membrane cascades might be able to replace chromatography-

based separations due to the simplicity and continuous operation of membrane processes [133]. 

Several simulation and modelling-based works have been conducted regarding membrane 

cascades [134]; however, their industrial implementation is progressing at a slow pace [123]. 

The slow progress is the result of various factors such as higher capital cost, maintenance and 

lack of know-how. Having solved the long-standing process control problem of buffer tanks 

and high pressure pumps between cascade units [123], the implementation of more 

sophisticated membrane cascade systems has been enabled. A two-component organic mixture 

can be separated using a two-stage OSN system, where an integrated solvent recovery unit is 

used. The solvent recovery rate is generally high, decreasing the E-factor and the generated 

waste overall. Moreover, it is not necessary to have absolute rejection for a unit to reach 

excellent purity with the appropriate design of the cascade membrane system. These 

advantages simplify the industrial integration and application of membrane cascades into 

manufacturing processes. The increased solvent consumption of multiple units can be 

decreased by a simple solvent recovery unit [135].  

The economic aspects of membrane cascades have been evaluated using multivariable 

output maximization [134]. The main costs of a cascade system is the treatment of the residual 

streams leaving the system, which represents more than 85% of the total operating cost for a 

dual cascade system. This cost could be cut by 15%–20% with the treatment and recovery of 
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the residual streams. The implementation of membrane cascades for in-line  solvent exchanges 

has been suggested [136]. Generally, switching from a high boiling point solvent to a low 

boiling point solvent is energy intensive and requires specialized equipment. Three-stage 

membrane cascades were used for the subsequent switching from toluene to methanol. Solvent 

switching without phase change requires less energy than commercial distillation technologies, 

and it also provides mild operating conditions for temperature-sensitive compounds. Moreover, 

the in-line implementation of membrane cascades facilitates the integration of other continuous 

technologies. For example, OSN, coupled to a CCC unit, was successfully employed in 

changing the liquid phase composition before the chromatographic step[137]. 

3.2.4. Membrane-assisted catalysis 

Transition metal catalysis plays a vital role in modern pharmaceutical manufacturing [138]. 

Recovery of homogeneous catalysts along with noble and rare earth metals is a crucial chemical 

separation from sustainability and business perspectives. Several examples have been 

presented for the implementation of membrane separation in catalysis with a great variety of 

reactions. The main aspects of membrane-assisted catalysis in organic media has already been 

well covered elsewhere[139]. Thus, here we focus only on sustainable concepts. OSN was used 

in the separation of phosphorous-based catalysts in the production of cyclic carbonates with 

high retention rate (99%) and high product purity (99%) [140]. In another example, different 

OSN membranes (Duramem and Borsig oNF-2) were used to separate the homogenous gold-

catalyst from the reaction mixture in a green solvent (methyl tetrahydrofuran) [141]. A 

heterogeneous catalyst bed was used to perform Michael addition on various small molecules 

under continuous flow conditions. The unreacted starting material and the solvent were 

recycled, reducing the E-factor and carbon footprint by 91% and 19%, respectively, while 

increasing purity from 52% to 92%. Nevertheless, membranes can be used as catalyst support 

while maintaining their filtration capabilities [142]. For example, an asymmetric cinchona-
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squaramide bifunctional catalyst was grafted on the surface of the membrane via covalent 

bonding. The two-stage catalytic membrane cascade reactor-separation module displayed 

excellent product and substrate (98%) and quantitative solvent recovery [142]. The hybrid 

process design had a small footprint, and it allowed the reduction of the E-factor and CO2 

footprint by an unprecedented 93% and 88%, respectively. The inherently different catalyst 

recovery and catalytic examples presented underpin the comprehensive application and 

usability of membranes in catalytic pharmaceutical manufacturing, while reducing the E-factor 

and carbon footprint and implementing alternative and sustainable solvents.  

 

3.2.5. Macromolecule synthesis and purification 

Peptide-based drug molecules have gained more and more attention due to their superior 

selectivity over small molecule-based therapeutics. Due to the wide application in various 

fields, different peptide synthesis methods have been developed, of which the most used is 

solid phase peptide synthesis [143]. The main shortcoming of solid phase peptide synthesis is 

the excess amount of solvent used for the washing steps between reactions. There are several 

reports on membrane-assisted peptide synthesis. For example, a C-terminal amino acid was 

attached to a soluble polyethylene glycol oligomer, followed by sequenced amide bond 

formation and washing steps. For example, diafiltration with solvent-resistant membrane 

modules was performed to purge the oligomer chains into the permeate stream, while the 

peptide was concentrated in the retantate [144]. Based on similar principles, OSN was 

successfully applied in oligonucleotide and synthetic polymer synthesis such as PEGs [145]. 

The technology has reached industrial applications, for example the company Exactmer is 

focused on the biopolymer synthesis using OSN [146]. The foundation and design (quality by 

design) principles were also covered for the modelling of the downstream processing for liquid 

phase peptide synthesis. To further reduce solvent waste, in-line solvent recycling was 

introduced in cyclic peptide synthesis [147]. Conversion reached up to 100% with 95% 
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selectivity, while reducing the used solvent by 83%, which resulted in a PMI decrease from 

1,703 to 297. Other works have focused on the side reaction and operational analyzation of 

OSN-assisted peptide synthesis and cascade systems [148,149].  

4. Continuous purification processes 

4.1. Classification of the continuous flow purification processes 

Introducing continuous processes [150] in the synthesis and purification of APIs is not only 

highly encouraged by regulatory agencies [151] and expected to be economically beneficial 

[152,153], but it is also more sustainable compared to batch processes. These findings have 

been summarized in recent review articles and book chapters [154–157]. Although the field of 

flow chemistry has received remarkable attention, the flow synthesis is usually followed by 

discontinuous purification due to the limited availability of continuous separations [158,159]. 

The existing methods for continuous purification [160] fall into one of two categories, namely, 

in-line separation or purification of the final product, which is determined by the position of 

the unit operation in a multistep sequence (Figure 9). The in-line separation units usually purge 

co-products, which are formed from the reagent [161]. On the other hand, by-products are 

structurally related to the product instead of the reagent, and they are the result of undesired 

side reactions. The removal of by-products is a more challenging task than the removal of co-

products. 

In-line work-up can be achieved by filtration [160], liquid-liquid phase separation[20], 

gas-liquid phase separation [158] or through the use of solid phase supported scavengers [158]. 

Having completed the final step of the synthetic route, the product needs to be purified in order 

to meet the high standards (more than 99% purity) of regulatory agencies. The hitherto 

mentioned separation methods are applied between the intermediate synthetic steps, and they 

are often inappropriate for final product purification. 
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Purification of final product could be aided by catch-and-release chromatographic 

methods [162–165] or salt formation-neutralization sequence using multiple extraction steps 

[20]. Nevertheless, fully removing the structurally related by-products from the main product 

on preparative-scale can be accomplished by crystallization [20,166–168] or recrystallization 

[20] by using simulated moving bed chromatography [169,170], or centrifugal partition 

chromatography [171] (Figure 10). 

In the following subsections, these highlighted continuous purification techniques will 

be briefly introduced and then compared in terms of sustainability. 

 

Figure 9 Classification of continuous-flow purification methods based on A, where they are preferably used; B, the type of 

side products they can mitigate [172]. 
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Figure 10 Summary of purification methods in flow [172]. 

4.2. Continuous crystallization 

Crystallization, as a solid-liquid separation process, is employed to purify and isolate 

crystalline pharmaceutical products [173–176]. Over 70%–90% of APIs require crystallization 

to obtain the intermediates or final products [174,177]. Since sustainable chromatography is an 

oxymoron [40], out of the three main possibilities, crystallization is considered to be the least 

burdensome to the environment [178]. 

In recent years, CC has attracted increasing attention due to the product and process 

robustness [179] and the higher productivity compared to batch crystallization associated with 

the procedure [180,181]. CC usually involves filtration as a solid-liquid separation procedure. 

CC can only be considered as a continuous operation if the product ends up in the mother liquor 

and impurities are crystallized and separated out on a filter [160]. Otherwise, it requires semi-

batch processing to handle the solid APIs, which complicates coupling the continuous 

formulation [166,182,183] to the CC as the last step of end-to-end manufacturing concept 

[20,166,184]. 
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Figure 11 Classification of the methods and instrumentations used in continuous crystallization processes. A) MSMPR means 

mixed-suspension, mixed product removal crystallization, adapted from [185]. B) fluidized bed crystallizer, adapted from 

[186]. C) Segmented flow-type crystallizer, adapted from [187] and [188]. D) Oscillatory baffled tubular flow continuous 

crystallizers, adapted from [189] and [190]. E) Unbaffled tubular continuous crystallizer, adapted from [191] and [192]. The 

figure was partially recreated from [175]. 

Owing to the accurate temperature control (lower residence time and increased 

productivity), the equipment footprint of CC is significantly smaller, which allows 

approximately 20% reduction in capital expenditure compared to batch processing [23]. 

Moreover, the superior heat transfer, which is a signature feature of continuous technologies, 

makes the energy consumption of CC lower than that of batch crystallization.  

Although the development of batch-type crystallization processes are well documented, 

batch-to-batch variability remains a concern at present. This variability can considerably hinder 

the downstream processing of the product. By contrast, the application of CC provides better 
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reproducibility and allows better control of the physical characteristics of the crystalline 

product. Having reached steady state operation, the product crystallizes uniformly with respect 

to crystal size distribution and polymorphic form. The benefits of maintaining consistent 

product quality enables the elimination of several downstream corrective actions, such as 

granulation that provides uniform particles for the solid dosage forms; therefore, it is 

economically beneficial and environmentally friendly. 

However, batch crystallization in combination with a recycling methodology (e.g., 

membranes) is known to have higher yield. Nonetheless, the implementation of CC can be 

challenging due to the unresolved issues of fouling and blockages [174,193]. The application 

of CC was successfully demonstrated for rufinamide [167] and aliskiren [166,182,194], and 

semi-batch recrystallization processes were developed for drug substances, such as 

diphenhydramine [20], fluoxetine [20] and lidocaine [20,195]. 

4.3. Centrifugal partition chromatography 

Counter-current separation and liquid/liquid chromatography are the two basic types of 

liquid/liquid separation methods. The centrifugal partition chromatography method belongs to 

counter-current separation techniques, wherein the stationary and mobile phases used in the 

separation are both liquids [196]. The principle to retain the stationary phase inside the rotor 

by means of centrifugal force (thus making the phase suitable as stationary phase) was first 

described by Yoichiro Ito [197]. Since centrifugal partition chromatography (CPC) does not 

require any solid adsorbent (silica or resin), it is expected to be more sustainable than 

preparative liquid chromatography [198–200]. Moreover, benefiting from the liquid nature of 

the stationary phase, it can be also recycled, which reduces the CPC purification footprint 

significantly [39]. 

The basis of the CPC device and its differentiation from other liquid chromatographic 

methods is the use of a rotor (or column) that rotates around its central axis [201]. This rotor 
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contains a series of cells connected together via ducts. In these cells, the mixing and settling of 

the biphasic liquid system occurs. The typical rotation speed ranges from 500 to 2000 rpm, 

which produces a centrifugal force field that retains the stationary liquid phase in a stationary 

state. The separation mechanism of CPC lies in that different components of the mixture 

(sample) have a different partition coefficient (KD) in the separated phases. Depending on the 

relative density of the stationary and mobile phases, the direction of the pumping is chosen in 

such a manner that if the stationary phase is the denser phase (ascending mode or AM), then 

the flow of the mobile phase progresses from the rotational circumference towards the 

rotational central point, in other words, towards the main axle of the CPC rotor; if the stationary 

phase is the less dense phase (descending mode or DM), then the flow of the mobile phase 

progresses from the rotational central point towards the rotational circumference (Figure 12).  

As an improved alternative method of CPC, the above referenced article also mentions the 

so-called multiple dual-mode (MDM) elution [62,202,203], which is primarily used in the 

separation of extracts of natural products [60,204], yet suitable for coupling with synthetic flow 

reactions [171,205]. 

 

Figure 12 Working principle of CPC device and the elution order in different modes[171,172]. The centrifugal force, created 

by the rotation of the rotor around its central axis, maintains the stationary phase. The more dense lower phase (blue) is 

located at the outer circle of the rotor, while the less dens upper phase is situated at the inner circle of the rotor. (KU/L(A) 
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means the partition coefficient of compound A, which calculated by dividing the concentration of compound A in the upper 

phase by the concentration of compound A in the lower phase of the biphasic liquid system. 

 

There has been a continuous development of centrifugal partition chromatographic devices 

over the past decades [206,207]. In particular, the most recent cell structure [208] enables 

industrial-scale purifications with CPC. This new cell structure, which is designed for 

industrial-scale CPC devices, minimizes back-mixing and aids stationary phase retention even 

with high flow rates of elution; therefore, it increases the productivity and relative solvent usage 

calculated for the output material. Such an instrument can help focus attention on re-evaluating 

almost six decades of purification applications that are being neglected due to the lack of 

scalability of CPC until now. 

The application of CPC includes the purification of natural products, computational 

solvent system screening and assessing partition coefficients, complemented with reports on 

scale-up [172]. However, in connection with synthetic chemistry and flow chemistry, only two 

applications are known in which CPC was used as a continuous reactor. The first example is 

the immobilization of whole-cells and enzymes in enzymatic synthesis [209–211], and the 

second example includes coupling with a two-step flow synthesis for continuous manufacturing 

of an aniline derivative (Figure 13). 
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Figure 13 Multistep continuous-flow synthesis coupled with CPC purification[171]. 

 

4.4. Simulated Moving Bed Chromatography 

SMB chromatography is a type of CCC that enables continuous sample injection and 

separation of binary mixtures [212,213]. SMB allows the effective utilization of the stationary 

phase, and it has a lower solvent consumption than batch chromatography. Therefore, SMB 

results in higher productivity and a more concentrated product stream compared to 

conventional batch chromatography processes [214]. The coupling of SMB to flow chemistry 

is straightforward due to the continuous sample introduction into the purification process 

[169,170]. 

According to the principle of SMB counter-current liquid chromatography, the solid 

phase is stationary, and its counter-current movement relative to the mobile phase is simulated 

in such a manner that the feed inlets and collection exits are moved in the same direction as the 

mobile phase flows (Figure 14). If the solid phase is filled into columns and one or more 
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columns are used for each zone, the flow of the solid phase is simulated by moving the feed 

inlets and collection exits in an identical direction to the mobile phase flows. The application 

of more than one column better approaches the principle of a true moving bed. O’Brien et al. 

[169] were the first to describe a method wherein SMB comprising six HPLC columns was 

used as the in-line purification of a flow reaction.  

 

4.5. Comparison of the previously discussed continuous purification methods 

As the 12 principles of green chemistry dictates, the best way to reduce waste is prevention 

[215]. Therefore, if there is a possibility of resolving the final-product purification without any 

purification step, for example, by optimizing the reactions to reduce the amount of side-

products [184], this should be the very first option to investigate. In-line work-up techniques 

generate less waste than chromatography; therefore, these should be favoured. 

 Obviously, there is no certainty as to which purification method is the best without numerous 

comparison studies for the same purification problem; nevertheless, when a by-product type 

separation process is inevitable, out of the three main possibilities (CC, SMB, CPC), CC should 

be the least burdensome to the environment. This is simply due to the absence of any stationary 

phase and the significantly less organic solvent it uses compared to CPC or SMB 

chromatography [67](Table 2).  

On the other hand, CC’s compatibility with flow chemistry is inherently worse than the other 

two methods, since clogging still remains an issue in continuous manufacturing [174,193]. 

Furthermore, at the end of the final-product purification step, handling solid APIs and 

connecting with formulation steps is more difficult, yet not impossible [177].  

In CCC, CPC uses significantly less solvent (-42%) compared to reversed-phase liquid 

chromatography, as demonstrated in a pilot-scale purification of Spinosad [67]. In addition to 
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the total lack of a solid stationary phase, such as silica or resin, CPC appears to be more 

sustainable than SMB. 

The efficiency of the separation is the highest in the case of SMB chromatography, since the 

theoretical plate number of the separation can be two to three magnitudes higher as in the case 

of CPC. Nevertheless, higher selectivity values can be achieved by fine tuning the BLS in use. 

In case of CC, it is difficult to predict and compare the purity of crystals because this property 

depends on a variety of thermodynamic, kinetic, mechanical and fluid dynamic parameters 

[216]. For difficult separations in which CC or CPC are not adequate for some reason, SMB 

chromatography can be a solution.  

Applying SMB with the aim of increasing productivity for the purification of the products 

resulting from flow reactions is not recommended by Anderson et al. [217], since solid state 

(stationary phase) itself means the physical limitations of continuous procedures. Therefore, 

vapour and liquid states seem to be ideal, and the process steps contacting solid state are 

limiting factors; that is, they adversely affect productivity. Furthermore, SMB is known to be 

a cumbersome technique to develop and has a major drawback, namely, that the compound of 

interest must be eluted as either the first or last component [169]. Consequently, it cannot be 

widely applied. Nevertheless, single cascade SMB [218] can be applied for the separation of 

ternary mixtures; however, the development of this technology is difficult. By contrast, the 

recently published trapping multiple dual-mode [219] in CPC technology has resolved this 

issue and enables the quasi-continuous purification of components where a binary separation 

with a SMB cannot be employed.  

Undoubtedly, preparative liquid chromatography is widely covered in the literature, with 

highly detailed column characteristics to aid the development of a new separation [220]. On 

the other hand, in CPC technology, only a few prediction based approaches [221–224] or 
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experimental method-development strategies [202] for the selection of the BLSs are available, 

which constitutes approximately 80%–90% of the work. A description of quantitative 

correlation between the structure of the compound of interest and the BLS could aid in the 

further escalation of CPC technology.  

Table 2 Advantages and disadvantages of the most common and scalable final-product purification methods 

 CC CPC SMB 

Adv. Low solvent consumption, 

 

Absorbent free separation, 

 

Reasonably well-established 

correlations in batch 

processing 

 

Solid/liquid separation 

technology is readily 

available 

Medium solvent 

consumption, 
 

Absorbent free (liquid 

stationary phase that can 

be and should be 

recycled), 
 

Truly continuous operation 

(true moving bed) 
 

High loadability, due to 

extremely high stationary 

phase retention (up to 70-

80%) 

Very good separation 

due to the high 

theoretical plate 

number the solid 

stationary phase 

provides, 
 

Reasonably well-

established 

correlations known in 

the literature aids 

method development 

Dis-adv. Inherently difficult to 

couple with flow reactions 

due to the precipitation 

caused clogging, 
 

Handling solid APIs in a 

truly continuous manner is 

troublesome, 
 

Purification capacity is 

limited and depends on a 

variety of thermodynamical, 

kinetic, mechanical, and 

fluid dynamic parameters 

The method development 

is highly experience 

intensive process 

 

Scaled up devices are 

available, yet still limited 

in terms of capacity 

 

Without solvent 

regeneration, it is quite 

waste producing 

Significantly high 

solvent consumption, 

and 

solid stationary phase 

required, 

 

Complicated method 

development, 

Produced 

waste 

* ** **** 

 

In practice, high purity standards in API production may require the combination of 

different final-product purification techniques, as demonstrated in the case of artemisinin 

[225,226] as SMB chromatography was mandatory prior to the crystallization step forming a 
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hybrid separation method [227,228]. The complex nature of the artemisinin-based compound 

calls for an advanced system comprising of in-line separation and multistage purification of the 

final product. A continuously operated three-stage separation process was used for α-

artesunate, which utilized precipitation and filtration of by-products in the first step, before 

using a multi-column chromatography in the second step, and lastly using crystallization of the 

final product in the third step [226]. A similar solution was recently proposed utilizing 

continuous SMB [169,170]. An SMB chromatographic separation increased the purity of the 

artemisinin crude product to 92%, followed by a further increase to 99.9% through 

crystallization of the concentrated artemisinin [225]. 

 

Figure 14 Continuous-flow synthesis and purification of artemisinin using continuous SMB chromatography and 

crystallization. The arrow indicates the simulated counter clockwise movement of the bed realized through the clockwise 

switching of the inlet and outlet ports. Adapted from[158]. 

 

In summary, purification in a continuous manner can be considered more ecological 

than batchwise techniques; however, it is still the most waste-generating step in pharmaceutical 

manufacturing. Recycling of the organic solvents used in continuous chromatography is 

inevitable to make purification more sustainable, and membrane technologies are the most 

suitable and most energy-saving options for that purpose.  

 



39 

 

5. Forecasting the future of API separations 
The pharmaceutical industry faces unprecedented challenges in the twenty-first century. 

Providing affordable, accessible and safe medication for humans requires a paradigm shift not 

only in reaction design but also in logistics, separation, formulation and storage. Remote areas 

and lower- or middle-income countries suffer considerably, since expenditure on medicine 

could be up to 70% of total health care expenses [229]. Modular, automated and small-scale 

assembly lines for drug manufacturing have emerged not only in experimental literature but in 

close collaboration with the industry [20,230]. These mini-factories can produce API or even 

formulated tablets with short residence time from pre-loaded starting materials [231]. Although 

not much research effort has been invested regarding the logistic of reagents, solvent catalyst 

and so on, sustainable manufactured solvents (e.g., cyrene from cellulose [232] or isosorbide 

from sorbitol [233]) could not only be accelerated to meet circular economic expectations, but 

could be possibly supplied from local sources while decreasing fossil fuel dependence. This 

advantage of sustainable solvents should push scientists to incorporate the use of bio-based 

solvents in the early stages of drug development. One major drawback of modular miniaturized 

plants is knowledge intensity, although this could be overcome by remote-control of the 

assemblies [234]. Cloud-based technology could also facilitate a system that combines reactors 

and modules in operations to provide a unified solution for actual problems [235]. As an 

example, it might be feasible to design a new separation method for a specific chemical in a 

research centre, which then could be immediately transferred to anywhere else in the world.  

Using AI in the pharmaceutical industry is not new in early drug discovery phases or in medical 

research [236,237]. However, using it in separation processes remains challenging. 

Quantitative structure-retention relationship (QSRR) for chromatography [238] and 

quantitative structure-activity relationship (QSAR) for membrane separation [239] have long 

been known, although their applications have not yet been established. Moreover, establishing 
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a structure-partition coefficient correlation in different biphasic liquid system by AI, can 

promote the dissemination of the CPC technology in the pharma industry. Widespread 

application has been held back probably for several reasons. Generally, many AI and machine 

learning (ML) applications require a large number of data points in order to provide precise 

prediction for parameters. On the other hand, for example, in membrane science, one rejection 

measurement in one solvent in a cross-flow system could take days. Moreover, data points are 

valuable, and scientists prefer analytical solutions based on thermodynamics [240] instead of  

‘black-box’ type predictions [239]. Prediction of the crystallization procedure [241] and the 

crystalline structure [242] using ML has already been well established. The high-tech company 

XtalPi [243] has implemented different structural identification and prediction solutions.  

Collecting and processing data in-line or on-line would speed up the successful implementation 

of AI an ML in pharmaceutical separation, although PATs, on-line HPLC and NMR are readily 

available tools for medicinal chemists [244]. Furthermore, in-line PAT technologies, such as 

FTIR, UV-Vis and NIR technologies, are widely available on the market. These technologies 

are widely used (e.g., in the crystallization processes [245,246]), but not in membrane 

technology. In most cases, the membrane performance characterization uses manual permeance 

measurement and off-line HPLC or simple UV-Vis spectrometry. This characterization method 

is in contrast to the wide application of continuous membrane filtrations methods. Placing 

PATs before and after the membrane module would not only accelerate characterization time 

but would also eliminate personal type errors. Moreover, adaptation of PAT systems would 

push forward the implementation of self-adjusting and self-optimizing separation systems. 

  



41 

 

6. References 
[1] Boodhoo K, Harvey A. Process Intensification: An Overview of Principles and 

Practice. Process Intensif Green Chem 2013:1–31. 

https://doi.org/doi:10.1002/9781118498521.ch1. 

[2] H. Clark J. Green chemistry: challenges and opportunities. Green Chem 1999;1:1–8. 

https://doi.org/10.1039/A807961G. 

[3] Sholl DS, Lively RP. Seven chemical separations to change the world. Nature 

2016;532:435–7. https://doi.org/10.1038/532435a. 

[4] Dittrich PS, Manz A. Lab-on-a-chip: microfluidics in drug discovery. Nat Rev Drug 

Discov 2006;5:210–8. https://doi.org/10.1038/nrd1985. 

[5] Krska SW, DiRocco DA, Dreher SD, Shevlin M. The Evolution of Chemical High-

Throughput Experimentation To Address Challenging Problems in Pharmaceutical 

Synthesis. Acc Chem Res 2017;50:2976–85. 

https://doi.org/10.1021/acs.accounts.7b00428. 

[6] Alder CM, Hayler JD, Henderson RK, Redman AM, Shukla L, Shuster LE, Sneddon 

HF. Updating and further expanding GSK’s solvent sustainability guide. Green Chem 

2016;18:3879–90. https://doi.org/10.1039/C6GC00611F. 

[7] Hartman RL, McMullen JP, Jensen KF. Deciding Whether To Go with the Flow: 

Evaluating the Merits of Flow Reactors for Synthesis. Angew Chemie Int Ed 

2011;50:7502–19. https://doi.org/10.1002/anie.201004637. 

[8] Marchetti P, Jimenez Solomon MF, Szekely G, Livingston AG. Molecular Separation 

with Organic Solvent Nanofiltration: A Critical Review. Chem Rev 2014;114:10735–

806. https://doi.org/10.1021/cr500006j. 



42 

 

[9] Lutze P, Gorak A. Reactive and membrane-assisted distillation: Recent developments 

and perspective. Chem Eng Res Des 2013;91:1978–97. 

https://doi.org/10.1016/j.cherd.2013.07.011. 

[10] King CJ. Separation Processes, Introduction. Ullmann’s Encycl Ind Chem 2000. 

https://doi.org/doi:10.1002/14356007.b03_01. 

[11] Szekely G, Amores de Sousa MC, Gil M, Castelo Ferreira F, Heggie W. Genotoxic 

Impurities in Pharmaceutical Manufacturing: Sources, Regulations, and Mitigation. 

Chem Rev 2015;115:8182–229. https://doi.org/10.1021/cr300095f. 

[12] Harmonisation of Technical Requirements for Registration of Pharmaceuticals for 

Human Use (ICH). [2] Fiftieth report of the WHO Expert Committee on Specifications 

for Pharmaceutical Note for guidance on organic impurities in active pharmaceutical 

ingredients and finished pharmaceutical products. n.d. 

[13] II of the European Parliament and of the Council with regard to principles and 

guidelines of good manufacturing practice for active substances for medicinal products 

for human use (Text with EEA relevance). n.d. 

[14] Jiménez-González C, Poechlauer P, Broxterman QB, Yang BS, Am Ende D, Baird J, 

Bertsch C, Hannah RE, Dell’Orco P, Noorman H, Yee S, Reintjens R, Wells A, 

Massonneau V, Manley J. Key green engineering research areas for sustainable 

manufacturing: A perspective from pharmaceutical and fine chemicals manufacturers. 

Org Process Res Dev 2011;15:900–11. https://doi.org/10.1021/op100327d. 

[15] Seyler C, Capello C, Hellweg S, Bruder C, Bayne D, Huwiler A, Hungerbühler K. 

Waste-solvent management as an element of green chemistry: A comprehensive study 

on the Swiss chemical industry. Ind Eng Chem Res 2006;45:7700–9. 

https://doi.org/10.1021/ie060525l. 



43 

 

[16] Brown DG, Boström J. Analysis of Past and Present Synthetic Methodologies on 

Medicinal Chemistry: Where Have All the New Reactions Gone? J Med Chem 

2016;59:4443–58. https://doi.org/10.1021/acs.jmedchem.5b01409. 

[17] Global Solvents Industry n.d. https://www.reportlinker.com/p05561789/Global-

Solvents-Industry.html (accessed May 21, 2020). 

[18] Cseri L, Razali M, Pogany P, Szekely G. Organic Solvents in Sustainable Synthesis 

and Engineering. Elsevier Inc.; 2018. https://doi.org/10.1016/B978-0-12-809270-

5.00020-0. 

[19] Porta R, Benaglia M, Puglisi A. Flow Chemistry: Recent Developments in the 

Synthesis of Pharmaceutical Products. Org Process Res Dev 2016;20:2–25. 

https://doi.org/10.1021/acs.oprd.5b00325. 

[20] Adamo A, Beingessner RL, Behnam M, Chen J, Jamison TF, Jensen KF, Monbaliu 

JCM, Myerson AS, Revalor EM, Snead DR, Stelzer T, Weeranoppanant N, Wong SY, 

Zhang P. On-demand continuous-flow production of pharmaceuticals in a compact, 

reconfigurable system. Science (80- ) 2016;352:61–7. 

https://doi.org/10.1126/science.aaf1337. 

[21] Mazzotti M, Kruglov A, Neri B, Gelosa D, Morbidelli M. A continuous 

chromatographic reactor: SMBR. Chem Eng Sci 1996;51:1827–36. 

https://doi.org/10.1016/0009-2509(96)00041-3. 

[22] Kralj JG, Sahoo HR, Jensen KF. Integrated continuous microfluidic liquid-liquid 

extraction. Lab Chip 2007;7:256–63. https://doi.org/10.1039/b610888a. 

[23] Lawton S, Steele G, Shering P, Zhao L, Laird I, Ni XW. Continuous crystallization of 

pharmaceuticals using a continuous oscillatory baffled crystallizer. Org Process Res 



44 

 

Dev 2009;13:1357–63. https://doi.org/10.1021/op900237x. 

[24] Alvarez AJ, Myerson AS. Continuous plug flow crystallization of pharmaceutical 

compounds. Cryst Growth Des 2010;10:2219–28. https://doi.org/10.1021/cg901496s. 

[25] Szucs R, Brunelli C, Lestremau F, Hanna-Brown M. Liquid Chromatography in the 

Pharmaceutical Industry. Liq Chromatogr Appl 2013:431–53. 

https://doi.org/10.1016/B978-0-12-415806-1.00016-4. 

[26] Valkó KL. Lipophilicity and biomimetic properties measured by HPLC to support 

drug discovery. J Pharm Biomed Anal 2016;130:35–54. 

https://doi.org/10.1016/j.jpba.2016.04.009. 

[27] Hobbs AN, Young RJ. Practical purification of hydrophilic fragments and lead/drug-

like molecules by reverse phase flash chromatography: Tips, tricks and contemporary 

developments. Drug Discov Today 2013;18:148–54. 

https://doi.org/10.1016/j.drudis.2012.09.006. 

[28] Shabir GA. Validation of high-performance liquid chromatography methods for 

pharmaceutical analysis: Understanding the differences and similarities between 

validation requirements of the US Food and Drug Administration, the US 

Pharmacopeia and the International Conf. J. Chromatogr. A, vol. 987, Elsevier; 2003, 

p. 57–66. https://doi.org/10.1016/S0021-9673(02)01536-4. 

[29] Wu AHB, Gerona R, Armenian P, French D, Petrie M, Lynch KL. Role of liquid 

chromatographyhigh-resolution mass spectrometry (LC-HR/MS) in clinical 

toxicology. Clin Toxicol 2012;50:733–42. 

https://doi.org/10.3109/15563650.2012.713108. 

[30] Schmidt-Traub H. Preparative Chromatography: Of Fine Chemicals and 



45 

 

Pharmaceutical Agents. John Wiley and Sons; 2005. 

https://doi.org/10.1002/3527603484. 

[31] Welch CJ, Nowak T, Joyce LA, Regalado EL. Cocktail Chromatography: Enabling the 

Migration of HPLC to Nonlaboratory Environments. ACS Sustain Chem Eng 

2015;3:1000–9. https://doi.org/10.1021/acssuschemeng.5b00133. 

[32] Drueckhammer DG, Gao SQ, Liang X, Liao J. Acetone-heptane as a solvent system 

for combining chromatography on silica gel with solvent recycling. ACS Sustain 

Chem Eng 2013;1:87–90. https://doi.org/10.1021/sc300044c. 

[33] Taygerly JP, Miller LM, Yee A, Peterson EA. A convenient guide to help select 

replacement solvents for dichloromethane in chromatography. Green Chem 

2012;14:3020–5. https://doi.org/10.1039/c2gc36064k. 

[34] Erythropel HC, Zimmerman JB, De Winter TM, Petitjean L, Melnikov F, Lam CH, 

Lounsbury AW, Mellor KE, Janković NZ, Tu Q, Pincus LN, Falinski MM, Shi W, 

Coish P, Plata DL, Anastas PT. The Green ChemisTREE: 20 years after taking root 

with the 12 principles. Green Chem 2018;20:1929–61. 

https://doi.org/10.1039/c8gc00482j. 

[35] Tucker JL, Faul MM. Industrial research: Drug companies must adopt green 

chemistry. Nature 2016;534:27–9. https://doi.org/10.1038/534027a. 

[36] Płotka J, Tobiszewski M, Sulej AM, Kupska M, Górecki T, Namieśnik J. Green 

chromatography. J Chromatogr A 2013;1307:1–20. 

https://doi.org/10.1016/j.chroma.2013.07.099. 

[37] Spietelun A, Marcinkowski Ł, de la Guardia M, Namieśnik J. Recent developments 

and future trends in solid phase microextraction techniques towards green analytical 



46 

 

chemistry. J Chromatogr A 2013;1321:1–13. 

https://doi.org/10.1016/j.chroma.2013.10.030. 

[38] Jordan A, Denton RM, Sneddon HF. Development of a More Sustainable Appel 

Reaction. ACS Sustain Chem Eng 2020;8:2300–9. 

https://doi.org/10.1021/acssuschemeng.9b07069. 

[39] Rundquist E, Pink C, Vilminot E, Livingston A. Facilitating the use of counter-current 

chromatography in pharmaceutical purification through use of organic solvent 

nanofiltration. J Chromatogr A 2012;1229:156–63. 

https://doi.org/10.1016/j.chroma.2012.01.021. 

[40] Peterson EA, Dillon B, Raheem I, Richardson P, Richter D, Schmidt R, Sneddon HF. 

Sustainable chromatography (an oxymoron?). Green Chem 2014;16:4060–75. 

https://doi.org/10.1039/c4gc00615a. 

[41] Shaaban H, Mostafa A, Górecki T. Green Gas and Liquid Capillary Chromatography. 

Appl. Green Solvents Sep. Process., 2017, p. 453–82. https://doi.org/10.1016/B978-0-

12-805297-6.00015-2. 

[42] Inamuddin, Mohammad A. Green chromatographic techniques: Separation and 

purification of organic and inorganic analytes. Green Chromatogr Tech Sep Purif Org 

Inorg Anal 2014;9789400777:1–210. https://doi.org/10.1007/978-94-007-7735-4. 

[43] Bernardoni F, Halsey HM, Hartman R, Nowak T, Regalado EL. Generic gas 

chromatography flame ionization detection method using hydrogen as the carrier gas 

for the analysis of solvents in pharmaceuticals. J Pharm Biomed Anal 2019;165:366–

73. https://doi.org/10.1016/j.jpba.2018.12.006. 

[44] Rahman MM, Abd El-Aty AM, Choi J-H, Shin H-C, Shin SC, Shim J-H. Basic 



47 

 

Overview on Gas Chromatography Columns. Anal Sep Sci 2015:823–34. 

https://doi.org/10.1002/9783527678129.assep024. 

[45] Luong J, Gras R, Mustacich R, Cortes H. Low thermal mass gas chromatography: 

Principles and applications. J Chromatogr Sci 2006;44:253–61. 

https://doi.org/10.1093/chromsci/44.5.253. 

[46] Zuin VG, Pereira CAM. Green sample preparation focusing on organic analytes in 

complex matrices. Green Chromatogr. Tech. Sep. Purif. Org. Inorg. Anal., vol. 

9789400777, Springer Netherlands; 2013, p. 141–66. https://doi.org/10.1007/978-94-

007-7735-4_7. 

[47] Jian RS, Huang YS, Lai SL, Sung LY, Lu CJ. Compact instrumentation of a μ-GC for 

real time analysis of sub-ppb VOC mixtures. Microchem J 2013;108:161–7. 

https://doi.org/10.1016/j.microc.2012.10.016. 

[48] Poronsky CJ, Cutrone JQ. Chromatoprobe as a sample-sparing technique for residual 

solvent analysis of drug discovery candidates by gas chromatography. J Pharm Anal 

2017;7:265–9. https://doi.org/10.1016/j.jpha.2017.03.009. 

[49] Suntornsuk L. Recent advances of capillary electrophoresis in pharmaceutical analysis. 

Anal Bioanal Chem 2010;398:29–52. https://doi.org/10.1007/s00216-010-3741-5. 

[50] Kaljurand M, Koel M. Recent advancements on greening analytical separation. Crit 

Rev Anal Chem 2011;41:2–20. https://doi.org/10.1080/10408347.2011.539420. 

[51] Wuethrich A, Quirino JP. Capillary Electrophoresis as a Green Alternative Separation 

Technique. Appl. Green Solvents Sep. Process., Elsevier Inc.; 2017, p. 517–32. 

https://doi.org/10.1016/B978-0-12-805297-6.00017-6. 

[52] Pan JZ, Fang P, Fang XX, Hu TT, Fang J, Fang Q. A low-cost palmtop high-speed 



48 

 

capillary electrophoresis bioanalyzer with laser induced fluorescence detection. Sci 

Rep 2018;8:1–11. https://doi.org/10.1038/s41598-018-20058-0. 

[53] Berthod A. Chapter 1 Fundamentals of countercurrent chromatography. Compr. Anal. 

Chem., vol. 38, Elsevier; 2002, p. 1–20. https://doi.org/10.1016/S0166-

526X(02)80004-6. 

[54] Faure K, Mekaoui N, Berthod A. Saving Solvents in Chromatographic Purifications: 

The Counter-Current Chromatography Technique. Green Chromatogr. Tech. Sep. 

Purif. Org. Inorg. Anal., vol. 9789400777, 2014, p. 1–18. https://doi.org/10.1007/978-

94-007-7735-4. 

[55] Garrard IJ, Janaway L, Fisher D. Minimising solvent usage in high speed, high 

loading, and high resolution isocratic dynamic extraction. J Liq Chromatogr Relat 

Technol 2007;30:151–63. https://doi.org/10.1080/10826070601077252. 

[56] Sumner N. Developing counter current chromatography to meet the needs of 

pharmaceutical discovery. J Chromatogr A 2011;1218:6107–13. 

https://doi.org/10.1016/j.chroma.2011.05.001. 

[57] Keay DJ, Jannaway L. High Performance Countercurrent Chromatography (HPCCC) 

finally allows the advantages of liquid/liquid chromatography to be used in 

mainstream purification in medicinal chemistry - Oct 26 2009 - David J Keay and Lee 

Janaway - Chromatography Today Articles. Chromatogr Today 2008:32–4. 

[58] Skalicka-Woźniak K, Garrard I. A comprehensive classification of solvent systems 

used for natural product purifications in countercurrent and centrifugal partition 

chromatography. Nat Prod Rep 2015;32:1556–61. 

https://doi.org/10.1039/C5NP00061K. 



49 

 

[59] Yoon KD, Chin YW, Kim J. Centrifugal partition chromatography: Application to 

natural products in 1994-2009. J Liq Chromatogr Relat Technol 2010;33:1208–54. 

https://doi.org/10.1080/10826076.2010.484374. 

[60] Friesen JB, McAlpine JB, Chen SN, Pauli GF. Countercurrent Separation of Natural 

Products: An Update. J Nat Prod 2015;78:1765–96. 

https://doi.org/10.1021/np501065h. 

[61] Bradow J, Riley F, Philippe L, Yan Q, Schuff B, Harris GH. Automated solvent 

system screening for the preparative countercurrent chromatography of pharmaceutical 

discovery compounds. J Sep Sci 2015;38:3983–91. 

https://doi.org/10.1002/jssc.201500574. 

[62] Delannay E, Toribio A, Boudesocque L, Nuzillard JM, Zèches-Hanrot M, Dardennes 

E, Le Dour G, Sapi J, Renault JH. Multiple dual-mode centrifugal partition 

chromatography, a semi-continuous development mode for routine laboratory-scale 

purifications. J Chromatogr A 2006;1127:45–51. 

https://doi.org/10.1016/j.chroma.2006.05.069. 

[63] Zhang M, Ignatova S, Hu P, Liang Q, Wang Y, Luo G, Wu Jun F, Sutherland I. 

Development of a strategy and process parameters for a green process in counter-

current chromatography: Purification of tanshinone iia and cryptotanshinone from 

salvia miltiorrhiza bunge as a case study. J Chromatogr A 2011;1218:6031–7. 

https://doi.org/10.1016/j.chroma.2010.12.118. 

[64] Roehrer S, Minceva M. Characterization of a centrifugal partition chromatographic 

column with spherical cell design. Chem Eng Res Des 2019;143:180–9. 

https://doi.org/10.1016/j.cherd.2019.01.011. 

[65] Lorantfy L. Development of Industrial Centrifugal Partition Chromatography 



50 

 

Indudstrial scale CPC development View project CPC application in pharmacognosy 

View project Laszlo Lorantfy. n.d. 

[66] Mischko W, Hirte M, Roehrer S, Engelhardt H, Mehlmer N, Minceva M, Brück T. 

Modular biomanufacturing for a sustainable production of terpenoid-based insect 

deterrents. Green Chem 2018;20:2637–50. https://doi.org/10.1039/c8gc00434j. 

[67] DeAmicis C, Yang Q, Bright C, Edwards NA, Harris GH, Kaur S, Wood PL, 

Hewitson P, Ignatova S. Development of a Scalable and Sustainable High Performance 

CounterCurrent Chromatography (HPCCC) Purification for Spinosyn A and Spinosyn 

D from Spinosad. Org Process Res Dev 2017:acs.oprd.7b00249. 

https://doi.org/10.1021/acs.oprd.7b00249. 

[68] Hofstetter RK, Hasan M, Eckert C, Link A. Supercritical fluid chromatography: From 

science fiction to scientific fact. ChemTexts 2019;5:1–12. 

https://doi.org/10.1007/s40828-019-0087-2. 

[69] Taylor LT. Supercritical fluid chromatography for the 21st century. J Supercrit Fluids 

2009;47:566–73. https://doi.org/10.1016/j.supflu.2008.09.012. 

[70] Jumhawan U, Bamba T. Supercritical Fluid Chromatography. Appl. Green Solvents 

Sep. Process., Elsevier Inc.; 2017, p. 483–516. https://doi.org/10.1016/B978-0-12-

805297-6.00016-4. 

[71] Desfontaine V, Guillarme D, Francotte E, Nováková L. Supercritical fluid 

chromatography in pharmaceutical analysis. J Pharm Biomed Anal 2015;113:56–71. 

https://doi.org/10.1016/j.jpba.2015.03.007. 

[72] Guiochon G, Tarafder A. Fundamental challenges and opportunities for preparative 

supercritical fluid chromatography. J Chromatogr A 2011;1218:1037–114. 



51 

 

https://doi.org/10.1016/j.chroma.2010.12.047. 

[73] Poole CF. Supercritical Fluid Chromatography: Handbooks in Separation Science. 

Elsevier Inc.; 2017. 

[74] Pirrone GF, Mathew RM, Makarov AA, Bernardoni F, Klapars A, Hartman R, 

Limanto J, Regalado EL. Supercritical fluid chromatography-photodiode array 

detection-electrospray ionization mass spectrometry as a framework for impurity fate 

mapping in the development and manufacture of drug substances. J Chromatogr B 

Anal Technol Biomed Life Sci 2018;1080:42–9. 

https://doi.org/10.1016/j.jchromb.2018.02.006. 

[75] Dispas A, Marini R, Desfontaine V, Veuthey JL, Kotoni D, Losacco LG, Clarke A, 

Muscat Galea C, … Hubert P. First inter-laboratory study of a Supercritical Fluid 

Chromatography method for the determination of pharmaceutical impurities. J Pharm 

Biomed Anal 2018;161:414–24. https://doi.org/10.1016/j.jpba.2018.08.042. 

[76] Miller L. Preparative enantioseparations using supercritical fluid chromatography. J 

Chromatogr A 2012;1250:250–5. https://doi.org/10.1016/j.chroma.2012.05.025. 

[77] Van Der Vorst G, Van Langenhove H, De Paep F, Aelterman W, Dingenen J, Dewulf 

J. Exergetic life cycle analysis for the selection of chromatographic separation 

processes in the pharmaceutical industry: Preparative HPLC versus preparative SFC. 

Green Chem 2009;11:1007–12. https://doi.org/10.1039/b901151j. 

[78] Speybrouck D, Lipka E. Preparative supercritical fluid chromatography: A powerful 

tool for chiral separations. J Chromatogr A 2016;1467:33–55. 

https://doi.org/10.1016/j.chroma.2016.07.050. 

[79] Yan TQ, Orihuela C, Swanson D. The application of preparative batch HPLC, 



52 

 

supercritical fluid chromatography, steady-state recycling, and simulated moving bed 

for the resolution of a racemic pharmaceutical intermediate. Chirality 2008;20:139–46. 

https://doi.org/10.1002/chir.20512. 

[80] Liu J, Makarov AA, Bennett R, Haidar Ahmad IA, Dasilva J, Reibarkh M, Mangion I, 

Mann BF, Regalado EL. Chaotropic Effects in Sub/Supercritical Fluid 

Chromatography via Ammonium Hydroxide in Water-Rich Modifiers: Enabling 

Separation of Peptides and Highly Polar Pharmaceuticals at the Preparative Scale. 

Anal Chem 2019;91:13907–15. https://doi.org/10.1021/acs.analchem.9b03408. 

[81] DaSilva JO, Lehnherr D, Liu J, Bennett R, Haidar Ahmad IA, Hicks M, Mann BF, 

DiRocco DA, Regalado EL. Generic Enhanced Sub/Supercritical Fluid 

Chromatography: Blueprint for Highly Productive and Sustainable Separation of 

Primary Hindered Amines. ACS Sustain Chem Eng 2020. 

https://doi.org/10.1021/acssuschemeng.0c00777. 

[82] Galyan K, Reilly J. Green chemistry approaches for the purification of 

pharmaceuticals. Curr Opin Green Sustain Chem 2018;11:76–80. 

https://doi.org/10.1016/j.cogsc.2018.04.018. 

[83] Roy D, Wahab MF, Talebi M, Armstrong DW. Replacing methanol with azeotropic 

ethanol as the co-solvent for improved chiral separations with supercritical fluid 

chromatography (SFC). Green Chem 2020;22:1249–57. 

https://doi.org/10.1039/c9gc04207e. 

[84] Welch CJ, Wu N, Biba M, Hartman R, Brkovic T, Gong X, Helmy R, Schafer W, Cuff 

J, Pirzada Z, Zhou L. Greening analytical chromatography. TrAC - Trends Anal Chem 

2010;29:667–80. https://doi.org/10.1016/j.trac.2010.03.008. 

[85] Gaber Y, Törnvall U, Kumar MA, Ali Amin M, Hatti-Kaul R. HPLC-EAT 



53 

 

(Environmental Assessment Tool): A tool for profiling safety, health and 

environmental impacts of liquid chromatography methods. Green Chem 

2011;13:2021–5. https://doi.org/10.1039/c0gc00667j. 

[86] Yabré M, Ferey L, Somé IT, Gaudin K. Greening reversed-phase liquid 

chromatography methods using alternative solvents for pharmaceutical analysis. 

Molecules 2018;23. https://doi.org/10.3390/molecules23051065. 

[87] Lang E, Valéry E, Ludemann-Hombourger O, Majewski W, Bléhaut J. Preparative and 

Industrial Scale Chromatography: Green and Integrated Processes. Green Chem Pharm 

Ind 2010:243–68. https://doi.org/doi:10.1002/9783527629688.ch12. 

[88] Anastas PT, Warner JC. Green Chemistry: Theory and Practice 1998. 

[89] Gałuszka A, Migaszewski Z, Namieśnik J. The 12 principles of green analytical 

chemistry and the SIGNIFICANCE mnemonic of green analytical practices. TrAC - 

Trends Anal Chem 2013;50:78–84. https://doi.org/10.1016/j.trac.2013.04.010. 

[90] Olives AI, González-Ruiz V, Martín MA. Sustainable and Eco-Friendly Alternatives 

for Liquid Chromatographic Analysis. ACS Sustain Chem Eng 2017;5:5618–34. 

https://doi.org/10.1021/acssuschemeng.7b01012. 

[91] Chardon FM, Blaquiere N, Castanedo GM, Koenig SG. Development of a tripartite 

solvent blend for sustainable chromatography. Green Chem 2014;16:4102–5. 

https://doi.org/10.1039/c4gc00884g. 

[92] McClain R, Rada V, Nomland A, Przybyciel M, Kohler D, Schlake R, Nantermet P, 

Welch CJ. Greening Flash Chromatography. ACS Sustain Chem Eng 2016;4:4905–12. 

https://doi.org/10.1021/acssuschemeng.6b01219. 

[93] Ogden PB, Dorsey JG. Reversed phase HPLC with high temperature ethanol/water 



54 

 

mobile phases as a green alternative method for the estimation of octanol/water 

partition coefficients. J Chromatogr A 2019;1601:243–54. 

https://doi.org/10.1016/j.chroma.2019.05.002. 

[94] Shen Y, Chen B, Van Beek TA. Alternative solvents can make preparative liquid 

chromatography greener. Green Chem 2015;17:4073–81. 

https://doi.org/10.1039/c5gc00887e. 

[95] Keppel TR, Jacques ME, Weis DD. The use of acetone as a substitute for acetonitrile 

in analysis of peptides by liquid chromatography/electrospray ionization mass 

spectrometry. Rapid Commun Mass Spectrom 2010;24:6–10. 

https://doi.org/10.1002/rcm.4352. 

[96] Haq N, Iqbal M, Alanazi FK, Alsarra IA, Shakeel F. Applying green analytical 

chemistry for rapid analysis of drugs: Adding health to pharmaceutical industry. Arab 

J Chem 2017;10:S777–85. https://doi.org/10.1016/j.arabjc.2012.12.004. 

[97] Hartonen K, Riekkola ML. Liquid chromatography at elevated temperatures with pure 

water as the mobile phase. TrAC - Trends Anal Chem 2008;27:1–14. 

https://doi.org/10.1016/j.trac.2007.10.010. 

[98] Cai T, Qiu H. Application of deep eutectic solvents in chromatography: A review. 

TrAC - Trends Anal Chem 2019;120:115623. 

https://doi.org/10.1016/j.trac.2019.115623. 

[99] Wang M, Fang S, Liang X. Natural deep eutectic solvents as eco-friendly and 

sustainable dilution medium for the determination of residual organic solvents in 

pharmaceuticals with static headspace-gas chromatography. J Pharm Biomed Anal 

2018;158:262–8. https://doi.org/10.1016/j.jpba.2018.06.002. 



55 

 

[100] Wang T, Wang Q, Li P, Yang H. High-Speed Countercurrent Chromatography-Based 

Method for Simultaneous Recovery and Separation of Natural Products from Deep 

Eutectic Solvent Extracts. ACS Sustain Chem Eng 2020;8:2073–80. 

https://doi.org/10.1021/acssuschemeng.9b06893. 

[101] Ramezani AM, Ahmadi R, Absalan G. Designing a sustainable mobile phase 

composition for melamine monitoring in milk samples based on micellar liquid 

chromatography and natural deep eutectic solvent. J Chromatogr A 2020;1610:460563. 

https://doi.org/10.1016/j.chroma.2019.460563. 

[102] Alwera S. In Situ Derivatization of (RS)-Mexiletine and Enantioseparation Using 

Micellar Liquid Chromatography: A Green Approach. ACS Sustain Chem Eng 

2018;6:11653–61. https://doi.org/10.1021/acssuschemeng.8b01869. 

[103] Han D, Row KH. Recent Applications of Ionic Liquids in Separation Technology. 

Molecules 2010;15:2405–26. https://doi.org/10.3390/molecules15042405. 

[104] Armenta S, Garrigues S, de la Guardia M. Green Analytical Chemistry. TrAC - Trends 

Anal Chem 2008;27:497–511. https://doi.org/10.1016/j.trac.2008.05.003. 

[105] Fekete S, Oláh E, Fekete J. Fast liquid chromatography: The domination of core-shell 

and very fine particles. J Chromatogr A 2012;1228:57–71. 

https://doi.org/10.1016/j.chroma.2011.09.050. 

[106] González-Ruiz V, Olives AI, Martín MA. Challenging core-shell stationary phases 

with the separation of closely related anti-cancer compounds: Performance studies and 

application to drug quantitation in cell cultures with multi-well plate clean-up. J 

Chromatogr A 2014;1364:83–95. https://doi.org/10.1016/j.chroma.2014.08.054. 

[107] Guiochon G, Gritti F. Shell particles, trials, tribulations and triumphs. J Chromatogr A 



56 

 

2011;1218:1915–38. https://doi.org/10.1016/j.chroma.2011.01.080. 

[108] Yang Y, Kapalavavi B, Gujjar L, Hadrous S, Marple R, Gamsky C. Industrial 

application of green chromatography – II. Separation and analysis of preservatives in 

skincare products using subcritical water chromatography. Int J Cosmet Sci 

2012;34:466–76. https://doi.org/10.1111/j.1468-2494.2012.00738.x. 

[109] Tobiszewski M, Namieśnik J. Direct chromatographic methods in the context of green 

analytical chemistry. TrAC - Trends Anal Chem 2012;35:67–73. 

https://doi.org/10.1016/j.trac.2012.02.006. 

[110] Welch A. Reflections on a Third-Generation Mobile Phase Recycler for HPLC. Am 

Lab 2006. 

[111] Giaquinto JR, Samide MJ. Cleaning and recycling mobile phase for chromatographic 

separations. ACS Sustain Chem Eng 2013;1:1225–30. 

https://doi.org/10.1021/sc4001862. 

[112] Abreu O, Lawrence GD. Analytical reliability of mobile-phase recycling in liquid 

chromatography. Anal Chem 2000;72:1749–53. https://doi.org/10.1021/ac991064z. 

[113] Stepnowski P, Blotevogel KH, Ganczarek P, Fischer U, Jastorff B. Total recycling of 

chromatographic solvents-applied management of methanol and acetonitrile waste. 

Resour Conserv Recycl 2002;35:163–75. https://doi.org/10.1016/S0921-

3449(01)00119-7. 

[114] Székely G, Gil M, Sellergren B, Heggie W, Ferreira FC. Environmental and economic 

analysis for selection and engineering sustainable API degenotoxification processes. 

Green Chem 2013;15:210–25. https://doi.org/10.1039/c2gc36239b. 

[115] Socia A, Liu Y, Gong X, White O, Abend A, Wuelfing WP. Greener Chromatographic 



57 

 

Approaches for Dissolution Testing of Solid Pharmaceutical Formulations. ACS 

Sustain Chem Eng 2018;6:16951–8. https://doi.org/10.1021/acssuschemeng.8b04311. 

[116] Schafer T. Rethinking Solvent Recycling. Pharma Manuf 2017. 

[117] Bennett R, Haidar Ahmad IA, Dasilva J, Figus M, Hullen K, Tsay FR, Makarov AA, 

Mann BF, Regalado EL. Mapping the Separation Landscape of Pharmaceuticals: 

Rapid and Efficient Scale-Up of Preparative Purifications Enabled by Computer-

Assisted Chromatographic Method Development. Org Process Res Dev 

2019;23:2678–84. https://doi.org/10.1021/acs.oprd.9b00351. 

[118] Kopach ME. Sustainability: A foundation for pharma, generic and Government 

partnerships? Curr Opin Green Sustain Chem 2018;11:54–7. 

https://doi.org/10.1016/j.cogsc.2018.03.007. 

[119] Veleva VR, Cue BW, Todorova S. Benchmarking Green Chemistry Adoption by the 

Global Pharmaceutical Supply Chain. ACS Sustain Chem Eng 2018;6:2–14. 

https://doi.org/10.1021/acssuschemeng.7b02277. 

[120] Bennett JA, Campbell ZS, Abolhasani M. Role of continuous flow processes in green 

manufacturing of pharmaceuticals and specialty chemicals. Curr Opin Chem Eng 

2019;26:9–19. https://doi.org/10.1016/j.coche.2019.07.007. 

[121] Buonomenna MG. Membrane processes for a sustainable industrial growth. RSC Adv 

2013;3:5694–740. https://doi.org/10.1039/c2ra22580h. 

[122] Szekely G, Jimenez-Solomon MF, Marchetti P, Kim JF, Livingston AG. Sustainability 

assessment of organic solvent nanofiltration: from fabrication to application. Green 

Chem 2014;16:4440–73. https://doi.org/10.1039/C4GC00701H. 

[123] Kim JF, Freitas Da Silva AM, Valtcheva IB, Livingston AG. When the membrane is 



58 

 

not enough: A simplified membrane cascade using Organic Solvent Nanofiltration 

(OSN). Sep Purif Technol 2013;116:277–86. 

https://doi.org/10.1016/j.seppur.2013.05.050. 

[124] Cao X, Wu XY, Wu T, Jin K, Hur BK. Concentration of 6-aminopenicillanic acid 

from penicillin bioconversion solution and its mother liquor by nanofiltration 

membrane. Biotechnol Bioprocess Eng 2001;6:200–4. 

https://doi.org/10.1007/BF02932551. 

[125] Sereewatthanawut I, Lim FW, Bhole YS, Ormerod D, Horvath A, Boam AT, 

Livingston AG. Demonstration of molecular purification in polar aprotic solvents by 

organic solvent nanofiltration. Org Process Res Dev 2010;14:600–11. 

https://doi.org/10.1021/op100028p. 

[126] Székely G, Bandarra J, Heggie W, Sellergren B, Ferreira FC. Organic solvent 

nanofiltration: A platform for removal of genotoxins from active pharmaceutical 

ingredients. J Memb Sci 2011;381:21–33. 

https://doi.org/10.1016/j.memsci.2011.07.007. 

[127] Peeva L, Livingston A. Nanofiltration in the Pharmaceutical and Biopharmaceutical 

Technology. Elsevier Inc.; 2019. https://doi.org/10.1016/b978-0-12-813606-5.00004-

x. 

[128] Kim JF, Székely G, Valtcheva IB, Livingston AG. Increasing the sustainability of 

membrane processes through cascade approach and solvent recovery—pharmaceutical 

purification case study. Green Chem 2014;16:133–45. 

https://doi.org/10.1039/C3GC41402G. 

[129] Shinde DB, Sheng G, Li X, Ostwal M, Emwas AH, Huang KW, Lai Z. Crystalline 2D 

Covalent Organic Framework Membranes for High-Flux Organic Solvent 



59 

 

Nanofiltration. J Am Chem Soc 2018;140:14342–9. 

https://doi.org/10.1021/jacs.8b08788. 

[130] Campbell J, Burgal JDS, Szekely G, Davies RP, Braddock DC, Livingston A. Hybrid 

polymer/MOF membranes for Organic Solvent Nanofiltration (OSN): Chemical 

modification and the quest for perfection. J Memb Sci 2016;503:166–76. 

https://doi.org/10.1016/j.memsci.2016.01.024. 

[131] Hwang S-T, Kammermeyer K. Operating lines in cascade separation of binary 

mixtures. Can J Chem Eng 1965;43:36–9. https://doi.org/10.1002/cjce.5450430107. 

[132] Lightfoot EN, Root TW, L. O’Dell J. Emergence of Ideal Membrane Cascades for 

Downstream Processing. Biotechnol Prog 2008;24:599–605. 

https://doi.org/10.1021/bp070335l. 

[133] Lightfoot EN. Can Membrane Cascades Replace Chromatography? Adapting Binary 

Ideal Cascade Theory of Systems of Two Solutes in a Single Solvent. Sep Sci Technol 

2005;40:739–56. https://doi.org/10.1081/SS-200047994. 

[134] Abejón R, Garea A, Irabien A. Analysis and optimization of continuous organic 

solvent nanofiltration by membrane cascade for pharmaceutical separation. AIChE J 

2014;60:931–48. https://doi.org/10.1002/aic.14345. 

[135] Schaepertoens M, Didaskalou C, Kim JF, Livingston AG, Szekely G. Solvent recycle 

with imperfect membranes: A semi-continuous workaround for diafiltration. J Memb 

Sci 2016;514:646–58. https://doi.org/https://doi.org/10.1016/j.memsci.2016.04.056. 

[136] Lin JC Te, Livingston AG. Nanofiltration membrane cascade for continuous solvent 

exchange. Chem Eng Sci 2007;62:2728–36. https://doi.org/10.1016/j.ces.2006.08.004. 

[137] Rundquist EM, Pink CJ, Livingston AG. Organic solvent nanofiltration: A potential 



60 

 

alternative to distillation for solvent recovery from crystallisation mother liquors. 

Green Chem 2012;14:2197–205. https://doi.org/10.1039/c2gc35216h. 

[138] Hayler JD, Leahy DK, Simmons EM. A Pharmaceutical Industry Perspective on 

Sustainable Metal Catalysis. Organometallics 2019;38:36–46. 

https://doi.org/10.1021/acs.organomet.8b00566. 

[139] Cseri L, Fodi T, Kupai J, T. Balogh G, Garforth A, Szekely G. Membrane-assisted 

catalysis in organic media. Adv Mater Lett 2017;8:1094–124. 

https://doi.org/10.5185/amlett.2017.1541. 

[140] Fahrenwaldt T, Großeheilmann J, Erben F, Kragl U. Organic solvent nanofiltration as 

a tool for separation of quinine-based organocatalysts. Org Process Res Dev 

2013;17:1131–6. https://doi.org/10.1021/op400037h. 

[141] A. C. A. Bayrakdar T, Nahra F, Zugazua O, Eykens L, Ormerod D, Nolan SP. 

Improving process efficiency of gold-catalyzed hydration of alkynes: merging 

catalysis with membrane separation. Green Chem 2020;22:2598–604. 

https://doi.org/10.1039/D0GC00498G. 

[142] Didaskalou C, Kupai J, Cseri L, Barabas J, Vass E, Holtzl T, Szekely G. Membrane-

Grafted Asymmetric Organocatalyst for an Integrated Synthesis–Separation Platform. 

ACS Catal 2018;8:7430–8. https://doi.org/10.1021/acscatal.8b01706. 

[143] Craik DJ, Fairlie DP, Liras S, Price D. The Future of Peptide-based Drugs. Chem Biol 

Drug Des 2013;81:136–47. https://doi.org/10.1111/cbdd.12055. 

[144] So S, Peeva LG, Tate EW, Leatherbarrow RJ, Livingston AG. Organic solvent 

nanofiltration: A new paradigm in peptide synthesis. Org Process Res Dev 

2010;14:1313–25. https://doi.org/10.1021/op1001403. 



61 

 

[145] Kim JF, Gaffney PRJ, Valtcheva IB, Williams G, Buswell AM, Anson MS, Livingston 

AG. Organic Solvent Nanofiltration (OSN): A New Technology Platform for Liquid-

Phase Oligonucleotide Synthesis (LPOS). Org Process Res Dev 2016;20:1439–52. 

https://doi.org/10.1021/acs.oprd.6b00139. 

[146] Technology – Exactmer n.d. https://exactmer.com/technology/ (accessed June 25, 

2020). 

[147] Ormerod D, Noten B, Dorbec M, Andersson L, Buekenhoudt A, Goetelen L. Cyclic 

Peptide Formation in Reduced Solvent Volumes via In-Line Solvent Recycling by 

Organic Solvent Nanofiltration. Org Process Res Dev 2015;19:841–8. 

https://doi.org/10.1021/acs.oprd.5b00103. 

[148] Chen W, Sharifzadeh M, Shah N, Livingston AG. Implication of Side Reactions in 

Iterative Biopolymer Synthesis: The Case of Membrane Enhanced Peptide Synthesis. 

Ind Eng Chem Res 2017;56:6796–804. https://doi.org/10.1021/acs.iecr.7b01280. 

[149] Chen W, Sharifzadeh M, Shah N, Livingston AG. Iterative peptide synthesis in 

membrane cascades: Untangling operational decisions. Comput Chem Eng 

2018;115:275–85. https://doi.org/10.1016/j.compchemeng.2018.04.024. 

[150] Plutschack MB, Pieber B, Gilmore K, Seeberger PH. The Hitchhiker’s Guide to Flow 

Chemistry. Chem Rev 2017;117:11796–893. 

https://doi.org/10.1021/acs.chemrev.7b00183. 

[151] FDA calls on manufacturers to begin switch from batch to continuous production n.d. 

https://www.outsourcing-pharma.com/Article/2015/05/01/FDA-calls-on-

manufacturers-to-begin-switch-from-batch-to-continuous-production (accessed May 

27, 2020). 



62 

 

[152] Schaber SD, Gerogiorgis DI, Ramachandran R, Evans JMB, Barton PI, Trout BL. 

Economic Analysis of Integrated Continuous and Batch Pharmaceutical 

Manufacturing: A Case Study. Ind Eng Chem Res 2011;50:10083–92. 

https://doi.org/10.1021/ie2006752. 

[153] Vaddula BR, Gonzalez MA. Flow chemistry for designing sustainable chemical 

synthesis. Chim Oggi/Chemistry Today 2013;31:16–20. 

[154] Rogers L, Jensen KF. Continuous manufacturing-the Green Chemistry promise? Green 

Chem 2019;21:3481–98. https://doi.org/10.1039/c9gc00773c. 

[155] Wegner J, Ceylan S, Kirschning A. Ten key issues in modern flow chemistry. Chem 

Commun 2011;47:4583. https://doi.org/10.1039/c0cc05060a. 

[156] Wiles C, Watts P. Continuous flow reactors: a perspective. Green Chem 2012;14:38–

54. https://doi.org/10.1039/c1gc16022b. 

[157] Horváth IT, Cséfalvay E. Synthetic Processes and. Sustain Green Synth Process 

Proced Fn1† 2019:1–19. https://doi.org/10.1039/9781788015127-00001. 

[158] Bana P, Örkényi R, Lövei K, Lakó Á, Túrós GI, Éles J, Faigl F, Greiner I. The route 

from problem to solution in multistep continuous flow synthesis of pharmaceutical 

compounds. Bioorg Med Chem 2017;25:6180–9. 

https://doi.org/10.1016/j.bmc.2016.12.046. 

[159] Agostino FJ, Krylov SN. Advances in steady-state continuous-flow purification by 

small-scale free-flow electrophoresis. TrAC - Trends Anal Chem 2015;72:68–79. 

https://doi.org/10.1016/j.trac.2015.03.023. 

[160] Ingham RJ, Battilocchio C, Fitzpatrick DE, Sliwinski E, Hawkins JM, Ley S V. A 

systems approach towards an intelligent and self-controlling platform for integrated 



63 

 

continuous reaction sequences. Angew Chemie - Int Ed 2015;54:144–8. 

https://doi.org/10.1002/anie.201409356. 

[161] Kobayashi SS. Flow “fine” Synthesis: High Yielding and Selective Organic Synthesis 

by Flow Methods. Chem - An Asian J 2016;11:425–36. 

https://doi.org/10.1002/asia.201500916. 

[162] Hartwig J, Kirschning A. Flow Synthesis in Hot Water: Synthesis of the Atypical 

Antipsychotic Iloperidone_SI. Chem - A Eur J 2016;22:3044–52. 

https://doi.org/10.1002/chem.201504409. 

[163] Baxendale IR, Hornung C, Ley S V., Molina J de MM, Wikström A. Flow Microwave 

Technology and Microreactors in Synthesis. Aust J Chem 2013;66:131–44. 

https://doi.org/10.1071/CH12365. 

[164] Tamborini L, Romano D, Pinto A, Bertolani A, Molinari F, Conti P. An efficient 

method for the lipase-catalysed resolution and in-line purification of racemic 

flurbiprofen in a continuous-flow reactor. J Mol Catal B Enzym 2012;84:78–82. 

https://doi.org/10.1016/j.molcatb.2012.02.008. 

[165] Tamborini L, Romano D, Pinto A, Contente M, Iannuzzi MC, Conti P, Molinari F. 

Biotransformation with whole microbial systems in a continuous flow reactor: 

Resolution of (RS)-flurbiprofen using Aspergillus oryzae by direct esterification with 

ethanol in organic solvent. Tetrahedron Lett 2013;54:6090–3. 

https://doi.org/10.1016/j.tetlet.2013.08.119. 

[166] Mascia S, Heider PL, Zhang H, Lakerveld R, Benyahia B, Barton PI, Braatz RD, 

Cooney CL, Evans JMBB, Jamison TF, Jensen KF, Myerson AS, Trout BL. End-to-

end continuous manufacturing of pharmaceuticals: Integrated synthesis, purification, 

and final dosage formation. Angew Chemie - Int Ed 2013;52:12359–63. 



64 

 

https://doi.org/10.1002/anie.201305429. 

[167] Borukhova S, Noël T, Metten B, de Vos E, Hessel V, Devos E, Hessel V. Solvent- and 

Catalyst-Free Huisgen Cycloaddition to Rufinamide in Flow with a Greener, Less 

Expensive Dipolarophile. ChemSusChem 2013;6:2220–5. 

https://doi.org/10.1002/cssc.201300684. 

[168] Jolliffe HG, Diab S, Gerogiorgis DI. Nonlinear Optimization via Explicit NRTL 

Model Solubility Prediction for Antisolvent Mixture Selection in Artemisinin 

Crystallization. Org Process Res Dev 2018;22:40–53. 

https://doi.org/10.1021/acs.oprd.7b00289. 

[169] O’Brien AG, Horváth Z, Lévesque F, Lee JW, Seidel-Morgenstern A, Seeberger PH, 

Horváth Z, Lévesque F, Lee JW, Seidel-Morgenstern A, Seeberger PH, Horv??th Z, 

L??vesque F, Lee JW, Seidel-Morgenstern A, Seeberger PH. Continuous synthesis and 

purification by direct coupling of a flow reactor with simulated moving-bed 

chromatography. Angew Chemie - Int Ed 2012;51:7028–30. 

https://doi.org/10.1002/anie.201202795. 

[170] Lee JW, Horváth Z, O’Brien AG, Seeberger PH, Seidel-Morgenstern A, O’Brien AG, 

Seeberger PH, Seidel-Morgenstern A, O’Brien AG, Seeberger PH, Seidel-Morgenstern 

A, O’Brien AG, Seeberger PH, Seidel-Morgenstern A. Design and optimization of 

coupling a continuously operated reactor with simulated moving bed chromatography. 

Chem Eng J 2014;251:355–70. https://doi.org/10.1016/j.cej.2014.04.043. 

[171] Örkényi R, Éles J, Faigl F, Vincze P, Prechl A, Szakács Z, Kóti J, Greiner I. 

Continuous Synthesis and Purification by Coupling a Multistep Flow Reaction with 

Centrifugal Partition Chromatography. Angew Chemie Int Ed 2017;56:8742–5. 

https://doi.org/10.1002/anie.201703852. 



65 

 

[172] Örkényi R. Flow Chemistry Techniques in the Development of the Synthesis of Active 

Pharmaceutical Ingredients and Their Intermediates. Georg Olah Doctoral School, 

2019. 

[173] Tavare NS. Industrial Crystallization. Boston, MA: Springer US; 1995. 

https://doi.org/10.1007/978-1-4899-0233-7. 

[174] Ma Y, Wu S, Macaringue EGJ, Zhang T, Gong J, Wang J. Recent Progress in 

Continuous Crystallization of Pharmaceutical Products: Precise Preparation and 

Control. Org Process Res Dev 2020. https://doi.org/10.1021/acs.oprd.9b00362. 

[175] Jiang M, Braatz RD. Designs of continuous-flow pharmaceutical crystallizers: 

developments and practice. CrystEngComm 2019;21:3534–51. 

https://doi.org/10.1039/C8CE00042E. 

[176] Wang T, Lu H, Wang J, Xiao Y, Zhou Y, Bao Y, Hao H. Recent progress of 

continuous crystallization. J Ind Eng Chem 2017;54:14–29. 

https://doi.org/10.1016/j.jiec.2017.06.009. 

[177] Wong SY, Tatusko AP, Trout BL, Myerson AS. Development of Continuous 

Crystallization Processes Using a Single-Stage Mixed-Suspension, Mixed-Product 

Removal Crystallizer with Recycle. Cryst Growth Des 2012;12:5701–7. 

https://doi.org/10.1021/cg301221q. 

[178] Diab S, Gerogiorgis DI. Technoeconomic Evaluation of Multiple Mixed Suspension-

Mixed Product Removal (MSMPR) Crystallizer Configurations for Continuous 

Cyclosporine Crystallization. Org Process Res Dev 2017;21:1571–87. 

https://doi.org/10.1021/acs.oprd.7b00225. 

[179] Diab S, McQuade DT, Gupton BF, Gerogiorgis DI. Process Design and Optimization 



66 

 

for the Continuous Manufacturing of Nevirapine, an Active Pharmaceutical Ingredient 

for HIV Treatment. Org Process Res Dev 2019;23:320–33. 

https://doi.org/10.1021/acs.oprd.8b00381. 

[180] Fujiwara M, Nagy ZK, Chew JW, Braatz RD. First-principles and direct design 

approaches for the control of pharmaceutical crystallization. J Process Control 

2005;15:493–504. https://doi.org/10.1016/j.jprocont.2004.08.003. 

[181] Wood B, Girard KP, Polster CS, Croker DM. Progress to Date in the Design and 

Operation of Continuous Crystallization Processes for Pharmaceutical Applications. 

Org Process Res Dev 2019;23:122–44. https://doi.org/10.1021/acs.oprd.8b00319. 

[182] Heider PL, Born SC, Basak S, Benyahia B, Lakerveld R, Zhang H, Hogan R, 

Buchbinder L, Wolfe A, Mascia S, Evans JMB, Jamison TF, Jensen KF. Development 

of a Multi-Step Synthesis and Workup Sequence for an Integrated, Continuous 

Manufacturing Process of a Pharmaceutical. Org Process Res Dev 2014;18:402–9. 

https://doi.org/10.1021/op400294z. 

[183] Quon JL, Zhang H, Alvarez A, Evans J, Myerson AS, Trout BL. Continuous 

Crystallization of Aliskiren Hemifumarate. Cryst Growth Des 2012;12:3036–44. 

https://doi.org/10.1021/cg300253a. 

[184] Balogh A, Domokos A, Farkas B, Farkas A, Rapi Z, Kiss D, Nyiri Z, Eke Z, Szarka G, 

Örkényi R, Mátravölgyi B, Faigl F, Marosi G, Nagy ZK. Continuous end-to-end 

production of solid drug dosage forms: Coupling flow synthesis and formulation by 

electrospinning. Chem Eng J 2018;350:290–9. 

https://doi.org/10.1016/j.cej.2018.05.188. 

[185] Zhang H, Quon J, Alvarez AJ, Evans J, Myerson AS, Trout B. Development of 

Continuous Anti-Solvent/Cooling Crystallization Process using Cascaded Mixed 



67 

 

Suspension, Mixed Product Removal Crystallizers. Org Process Res Dev 

2012;16:915–24. https://doi.org/10.1021/op2002886. 

[186] Binev D, Seidel-Morgenstern A, Lorenz H. Study of crystal size distributions in a 

fluidized bed crystallizer. Chem Eng Sci 2015;133:116–24. 

https://doi.org/https://doi.org/10.1016/j.ces.2014.12.041. 

[187] Eder RJP, Schrank S, Besenhard MO, Roblegg E, Gruber-Woelfler H, Khinast JG. 

Continuous Sonocrystallization of Acetylsalicylic Acid (ASA): Control of Crystal 

Size. Cryst Growth Des 2012;12:4733–8. https://doi.org/10.1021/cg201567y. 

[188] Robertson K, Flandrin P-B, Klapwijk AR, Wilson CC. Design and Evaluation of a 

Mesoscale Segmented Flow Reactor (KRAIC). Cryst Growth Des 2016;16:4759–64. 

https://doi.org/10.1021/acs.cgd.6b00885. 

[189] McGlone T, Briggs NEB, Clark CA, Brown CJ, Sefcik J, Florence AJ. Oscillatory 

Flow Reactors (OFRs) for Continuous Manufacturing and Crystallization. Org Process 

Res Dev 2015;19:1186–202. https://doi.org/10.1021/acs.oprd.5b00225. 

[190] CBD Process – CBD isolate crystallisation in NiTech Solutions COBC n.d. 

https://www.nitechsolutions.co.uk/market-sectors/cbd-crystallisation/cbd-

crystallisation-process/ (accessed June 26, 2020). 

[191] Nguyen A-T, Kim J-M, Chang S-M, Kim W-S. Phase Transformation of Guanosine 5-

Monophosphate in Continuous Couette−Taylor Crystallizer: Experiments and 

Numerical Modeling for Kinetics. Ind Eng Chem Res 2011;50:3483–93. 

https://doi.org/10.1021/ie1021927. 

[192] Alvarez AJ, Myerson AS. Continuous Plug Flow Crystallization of Pharmaceutical 

Compounds. Cryst Growth Des 2010;10:2219–28. https://doi.org/10.1021/cg901496s. 



68 

 

[193] Acevedo D, Yang X, Liu YC, O’Connor TF, Koswara A, Nagy ZK, Madurawe R, 

Cruz CN. Encrustation in Continuous Pharmaceutical Crystallization Processes—A 

Review. Org Process Res Dev 2019;23:1134–42. 

https://doi.org/10.1021/acs.oprd.9b00072. 

[194] Zhang H, Lakerveld R, Heider PL, Tao M, Su M, Testa CJ, D’Antonio AN, Barton PI, 

Braatz RD, Trout BL, Myerson AS, Jensen KF, Evans JMB. Application of 

Continuous Crystallization in an Integrated Continuous Pharmaceutical Pilot Plant. 

Cryst Growth Des 2014;14:2148–57. https://doi.org/10.1021/cg401571h. 

[195] Monbaliu JMCM, Stelzer T, Revalor E, Weeranoppanant N, Jensen KF, Myerson AS. 

Compact and Integrated Approach for Advanced End-to-End Production, Purification, 

and Aqueous Formulation of Lidocaine Hydrochloride_SI. Org Process Res Dev 

2016;20:1347–53. https://doi.org/10.1021/acs.oprd.6b00165. 

[196] Ito Y. Golden rules and pitfalls in selecting optimum conditions for high-speed 

counter-current chromatography. J Chromatogr A 2005;1065:145–68. 

https://doi.org/10.1016/j.chroma.2004.12.044. 

[197] Ito Y, Weinstein M, Aoki I, Harada R, Kimura E, Nunogaki K. The Coil Planet 

Centrifuge. Nature 1966;212:985–7. https://doi.org/10.1038/212985a0. 

[198] Santos JHPM, Carretero G, Coutinho JAP, Rangel-Yagui CO, Ventura SPM. Multistep 

purification of cytochrome c PEGylated forms using polymer-based aqueous biphasic 

systems. Green Chem 2017;19:5800–8. https://doi.org/10.1039/c7gc02600e. 

[199] Santos JHPM, Almeida MR, Martins CIR, Dias ACRV, Freire MG, Coutinho JAP, 

Ventura SPM. Separation of phenolic compounds by centrifugal partition 

chromatography. Green Chem 2018;20:1906–16. https://doi.org/10.1039/c8gc00179k. 



69 

 

[200] Santos JHPM, Ferreira AM, Almeida MR, Quinteiro PSGN, Dias ACR V., Coutinho 

JAP, Freire MG, Rangel-Yagui CO, Ventura SPM. Continuous separation of 

cytochrome-c PEGylated conjugates by fast centrifugal partition chromatography. 

Green Chem 2019;21:5501–6. https://doi.org/10.1039/C9GC01063G. 

[201] Foucault AP. Centrifugal Partition Chromatography. Chromatographic Science Series, 

Vol. 68. CRC Press.; 1994. 

[202] Kostanyan AE, Erastov AA, Shishilov ON. Multiple dual mode counter-current 

chromatography with variable duration of alternating phase elution steps. J 

Chromatogr A 2014;1347:87–95. https://doi.org/10.1016/j.chroma.2014.04.064. 

[203] Huang X-Y, Ignatova S, Hewitson P, Di D-L. An overview of recent progress in 

elution mode of counter current chromatography. TrAC Trends Anal Chem 

2016;77:214–25. https://doi.org/10.1016/j.trac.2015.08.006. 

[204] Rubio N, Minguillón C. Preparative enantioseparation of (??)-N-(3,4-cis-3-decyl-

1,2,3,4-tetrahydrophenanthren-4-yl)-3,5-dinitrobenzamide by centrifugal partition 

chromatography. J Chromatogr A 2010;1217:1183–90. 

https://doi.org/10.1016/j.chroma.2009.12.023. 

[205] Pastre JC, Browne DL, Ley S V. Flow chemistry syntheses of natural products. Chem 

Soc Rev 2013;42:8849–69. https://doi.org/10.1039/c3cs60246j. 

[206] De La Poype F, Audo G. Centrifugal liquid-liquid partition chromatography device for 

separating e.g. chiral molecule in cosmetic industry, has chromatographic columns 

subjected to centrifugation, and continuous extraction unit to continuously extract 

solutes. FR2907686, 2008. 

[207] De La Poype F, Audo G. Centrifugal separator, for use in chromatography, comprises 



70 

 

flat ring with cells divided by separators into sub-cells. FR2883770, 2006. 

[208] Lorántfy L, Németh L. Novel Type of Extraction Cell for a Centrifugal Partition 

Chromatograph, as well as a Centrifugal Partition Chromatograph Containing Such an 

Extraction Cell. WO2016055821 A1, 2016. 

[209] Krause J, Oeldorf T, Schembecker G, Merz J. Enzymatic hydrolysis in an aqueous 

organic two-phase system using centrifugal partition chromatography. J Chromatogr A 

2015;1391:72–9. https://doi.org/10.1016/j.chroma.2015.02.071. 

[210] Nioi C, Riboul D, Destrac P, Marty A, Marchal L, Condoret JS. The centrifugal 

partition reactor, a novel intensified continuous reactor for liquid-liquid enzymatic 

reactions. Biochem Eng J 2015;103:227–33. https://doi.org/10.1016/j.bej.2015.07.018. 

[211] Krause J, Krutz R, Schembecker G, Merz J. Whole cell immobilization and catalysis in 

a Centrifugal Partition Chromatograph. Biochem Eng J 2017;117:188–97. 

https://doi.org/10.1016/j.bej.2016.10.015. 

[212] Sá Gomes P, Rodrigues AE. Simulated moving bed chromatography: From concept to 

proof-of-concept. Chem Eng Technol 2012;35:17–34. 

https://doi.org/10.1002/ceat.201100281. 

[213] Rodrigues AE, Pereira C, Minceva M, Pais LS, Ribeiro AM, Ribeiro A, Silva M, 

Graça N, Santos JC. Modeling and Simulation of Simulated Moving Bed Separation 

Processes. Simulated Mov. Bed Technol., Elsevier; 2015, p. 31–64. 

https://doi.org/10.1016/B978-0-12-802024-1.00002-1. 

[214] Rodrigues AE. Simulated moving bed technology : principles, design and process 

applications. n.d. 

[215] John W, Anastas P. Green Chemistry : Theory and Practice. 1998. 



71 

 

[216] Mersmann A. Crystallization Technology Handbook. Second Edi. New York: Marcel 

Dekker; 2001. 

[217] Anderson NG. Practical use of continuous processing in developing and scaling up 

laboratory processes. Org Process Res Dev 2001;5:613–21. 

https://doi.org/10.1021/op0100605. 

[218] Kim JK, Zang Y, Wankat PC. Single-cascade simulated moving bed systems for the 

separation of ternary mixtures. Ind Eng Chem Res 2003;42:4849–60. 

https://doi.org/10.1021/ie030373j. 

[219] Goll J, Morley R, Minceva M. Trapping multiple dual mode centrifugal partition 

chromatography for the separation of intermediately-eluting components: Throughput 

maximization strategy. J Chromatogr A 2017;1501:26–38. 

https://doi.org/10.1016/j.chroma.2017.04.033. 

[220] Žuvela P, Skoczylas M, Jay Liu J, Baczek T, Kaliszan R, Wong MW, Buszewski B. 

Column Characterization and Selection Systems in Reversed-Phase High-Performance 

Liquid Chromatography. Chem Rev 2019;119:3674–729. 

https://doi.org/10.1021/acs.chemrev.8b00246. 

[221] Bezold F, Minceva M. A water-free solvent system containing an L-menthol-based 

deep eutectic solvent for centrifugal partition chromatography applications. J 

Chromatogr A 2019;1587:166–71. https://doi.org/10.1016/j.chroma.2018.11.083. 

[222] Brace EC, Engelberth AS. Enhancing silymarin fractionation using the conductor-like 

screening model for real solvents. J Chromatogr A 2017;1487:187–93. 

https://doi.org/10.1016/j.chroma.2017.01.058. 

[223] Bezold F, Weinberger ME, Minceva M. Computational solvent system screening for 



72 

 

the separation of tocopherols with centrifugal partition chromatography using deep 

eutectic solvent-based biphasic systems. J Chromatogr A 2017;1491:153–8. 

https://doi.org/10.1016/j.chroma.2017.02.059. 

[224] Hopmann E, Frey A, Minceva M. A priori selection of the mobile and stationary phase 

in centrifugal partition chromatography and counter-current chromatography. J 

Chromatogr A 2012;1238:68–76. https://doi.org/10.1016/j.chroma.2012.03.035. 

[225] Horváth Z, Horosanskaia E, Lee JW, Lorenz H, Gilmore K, Seeberger PH, Seidel-

Morgenstern A. Recovery of Artemisinin from a Complex Reaction Mixture Using 

Continuous Chromatography and Crystallization. Org Process Res Dev 2015;19:624–

34. https://doi.org/10.1021/acs.oprd.5b00048. 

[226] Gilmore K, Kopetzki D, Lee JW, Horváth Z, McQuade DT, Seidel-Morgenstern A, 

Seeberger PH. Continuous synthesis of artemisinin-derived medicines. Chem Commun 

2014;50:12652–5. https://doi.org/10.1039/C4CC05098C. 

[227] Kaemmerer H, Horvath Z, Lee JW, Kaspereit M, Arnell R, Hedberg M, Herschend B, 

Jones MJ, Larson K, Lorenz H, Seidel-Morgensten A. Separation of Racemic 

Bicalutamide by an Optimized Combination of Continuous Chromatography and 

Selective Crystallization. Org Process Res Dev 2012;16:331–42. 

https://doi.org/10.1021/op200136z. 

[228] Sreedhar B, Shen B, Li H, Rousseau R, Kawajiri Y. Optimal design of integrated 

SMB-crystallization hybrid separation process using a binary solvent. Org Process Res 

Dev 2017;21:31–43. https://doi.org/10.1021/acs.oprd.6b00294. 

[229] Acosta A, Vanegas EP, Rovira J, Godman B, Bochenek T. Medicine Shortages: Gaps 

Between Countries and Global Perspectives. Front Pharmacol 2019;10:1–21. 

https://doi.org/10.3389/fphar.2019.00763. 



73 

 

[230] Hu C, Testa CJ, Wu W, Shvedova K, Shen DE, Sayin R, Halkude BS, Casati F, 

Hermant P, Ramnath A, Born SC, Takizawa B, O’Connor TF, Yang X, Ramanujam S, 

Mascia S. An automated modular assembly line for drugs in a miniaturized plant. 

Chem Commun 2020;56:1026–9. https://doi.org/10.1039/c9cc06945c. 

[231] Snead DR, Jamison TF. End-to-end continuous flow synthesis and purification of 

diphenhydramine hydrochloride featuring atom economy, in-line separation, and flow 

of molten ammonium salts. Chem Sci 2013;4:2822–7. 

https://doi.org/10.1039/c3sc50859e. 

[232] Sherwood J, De Bruyn M, Constantinou A, Moity L, McElroy CR, Farmer TJ, Duncan 

T, Raverty W, Hunt AJ, Clark JH. Dihydrolevoglucosenone (Cyrene) as a bio-based 

alternative for dipolar aprotic solvents. Chem Commun 2014;50:9650–2. 

https://doi.org/10.1039/c4cc04133j. 

[233] Dussenne C, Delaunay T, Wiatz V, Wyart H, Suisse I, Sauthier M. Synthesis of 

isosorbide: An overview of challenging reactions. Green Chem 2017;19:5332–44. 

https://doi.org/10.1039/c7gc01912b. 

[234] Skilton RA, Bourne RA, Amara Z, Horvath R, Jin J, Scully MJ, Streng E, Tang SLY, 

Summers PA, Wang J, Pérez E, Asfaw N, Aydos GLP, Dupont J, Comak G, George 

MW, Poliakoff M. Remote-controlled experiments with cloud chemistry. Nat Chem 

2015;7:1–5. https://doi.org/10.1038/nchem.2143. 

[235] Caramelli D, Salley D, Henson A, Camarasa GA, Sharabi S, Keenan G, Cronin L. 

Networking chemical robots for reaction multitasking. Nat Commun 2018;9:1–10. 

https://doi.org/10.1038/s41467-018-05828-8. 

[236] Schneider P, Walters WP, Plowright AT, Sieroka N, Listgarten J, Goodnow RA, 

Fisher J, Jansen JM, Duca JS, Rush TS, Zentgraf M, Hill JE, Krutoholow E, Kohler M, 



74 

 

Blaney J, Funatsu K, Luebkemann C, Schneider G. Rethinking drug design in the 

artificial intelligence era. Nat Rev Drug Discov 2019. https://doi.org/10.1038/s41573-

019-0050-3. 

[237] 43 Pharma Companies Using Artificial Intelligence in Drug Discovery n.d. 

https://blog.benchsci.com/pharma-companies-using-artificial-intelligence-in-drug-

discovery#merck_and_co (accessed May 20, 2020). 

[238] Ukić Š, Novak M, Vlahović A, Avdalović N, Liu Y, Buszewski B, Bolanča T. 

Development of gradient retention model in ion chromatography. Part II: Artificial 

intelligence QSRR approach. Chromatographia 2014;77:997–1007. 

https://doi.org/10.1007/s10337-014-2654-4. 

[239] Yangali-Quintanilla V, Verliefde A, Kim TU, Sadmani A, Kennedy M, Amy G. 

Artificial neural network models based on QSAR for predicting rejection of neutral 

organic compounds by polyamide nanofiltration and reverse osmosis membranes. J 

Memb Sci 2009;342:251–62. https://doi.org/10.1016/j.memsci.2009.06.048. 

[240] Chowdhury AU, Taylor GJ, Bocharova V, Sacci RL, Luo Y, McClintic WT, Ma YZ, 

Sarles SA, Hong K, Collier CP, Doughty B. Insight into the Mechanisms Driving the 

Self-Assembly of Functional Interfaces: Moving from Lipids to Charged Amphiphilic 

Oligomers. J Am Chem Soc 2020;142:290–9. https://doi.org/10.1021/jacs.9b10536. 

[241] Ghosh A, Louis L, Arora KK, Hancock BC, Krzyzaniak JF, Meenan P, Nakhmanson 

S, Wood GPF. Assessment of machine learning approaches for predicting the 

crystallization propensity of active pharmaceutical ingredients. CrystEngComm 

2019;21:1215–23. https://doi.org/10.1039/C8CE01589A. 

[242] Reinhart WF, Long AW, Howard MP, Ferguson AL, Panagiotopoulos AZ. Machine 

learning for autonomous crystal structure identification. Soft Matter 2017;13:4733–45. 



75 

 

https://doi.org/10.1039/c7sm00957g. 

[243] XtalPi n.d. https://www.xtalpi.com/en/ (accessed May 20, 2020). 

[244] Foley DA, Wang J, Maranzano B, Zell MT, Marquez BL, Xiang Y, Reid GL. Online 

NMR and HPLC as a reaction monitoring platform for pharmaceutical process 

development. Anal Chem 2013;85:8928–32. https://doi.org/10.1021/ac402382d. 

[245] Nagy ZK, Fevotte G, Kramer H, Simon LL. Recent advances in the monitoring, 

modelling and control of crystallization systems. Chem Eng Res Des 2013;91:1903–

22. https://doi.org/10.1016/j.cherd.2013.07.018. 

[246] Borsos Á, Szilágyi B, Agachi PŞ, Nagy ZK. Real-Time Image Processing Based 

Online Feedback Control System for Cooling Batch Crystallization. Org Process Res 

Dev 2017;21:511–9. https://doi.org/10.1021/acs.oprd.6b00242. 

 


