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Abstract
Classical purification of pharmaceuticals is energy-intensive and employs toxic solvents that are discarded, calling for more 
sustainable methods. Here, we purified tetracycline by organic solvent forward osmosis using ionic liquids. Results show 
the osmotic enrichment of feed solutions containing different concentrations of tetracycline in methanol. The solvent flux 
during the filtration process is mainly influenced by solvent properties, such as molecular size, viscosity, polarity, and the 
solvent–membrane interaction. We evaporated the diluted draw solution to recover the draw solute for reuse. Overall ionic 
liquids appear as suitable draw solutes for organic solvent forward osmosis for pharmaceutical compound enrichment with 
draw solute recovery and reuse.

Keywords  Organic solvent forward osmosis · Forward osmosis · Ionic liquid · Draw solute recovery · Active 
pharmaceutical ingredient enrichment

Introduction

During drug synthesis, active pharmaceutical ingredients 
are typically dissolved in organic solvents (Rantanen and 
Khinast 2015). Thus, the separation and purification of phar-
maceutical compounds in organic solvents are necessary in 
improving the final product quality. These account for over 
half of the equipment investment and operating costs in phar-
maceutical industry (Wang et al. 2021). Active pharmaceuti-
cal separation has specific requirements because (1) pharma-
ceutical compounds are mostly temperature-sensitive, and 
high temperatures may cause pharmaceutical decomposition 
(Geens et al. 2007), and (2) the process should not pollute 
the solvent stream due to manufacturing process sensitivity 
(Grodowska and Parczewski 2010). Considering these fac-
tors, membrane technology has attracted attention due to 

its low energy consumption and phase change elimination 
(Gonzales et al. 2022a). Organic solvent nanofiltration is 
commonly used in the pharmaceutical industry for organic 
solvent applications, such as organic solvent recovery and 
pharmaceutical enrichment (Kato et al. 2021). However, this 
process has limitations, since applied pressure may result in 
additional operating costs and membrane fouling.

Forward osmosis is an osmotically driven membrane 
process that utilizes the salinity difference between the 
draw and feed solutions (Kaleekkal et al. 2022). There is 
spontaneous solvent transfer from the feed to draw solutions 
across a semi-permeable membrane, effectively enriching 
the feed and diluting the draw. Recently, organic solvent 
forward osmosis has emerged as an alternative separation 
process in the pharmaceutical industry (Zhou et al. 2020; 
Wei et al. 2021). This process has demonstrated feasibility 
in concentrating pharmaceutical products at the feed side 
while simultaneously delivering organic solvent to the draw 
side (Lively and Sholl 2017). The diluted draw solution can 
be regenerated through filtration, distillation, and evapora-
tion (Cui and Chung 2018). Compared to organic solvent 
nanofiltration, organic solvent forward osmosis has reduced 
fouling tendency since no pressure is applied. Additionally, 
by choosing a suitable draw solute, sufficient osmotic pres-
sure can be generated, which can be challenging to achieve 
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in pressure-driven membrane processes due to high operat-
ing pressure requirements (Lively and Sholl 2017). Despite 
these advantages, organic solvent forward osmosis is still 
an emerging field, and several issues need to be addressed. 
For instance, reverse draw solute diffusion and concentra-
tion polarization are factors that compromise the osmotic 
performance (Zhao and Zou 2011).

One major challenge in forward osmosis is the limited 
suitable regenerable draw solutes available (Ray et  al. 
2018). Several compounds have previously been proposed 
as draw solutes (Zhong et al. 2016); however, regeneration 
can be energy-intensive and toxic (Ge et al. 2013). Simi-
larly, organic solvent forward osmosis requires suitable draw 
solutes that exhibit low or no reverse diffusion and ease in 
regeneration. In earlier work, LiCl was used as draw sol-
ute (Cui and Chung 2018); however, reverse LiCl diffusion 
reduces the driving force and increases potential hazards 
(Ma et al. 2022). Additionally, LiCl has limited solubility in 
organic solvents (Avdibegović et al. 2022); thus, a higher-
concentrated LiCl solution could precipitate during opera-
tion and regeneration by solvent evaporation. Recently, ionic 
liquids, composed of large organic ions and can have low 
melting points below 100 °C at atmospheric pressure (Yi 
et al. 2015), have been explored as draw solutes (Kamio 
et al. 2021) and found to be easily separated from solution by 
simple heating due to their non-volatility and recoverability 
(Rajadurai and Anguraj 2021).

This study introduces the ionic liquid-drawn organic 
solvent forward osmosis process for pharmaceutical enrich-
ment. Polyketone-supported thin-film composite membrane 
was employed in this investigation for its organic solvent 
resistance (Kushida et al. 2022). Osmotic performance was 
systematically investigated by utilizing different solvents 
and draw solutes. Tetracycline, a veterinary and agricultural 
antibiotic (Daghrir and Drogui 2013), was chosen as the 
model pharmaceutical compound due to the high rejection 
of highly crosslinked membranes against tetracycline. Addi-
tionally, tetracycline can be readily detected and measured 
through spectrophotometry. The draw solute was recovered 
by evaporation and recycled to maintain the draw solution 
concentration. To the authors’ best knowledge, this is the 
first study on continuous ionic liquid-drawn organic solvent 
forward osmosis and regeneration.

Experimental

Membrane fabrication and membrane performance 
evaluation

The polyketone-supported thin film composite membrane 
was fabricated according to our earlier work (Gonzales 
et al. 2021; Li et al. 2022), described in the Supplementary 

Material. The osmotic performance of the membrane 
was evaluated using an organic solvent-resistant forward 
osmosis system (Figure S1) (Gonzales et  al. 2022b). 
Methanol, ethanol, and 2-propanol, whose properties are 
given in Table S1, were selected as the organic solvents. 
LiCl, polyethylene glycol 400, 1-butyl-3-methylimida-
zolium tetrafluoroborate, 1-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide, and 1-ethyl-3-methylim-
idazolium bis(trifluoromethylsulfonyl)imide were employed 
as draw solutes. Their molecular weights and chemical struc-
tures are provided in Table S2. Intrinsic transport proper-
ties were determined (Guan et al. 2021) and are presented 
in Table S3. All experimental details, including viscosity, 
conductivity, osmotic pressure (Figure S2), and solute con-
centration (Figure S3) measurements, are shown in the Sup-
plementary Material.

Organic solvent forward osmosis operation 
for pharmaceutical enrichment

The enrichment of tetracycline was demonstrated through 
a continuous system comprising two parts (Fig. 1), forward 
osmosis and draw solute recovery systems. After a predeter-
mined operational period, the operation was halted, and the 
diluted draw solution was collected. Subsequently, the sol-
vent and draw solute were separated using a vacuum rotary 
evaporator and reused for re-operation. Detailed information 
can be found in the Supplementary Material.

Results and discussion

Choosing the suitable solvent and draw solute 
system

The osmotic performance was assessed using various alco-
holic solvents and draw solutes to determine the optimal 
solvent–draw solute system. Methanol exhibited the highest 
flux, followed by ethanol and 2-propanol. The results can be 
attributed to the solvent properties, including molecular size, 
viscosity, and polarity, as well as the interaction between 
solvent molecules and the membrane, as detailed in Supple-
mentary Material. The smaller molecular size of methanol 
compared to ethanol and 2-propanol mitigated mass transfer 
resistance, resulting in higher flux. Also, higher viscosity 
can exacerbate the occurrence of concentration polariza-
tion and effectively reduce the effective osmotic driving 
force. Lastly, the polarity of the solvent generated a higher 
degree of dissociation of the draw solute; thus, the methanol 
solution exhibited the highest osmotic pressure compared 
to the ethanol and 2-propanol solutions. Also, due to the 
polar nature of the polyamide-based membrane, methanol, 
whose polarity was the highest among the solvents, could 
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exhibit strong electrostatic interactions with the membrane, 
resulting in higher solvent flux.

Aside from LiCl, various types of draw solutes, includ-
ing ionic liquids and polyethylene glycol 400, were inves-
tigated to identify the most suitable solute that offers rel-
atively high solvent flux, low reverse draw salt flux, and 
applicability for pharmaceutical enrichment. Table 1 pre-
sents the solution properties (viscosity and osmotic pres-
sure), as well as the methanol flux and reverse draw solute 
flux. Despite the highest osmotic pressure generated by the 
polyethylene glycol 400 solution, the lowest flux among all 
systems was observed, mainly due to the solution viscosity 
and its influence on concentration polarization occurrence. 
The ionic liquid draw solutes, on the other hand, generated 
comparably high solvent flux, and no reverse draw sol-
ute flux was detected for all systems, indicating excellent 
membrane selectivity against ionic liquids, in comparison 
with LiCl. Also, ionic liquids exhibit other benefits, such as 

applicability to pharmaceutical enrichment and draw solute 
regeneration through simple evaporation due to their nonvol-
atile nature. Due to the highest osmotic pressure generation 
and solvent drawing capability of the 2.0M 1-ethyl-3-meth-
ylimidazolium bis(trifluoromethylsulfonyl)imide solution, 
this was chosen as the optimal draw solute. In the subsequent 
work, the draw solute was recovered and recycled during a 
continuous process.

Organic solvent forward osmosis operation 
for pharmaceutical enrichment

Pharmaceutical enrichment via organic solvent forward 
osmosis was demonstrated using different concentrations of 
tetracycline (20, 200, and 2000 mg/L) in methanol and 2.0 M 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide in methanol as feed and draw solutions, respec-
tively. Tetracycline retention using the thin-film composite 

Fig. 1   Continuous ionic liquid-drawn organic solvent forward osmosis operation with draw solute recovery

Table 1   Osmotic performance and the properties of 2.0 M draw solutions in methanol

Feed solution: methanol; Flow rate: 0.3 L/min; Orientation: active-layer-facing-feed-solution; Operation period: 120 min

Draw solute Solvent flux (L/
m2h1)

Viscosity 
(mPa s)

Osmotic pressure 
(bar)

Reverse draw 
solute flux (g/
m2h1)

1-butyl-3-methylimidazolium tetrafluoroborate 17.0 1.7 31.1 (Not detected)
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 19.5 3.2 61.1 (Not detected)
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 21.9 2.5 64.4 (Not detected)
Polyethylene glycol 400 8.3 12.4 186.5 (Not measured)
LiCl 22.1 2.3 84.3 4.2



32	 Environmental Chemistry Letters (2024) 22:29–34

1 3

membrane was predetermined to be 95.7%. During the 
osmotic process, methanol transport from the feed to draw 
side would enrich the feed solution and dilute the draw solu-
tion, and the osmotic pressure difference across the mem-
brane would become lower, resulting in solvent flux decline. 
Using the low boiling point of methanol and nonvolatility 
of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide, it is possible to separate it from methanol by a sim-
ple evaporation and recycle the draw solute to minimize 
the decreased solvent flux during a continuous operation. 
While evaporation may be considered energy-intensive, the 
low boiling point of methanol allows for the utilization of 
low-quality energy sources such as waste heat, making it an 
easily achievable process.

As depicted in Fig. 2, the flux exhibited a decline during 
the osmotic operation using all concentrations of tetracy-
cline as feed. This decrease was primarily attributed to the 
dilution of the draw solution. By separating the components 
of the diluted draw solution and ionic liquid recovery, it 
was possible to reconstitute a 2.0 M solution, resulting in 
the solvent flux recovery for all experiments (Figs. 2a-1–a-
3). Figures 2b-1–2b-3 illustrate the change in feed solution 
volume versus the course of operation. At the end of the 
operation, the volumes of the feed solutions had decreased 

to approximately one-third of the initial volumes. The final 
tetracycline concentrations were measured to be 58.0, 566, 
and 5450 mg/L for the experiments utilizing initial feed 
solutions of 20, 200, and 2000 mg/L tetracycline, respec-
tively. The concentration factor was calculated to be around 
3 for all cases, indicating the successful enrichment of the 
tetracycline-containing feed solution through organic solvent 
forward osmosis operation, irrespective of the initial tetra-
cycline concentration in the feed. After 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide recovery, no 
changes in the chemical structure of the ionic liquid (Figure 
S10) were observed, confirming the feasibility of ionic liq-
uid recycling and reuse within this process. In real-world 
applications of this process, coupling of forward osmosis 
and evaporation is recommended, enabling complete con-
tinuous operation with feed solution enrichment and draw 
solute recovery.

Conclusion

This work assessed the feasibility of ionic liquid-drawn 
organic solvent forward osmosis operation for pharma-
ceutical enrichment. The selection of appropriate solvents 

Fig. 2   Time course of a solvent flux and b normalized feed volume 
during organic solvent forward osmosis operation for tetracycline 
enrichment. Feed solution: (1) 20  mg/L (volume: 1.0  L, opera-
tion time: 2500 min), (2) 200 mg/L (volume: 0.5 L, operation time: 
700  min), (3) 2000  mg/L (volume: 0.1 L, operation time: 660  min) 
tetracycline in methanol, Draw solution: 2.0  M 1-ethyl-3-methylim-

idazolium bis(trifluoromethylsulfonyl)imide in methanol, Flow rate: 
300  mL/min, Orientation: active-layer-facing-feed-solution. Draw 
solution recycling was conducted during long-term operation. Suc-
cessful tetracycline enrichment was observed regardless of initial tet-
racycline concentration
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and solutes was investigated, and the first operation of con-
tinuous organic solvent forward osmosis with draw solute 
recovery was demonstrated. The performance of solvent 
flux was influenced by the solvent molecular size, viscosity, 
polarity, and the interaction between solvent molecules and 
the membranes. Using ionic liquid, 1-ethyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imide, as draw solute, 
demonstrated high solvent flux, negligible reverse draw sol-
ute flux, and regenerability. Successful pharmaceutical com-
pound enrichment was achieved, and the ionic liquid was 
effectively recovered and reused. These findings highlight 
the potential of ionic liquid-drawn organic solvent forward 
osmosis for continuous pharmaceutical enrichment, accom-
panied by draw solute recovery.
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