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ABSTRACT 
 
2-Butoxyethanol (2BE) was examined as a draw 

solution for forward osmotic application. The osmolality of 

40wt% of 2BE aqueous solution was 2 times higher than 

that of 3.5wt% salt water in freezing point depression 

measurement. In forward osmosis experiments, 2BE 

induced a water flux of 0.0028m/h, 68% of that of 3.5wt% 

salt water when used as the draw solution under static 

conditions for 5 h. Under stirring at 7000 rpm, 2BE induced 

a water flux of 0.02 m/h, 1.2-fold that of 3.5wt% salt water 

in the initial 5 min. The effect of stirring is explained by 

breaking the concentration polarization or 2BE aggregates 

at the membrane surface. Aqueous 2BE solution, which is 

generated after forward osmotic application such as power 

generation and desalination, is known to have a lower 

critical solution temperature. Aqueous 2BE solution of the 

concentration from 12wt% to 58wt% separates into two 

phases (liquid-liquid) at elevated temperatures higher than 

60 °C, allowing the 2BE-rich and water-rich phase to be 

recovered for the next cycle of the application. We 

conclude that aqueous solutions of 2BE could be a good 

drow solution under suitable conditions, such as with high-

speed cross flows. 
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1 INTRODUCTION 
 

Draw solution is intensively investigated as the key 

material of forward osmotic applications such as power 

generation and desalination[1]. Although mostly 

investigated materials were inorganic salts, recently organic 

liquid such as glycol ethers were published by Lee et al[2]. 

The aquatic draw solutions were separated into two phases 

by moderate worming and water and the draw solutions 

were recovered for the next cycle. The solutions of this kind 

are known to have a lower critical solution temperature 

(LCST) or an upper critical solution temperature (UCST)[3].  

For the draw solution, we have independently focused on 

organic solvents that are miscible with water and undergo 

phase separation in aqueous solution in some temperature 

region. Liquid-liquid phase separation is greatly 

advantageous for handling the separation process after the 

FO application to reclaim the draw and feed solutions. In 

this paper, 2-butoxyethanol is presented as an example. 

2BE is well used, and investigated as an industrial material, 

and also a kind of glycol ether, but not reported by Lee et al. 

 

2 EXPERIMENT 
 
The osmolality of the 2BE aqueous solution at various 

concentrations was measured by freezing point depression 

osmometry, using Micro Osmo Master OM-815 (Vogel Inc., 

Germany) and by vapor pressure depression osmometry.. 

The suitability of 2BE as a draw solution was evaluated 

by the water flux in FO experiments. The experiments were 

carried out with a lab-built “syringe test cell” as shown in 

Fig. 1. The syringe test cell was made of two 1 mL 

polypropylene syringes. The syringes were cut and 

connected by rubber blocks, 1mm thick, which had a hole 

of 5 mm diameter and the RO membrane. The syringe test 

could be used as screening test of the materials. A 

commercially available flat-sheet RO membrane (ES20, 

Nitto Denko Co.) was used in the experiments, because the 

usual FO membrane commercially available is soluble in 

2BE which has another name as cello-solve. 
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Figure.1   Syringe test modes, with horizontal 

arrangements in (a) and (b) and vertical arrangements in (c), 

(d), and (e). Arrangements (a) and (c) are used high surface 

tension draw solutions such as 3.5wt% salt solution. 

Arrangements (b) and (d) are used for low surface tension 

draw solutions such as 2BE. In arrangement (e), a polyvinyl 

chloride-coated wire was inserted as a rotator and stirred by 

a micro mixer. 
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3 RESULTS 
 
The results of the osmolatily measurement are given in 

Fig. 2 in terms of osmolality against the 2BE concentration.  

The osmolality of 40wt% of 2BE aqueous solution was at 

least 2 times higher than that of 3.5wt% salt water. The 

osmolality measurement by freezing point depression 

generally has a concentration limit where the aqueous 

solution changes into antifreeze mixture. In this case, the 

limit was 40wt%. In higer concentration, larger osmolality 

is expected. 

In forward osmosis experiments by the syringe test, 2BE 

induced a water flux of 0.0028m/h, 68% of that of 3.5wt% 

salt water when used as the draw solution under static 

conditions for 5 h.  A series of syringe tests showed a 

significant decline of the water flux than expected value. 

However, under stirring at 7000 rpm, 2BE induced a water 

flux of 0.02 m/h, 1.2-fold that of 3.5wt% salt water in the 

initial 5 min.  Considering the hitherto reports, these results 

indicated the concentration  polarization at membrane 

surface or the aggregation of 2BE in aqueous solution.The 

experimental results are summarized in Table 1. 

The fluxes of 5 h and 5 min were approximated from the 

slopes of linear fit with the y-intercept kept at zero. The 

fluxes of 5 h are defined as the average speed to compare 

the ability of the draw solution. The fluxes of 30 min were 

calculated using a variable y-intercept for comparison with 

the fluxes for 5 min because the observed fluxes decreased 

with time as shown in Fig.3. The water flux is expressed 

with the decreasing water in feed side of the syringe.  In 

Table 1, the fluxes declined after the first 5 min, suggesting 

the accumulation of a water layer at the membrane surface 

or concentration polarization. 

 

 

 

 

 

 
Figure.2. Osmolality of 2BE aqueous solution at various 

concentrations measured by freezing point depression. 

 

 
Figure. 3. Water flux in vertically arranged (draw solution 

in bottom) syringe tests,  (◆) 3.5wt% salt water, 

(■)100wt%2BE, (▲)50wt%2BE. 

 

5 h 30 min 5 min

1 3.5% salt water 4.1±0.3 4.3±0.5 16±2

2 100% 2BE 2.8±0.1 4.1±0.3 11±1

3 50% aq. 2BE 1.6±0.1 2.5±0.2 11±1

4 3.5% salt water 3.9±0.2 5.4±0.2 15±1

5 100% 2BE 1.2±0.1 1.7±0.2 1.2±1

6 50% aq. 2BE 1.0±0.1 1.8±0.4 3.6±1

7 3.5% salt water 2.4±0.2 3.6±0.2 8.2±1

8 100% 2BE 2.3±0.2 3.4±0.3 9.8±1
9 50% aq. 2BE 1.3±0.1 1.4±0.1 5.1±1

10 3.5% salt water 4.7±0.4 17±3

11 100% 2BE 9.1±0.5 20±１

12 50% aq. 2BE 2.7±0.3 9.4±1

Flux (10
-3

  m/h)

horizontal water

Table 1  Water flux in the syringe tests in various conditions.

static

vertical

water

water

water stirring

No. Setting Left Right Top Bottom Mode
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In the experiments in the horizontal arrangement (No.1, 

2, 3 in Table 1), the water flux of 3.5wt% salt water was 

higher than 2BE in all cases. The flux of 5 h was 68% of 

the flux of the salt water for 100wt% 2BE, and 39% of the 

flux of salt water for 50wt% 2BE.  The difference in rate 

between the salt water and 2BE systems was larger in the 

vertical arrangement when the draw solution was in the top 

(No.4, 5, 6 in Table 1). The average flux of 5 h was 31% 

of salt water for 100wt% 2BE, and 26% of salt water for 

50wt% 2BE. However, when the draw solution was in the 

bottom (No.7, 8, 9 in Table 1), the difference decreased to 

almost the same level. The flux of 5 h was 96% of salt 

water for 100wt% 2BE, and 54% of salt water for 50wt% 

2BE.    
These results can be explained by external concentration 

polarization at the membrane surface, as shown in Fig. 4. 

This is an illustration of the relation between concentration 

polarization and the specific gravity of the solvent. That is, 

in the case where 2BE is contained in the top in the syringe 

test, as shown on the left side of Fig.4, the transmitted 

water was able to remain at the surface of the membrane 

because the specific gravity of 2BE is 0.9 that is smaller 

than that of water.. This water layer acted as an external 

concentration polarization layer. The water flux thus 

decreased or could not increase anymore. In contrast, in 

the case with 3.5wt% salt water in the top, as shown in the 

right side of Fig.4, a downward flow of relatively dense 

salt water into the transmitted water layer at the membrane 

surface was able to form, accelerating the water flux rate 

because the specific gravity of 3.5wt% salt water is 1.02.  

In the case of the horizontal arrangement, the effect of the 

specific gravity is expected to be relatively small, and we 

only observed the effect of the external concentration 

polarization without other effects such as convection of the 

draw solution. In all of the above cases, the flux of 50wt% 

2BE was lower than that of 100wt% 2BE. 

The water flux was relatively small under static 

conditions and relatively large under stirred conditions 

(No.10, 11, 12 in Table1). Under stirring at 7000 rpm, 2BE 

induced a water flux of 0.02 m/h, 1.2-fold larger than that 

of 3.5% salt water in the initial 5 min.  All the fluxes 

decreased to 28-46% for 30 min even in the stirring 

condition. The results of stirring and static experiments 

indicate the existence of external concentration 

polarization in the 2BE system, supporting the above 

discussion.  

The results for 2BE in several modes support the effect 

of concentration polarization. 2BE is therefore expected to 

be a good draw solution in cross-flow systems which were 

originally developed to reduce concentration polarization.    

Aqueous 2BE solution, which is formed after forward 

osmotic application, is known to have a lower critical 

solution temperature as shown in Fig.5. Aqueous 2BE 

solution of the concentration from 12wt% to 58wt% 

separates into two phases (liquid-liquid) at elevated 

temperatures higher than 60 °C, allowing the 2BE-rich and 

water-rich phase to be recovered for the next cycle of the 

forward osmotic application.  

 

2BE   d=0.90
3.5wt% salt solution
d=1.02

The heavier 

solution sinks 

Water Water

Concentration 

polarization

 
 
Figure.4 Illustration of the relation between concentration 

polarization and the specific gravity of the solvent. 

 
Figure.5   The phase diagram of aqueous solution of 2BE. 

The phase diagram was made by the data of the literature 

[4] consulting the literature [5] and we have confirmed the 

lower border line of Fig.5 by direct observation of the vial 

of various concentration of 2BE aqueous solution in water 

bath. 

 

2BE aqueous solution was intensively studied with a 

number of different techniques and the detail of the 

solution properties was reported.  Kato revealed that there 

exist few long-lived clusters whose component molecules 

diffuse together in the 2BE aqueous solution[6].  Verrall et 

al. reported clathrate-like structure in water rich region 

below 9.5wt%[7].  Siu et al. revealed repulsive 2BE-2BE 

interaction in the concentration region less than 10wt% , 

and existence of aggregation of 2BE in the region from 10 

wt% to 87wt%, and existence of 2BE and H2O cluster in 

the concentration region more than 87wt% in the 2BE 

aqueous solution at 25-35°C[8].  The second virial 

coefficient of 2BE aqueous solution was calculated to be -

1.86 at 5°C by Scatchard et al[9].  This result is  

2phase 

1phase 
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2BE concentration after phase separation (wt%)

Recovered solution method

separation

temperature

(
o
C)

PD
a

NMR
b

wate-rich　phase syringe test 70 12 11.4

φ75mm cell 60 12 11.1

2BE-rich phase syringe test 70 58 62.8

φ75mm cell 60 54 62.0

Table 2 The 2BE concentration in each phase after phase separation.

a
 Concentration based on the phase diagram, 

b
 Concentration measured by 

1
H-NMR  

corresponding to the lower osmolality of 2BE than 

expected in higher concentration region as shown in Fig.2.   

These reports indicate the existence of associated 2BE 

causes the decrease of osmolality in the concentration 

region more than 10wt%, agreeing the result of the 

osmolality measurement in this work, and in the 

concentration region more than 30wt%, the number of the 

aggregated 2BE is thought to have increased and the 

osmolality increased with it.  

 The separation of the solution after FO mode 

experiment was performed with a quartz glass cell with a 

membrane of diameter of 75 mm for 12 hours.  60 ml of 

2BE rich solution and 8ml of water rich solution were 

obtained by Pasteur pipette. The collected solution was 

separated in a vial of 100 ml with water bath at 60°C. The 

separated solutions, 2BE rich and water rich, were 

analyzed with 
1
H-NMR with 2,2,2-trifluoroethanol as the 

internal standard. The results were shown in Table 2 with 

the data of the syringe test samples and data expected from 

the phase diagram of 2BE aqueous solution.  The 

concentration data measured by NMR was similar to the 

theoretical concentration based on the phase diagram. It is 

safe to say the recovery of the draw solution of 2BE 

aqueous solution could be performed quite easily. 

4  CONCLUSION 

 

2BE/water could be a  good draw solution under 

suitable conditions, such as cross flows. 
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