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Graphical abstract 
 
 
 

 
 

Easy-handling hollow fiber images and their corresponding cryo-scanning electron microscopy 
image. 
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Abstract 
 

 

Cellulose is the most abundant biopolymer, but it is difficult to process due to its low solubility in 

most of the solvents. In this work, we demonstrate the preparation, of self-standing and defect-free 

cellulose hollow fiber membranes made by a sustainable process for filtration in organic solvent 

medium. The hollow fibers were made by the simple spinning technique using ionic liquids as a 

solvent. The spun solutions were prepared with three different ionic liquids, having imidazolium-

based cations and acetate or phosphates as anions. We used X-ray diffraction to evaluate the 

influence of the different ionic liquids on the crystallinity of the cellulose and the membrane 

solvent stability. We used cryo-scanning electron microscopy to investigate the porous structure 

of the hydrated membranes, distinguishing it from that of the dry membranes. The hollow fiber 

membrane performance was studied using dyes in water and ethanol solutions.  The rejection of 

Congo Red (696 g/mol) was higher than 90% in ethanol and even closer to 100% in water. The 

best results were obtained by using 1-ethyl-3-methyimidazolium diethyl phosphate and 1,3-

dimethylimidazolium dimethyl phosphate. Our results indicate that by using greener process is 

possible to obtain solvent resistant cellulose hollow fibers. 
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1. Introduction 
 

The demand for natural materials steadily increases due to their biocompatibility and greener 

manufacturing features [1]. Cellulose stands out as the major biopolymer naturally produced 

during the plant growth. Additionally, it may also be generated by a bacterial metabolism through 

in-situ production and easily disposed via enzymatic saccharification [2, 3].  Cellulose can be used 

for several applications such as liquid or gas separation, as fibers, nanocrystals, reinforcement 

nanofibrils, and as raw material for biofuel [4-7]. Despite its several advantages, only a small 

percentage is nowadays used in industries such as paper, textile, and pharmaceutical [7]. The 

cellulose structure is complex, constituted by coexisting crystalline and amorphous regions with 

strong hydrogen bonds, with different spatial arrangements or polymorphs. Six different polyforms 

are currently known, and they strongly depend on the nature of the cellulose itself. The most 

common are cellulose I and cellulose II. The first one is found in the native cellulose and leads to 

higher crystallinity degree, but is the thermodynamically least stable. Cellulose II instead, besides 

having more stability, is reported to be the most spread, since it arises from the dissolution-

regeneration and mercerization of the biopolymer [8-10]. 

The cellulose macromolecule is formed by several subunits of D-glucose.  Each one of them 

possesses three hydroxyl groups, which make the chemical modification very appealing, but at the 

same time make the cellulose quite challenging to dissolve. In fact, the hydroxy groups are 

positioned on the ring plane, while the hydrogen atoms are vertically directed, and together can 

form inter and intramolecular hydrogen bonds, from which, the final hierarchical structure arises 

[11]. This complexity is one of the discussed causes of dissolution problems in the most common 

solvents. Although cellulose is overall a hydrophilic molecule, it has an amphiphilic character, and 

to be solubilized, the solvent has to overcome both hydrophilic and hydrophobic interactions; in 

other words, an amphiphilic solvent is needed [11-13]. The most spread dissolution methods in the 

industry involve the use of acids [14, 15], alkali [16], or organic solvents [17] with dissolved salts 

[18-20], which as well, might chemically modify the cellulose. A more compressive and detailed 

solvent list is reported elsewhere [21, 22]. Most of the mentioned processes are environmentally 

hostile and consider a large amount of solvent waste. Moreover, a significant part of the operating 

cost in the industry is reported to be related to solvents consumption, and/or disposal [23-25]. 
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Therefore, an alternative and greener method should be industrially adopted to dissolve the 

biopolymer. 

The harsh more commonly used solvents for cellulose can be substituted by ionic liquids (IL) [26], 

which are organic salts with negligible vapor pressure; this is a crucial parameter since one of the 

major pollutions causes nowadays is due to the vapor organic compounds (VOC) [27]. 

Additionally, it is possible to adjust the sizes of the cation and the anion forming the IL, giving the 

possibility to tune the hydrophilicity/hydrophobicity of the solvent [28, 29]. The first dissolution 

of cellulose with ionic liquids is documented in a patent of 1934 [30], and a long time has passed 

before this concept turned into a real application. Nowadays many systems based on different 

combinations of anion/cations are reported [31-35]. One of the fields that could profit more from 

the dissolution of cellulose in ILs is the membrane technology and efforts in flat-sheet membrane 

preparation using ILs are now reported [6, 36-41]. Different rejection level has also been achieved, 

varying from the ultrafiltration (UF) to the nanofiltration (NF) field. So far, the reports on cellulose 

membranes prepared from solutions in ionic liquids have focused on flat sheet membrane 

configurations [42], while the more challenging and appealing hollow fiber preparation for 

nanofiltration application has been explored yet. Cellulose hollow fibers were previously spun 

only in common solvents [17, 43, 44] for gas separations and UF purpose.  

Although cellulose membranes prepared by simple phase inversion in water apparently lead to a 

dense morphology [10], the transport of small molecules is promoted by differential interactions 

between the cellulose and the solute molecules, which are predominantly based on hydrogen 

bonds. The characteristics of cellulose membranes make them suitable for dyes separations. Dyes 

are widely used in the rubber, textile, pharmaceutical, and petroleum industries. However, some 

of them are found to be linked to health disorder and, in some cases, they might even be mutagenic 

[45]. Moreover, in the textile processing, besides high quantities of produced wastewater 

containing dyes, also organic solvents are present. A solvent recovery using nanofiltration or 

adsorption technologies would be a good solution for the waste reduction [46-48].  The process of 

organic solvent nanofiltration (OSN) [49] typically aims to separate molecules with size in the 

range of 200 to 1000 g mol-1 [50], which includes most of the dyes. 

The development of solvent resistant membranes is growing fast, using materials such as 

poly(ether ether ketone) (PEEK) [51, 52], polyimide (PI) [53-55], polybenzimidazole (PBI) [56, 

57] and polytriazole (PTA) [58, 59]. In most cases, the solvent resistance is only achieved by 
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crosslinking.  Otherwise, non-crosslinked membranes suitable for use in organic solvents are 

commonly processed by using acids or other aggressive solvents.  

In this work, we propose and demonstrate the manufacture of cellulose hollow fibers by the simple 

spinning procedure, using three different ionic liquids as solvent. The selectivity for different dyes 

and their affinity to the membrane have been investigated by dynamic filtration and static 

adsorption using organic solvents and water. Effective solvent resistant nanofiltration membranes 

could be obtained without the necessity of a crosslinking reaction.  

 
2. Experimental 
 

2.1. Materials 

Cellulose Avicel PH-101, 1-ethyl-3-metthylimidazolium acetate ([EMIM][Ac]), 1-ethyl-3-

methyimidazolium diethyl phosphate ([EMIM][DEP]), 1,3-dimethylimidazolium dimethyl 

phosphate ([DMIM][DMP]), 1-ethyl-3-methylimidazolium chloride ([EMIM][Cl]), ethanol 

(99.9%), acetone (99%), methanol (99%), dimethylformamide (DMF) (99.8%), tetrahydrofuran 

(THF) (99%), N-methyl-2-pyrrolydone (NMP) (99.5%), glycerol (99.5%), Congo Red (CR), 

Safranin O (S), Brilliant Blue R (BBR), Reactive Green (RG), polyethylene glycol (PEG) (0.4, 

1.5, 10 and 35 kg/mol) and polystyrene (PS)(2, 10 and 30 kg/mol) were purchased from Sigma-

Aldrich and used without further purification. 

 

2.2. Preparation of cellulose membranes  

The pristine cellulose was firstly dried in a vacuum oven at 70 °C for 3 h to eliminate the residual 

moisture. Flat-sheet and hollow fiber cellulose membranes were prepared using the dried pristine 

polymer dissolved in the ionic liquids listed in Table 1.  The flat-sheet free-standing membranes 

were obtained by casting 12 wt% solutions on glass plates at 80 °C, followed by immersion in 

water. A 12 wt% cellulose dope was also used to spin hollow fibers in a small laboratory spinning 

apparatus under the conditions listed in Table 1. The solutions were vigorously stirred for about 2 

days at 85 °C. The homogeneous viscous solution was transferred to a previously heated metallic 

container. The pre-heating was essential to avoid any gelation. The container was coiled up with 

electrical heaters. The solution was degassed at 90°C overnight.  The container was connected to 

a nitrogen cylinder and the spinneret. The fibers were obtained by spinning, reaching the non-
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solvent bath by free-falling. The hollow fibers were kept in the water bath for 2 days to guarantee 

that the solvent was washed out. Finally, the membranes were immersed in an aqueous glycol 

solution before drying to avoid any pore collapse. The hollow fiber modules were prepared with a 

single fiber. A pair of Swagelok t- connections were mounted on a straight tube; then the fiber was 

threaded through it and fixed with epoxy resin.   
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Table 1. Casting and spinning conditions for cellulose flat-sheet membranes and hollow fiber 

preparation 

 
Operating 
conditions 

Cellulose 

[EMIM][Ac] 

 

Cellulose 

[EMIM][DEP] 

 

Cellulose 

[DMIM][DMP] 

 

Cellulose 

[EMIM][Cl] 

 

Dope cellulose 
concentration 
(wt %)  

12 12 12 12 

Dope solvent [EMIM][Ac] [EMIM][DEP] [DMIM][DMP] [EMIM][Cl] 

 

Flat-sheet preparation conditions 

Casting 
temperature 
(oC) 

80 80 80 80 

 

Hollow Fiber Spinning Conditions 

 

External 
coagulant 

Tap water Tap water Tap water  

Bore fluid DI water DI water DI water  

Bore fluid flow 
rate (ml/min) 

4 4 4  

Air gap (cm) 20 20 20  

Dope solution 
and spinneret 
temperature 
(∘C) 

90 90 90  

External 
coagulant 
temperature 
(∘C) 

25 25 25  

Spinning 
pressure (bar) 

3 3 3  
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2.3. Morphological characterization 

The hollow fiber cross-section and surface morphologies were investigated by scanning electron 

microscopy (SEM) (Quanta 600 and Zeiss Merlin), using a voltage of 3kV and a working distance 

of 3mm. For the SEM imaging, the samples were freeze-dried to guarantee a complete water 

removal without any structure collapse. To investigate the cross-section, the hollow fibers were 

fractured in liquid nitrogen. Finally, a 3 nm iridium coating was applied by sputtering onto the 

membrane for charging reduction. 

The Cryo-SEM was carried out on a Nova Nano 630 FEI microscope to investigate the morphology 

of the hollow fibers in the wet state. The microscope was equipped with liquid nitrogen cryogenic 

system and the sample temperature was −115 °C.  The imaging was performed at a voltage of 5 

kV and 5 mm working distance. To prepare the sample, the hollow fibers were frozen in liquid 

nitrogen and fractured at −170 °C. To eliminate any condensed ice, the fracture was sublimed at 

−90 °C and coated with platinum inside the cryogenic chamber. 

 
2.4. Solvent stability evaluation 

The solvent stability was evaluated using flat-sheet membranes. The membranes cast with different 

solvents were freeze-dried, weighed in an analytical balance and then immersed in 5 ml of THF, 

NMP, and DMF, separately. After 10 days, the membranes were washed in methanol and freeze-

dried again to ensure the solvent removal before the second and final weight. The solvent 

resistance, Or, was finally evaluated as reported in Ref. [6] (Equation 1), where m1 is the membrane 

weight before the immersion, and m2 after the 10 days. 

 

     (1) 

 
2.5. Dye static adsorption 

The static adsorption was evaluated using flat sheet membranes. A membrane area of 1cm2 was 

accurately cut and immersed in 10 mL of dyes (Table 4) solution using water and ethanol as 

solvents. The solution concentrations were measured ahead of the membrane immersion using a 

UV spectrometer (NanoDrop 2000c) and a previously determined calibration curve of UV 

absorption as a function of concentration. The measurements were repeated every 24h for 20 days 

until the dye adsorption on the membrane became constant. The amount of adsorbed dyes per cm2 

!" = $1 −'() − (*
()

+, ∗ 100 
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of membrane was calculated, by knowing the difference between the concentrations before and 

after the membrane immersion in the 10 mL dye solution.   

 

2.6. X-ray diffraction analysis 

The cellulose degree of crystallinity and its polyform type were investigated using a Bruker D8 

Advance diffractometer with Cu-Ka radiation source at 40 kV and 40 mV. The diffraction data 

were measured in the range of 5° to 50°. The tests were done using flat sheet membranes. 

The crystallinity index (CI) was calculated using Equation 2, first proposed by Segal et al. [60] 

and further used by Chukwuemeka et al. [61] to compare the crystallinity of cellulose samples. 

    (2) 

where I002 is the maximum intensity of the peak corresponding to 2θ = 22 ° for Cellulose II and 2θ 

= 22.7° for Cellulose I, respectively, and Iam is the intensity of the diffraction related to the 

amorphous region (2θ = 18° for Cellulose II and 2θ = 16° for Cellulose I). 

 

2.7. Performance 

Pure solvent permeations were measured after immersing the module into the permeating solvent 

for a period of up to 24 hours. A filtration setup was used to pump the feed in a crossflow mode, 

measuring the amount of permeate at fixed time intervals. The membrane permeation was 

measured using a single hollow fiber module. A transmembrane pressure of 0.2 bar was provided 

by a peristaltic pump and regulated by a valve in the downstream section. All the experiments were 

performed at room temperature. 

The permeances were calculated using Equation 3: 

𝐽 = $
%	∆(

  (3) 

where Q is the permeation rate (L h-1), A is the filtration area (m2), and DP is the transmembrane 

pressure (bar), and the effective area is  𝐴 = 	𝜋	𝐷	𝐿, D being the outer diameter of the single fiber 

(m) and L is the fiber length (m). 

For rejection measurements, dyes, PEG and PS were used as testing solutes. In the case of dyes 

separation, 200 ml of the same solutions of the static adsorption were used as feed. To evaluate 

the dyes separation performances and exclude the effect of the solute adsorption, the retentate 

CI =
I002 − Iam
I002

∗100
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concentration was carefully measured and the permeate was collected first when no decreasing 

feed concentration was observed. 1 g/L PEG feed solutions in water were prepared using different 

molecular weights (0.4, 1.5, 10 and 35 kg/mol). The rejection was evaluated by Equation 4: 
 

𝑅(%) = 100 ∗	41 − 67
68
9 (4) 

where Cp and Cf are the solutes concentrations in the permeate and feed solutions respectively. 

The molecular weight cut-off (MWCO) is defined as the lowest molecular weight that can be 90% 

rejected by the membrane. The concentrations were analyzed in two different ways. In the case of 

linear, uncharged and colorless molecules, gel permeation chromatography was used with an 

Agilent refractive index detector and water as a mobile phase at 35 °C. For dyes molecules, an UV 

spectrometer (NanoDrop 2000c) at different wavelengths was used instead. 

 

2.8. Dynamic mechanical analysis (DMA) 

The mechanical characterization was performed on a Q800 Dynamic Mechanical Analyzer in the 

tensile mode. For this measurement, hollow fibers of about 2 cm were fixed on clamps.  The stress-

strain analyses were carried out at a constant temperature of 25 °C using a force rate of 0.1 N/m in 

a range of 0 to 18 N.  

 

2.9. Zeta potential 

The zeta potential of the membranes was measured in aqueous solutions with pH 7, using a 

Zetasizer Nano series HT.  

 

3. Results and discussion 
 

 Cellulose solubilization tests were successfully performed in each of the four ILs reported in Table 

1. Additional tests were performed in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 

imide, 1-butyl-3-methylimidazolium thiocyanate, 1-ethyl-3-methylimidazolium 

hexafluorophosphate, 1-hexyl-3-methylimidazolium chloride, 1-methyl-3-propylimidazolium 

hexafluorophosphate, 1-methylimidazolium hydrogen sulfate, and 1-n-hexyl-3-

methylimidazolium hexafluorophosphate, however without leading to a solubilization.  
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3.1. Flat sheet membranes 

The four solutions in Table 1 were used for casting flat-sheet membranes, followed by phase 

inversion in a water bath. Only the first three solvents led to a self-standing membrane. Although  

[EMIM][Cl] can dissolve cellulose in a relatively high concentration [4, 32], a stable membrane 

could not be obtained. 

The goal of this work was the preparation of hollow fiber membranes. Initially, flat-sheet 

membranes were prepared to evaluate crystallinity, organic resistance, zeta potential, and 

susceptibility to dyes adsorption, as discussed below. The results obtained for flat-sheet 

membranes could be extended to hollow fibers prepared under analogous conditions (same solvent 

and temperature for phase inversion in water). A detailed performance investigation was conducted 

for the hollow fibers as later discussed.  

 

3.1.2. Crystallinity 

 

 
(a)                                                                                    (b) 

Figure 1. (a) XRD analysis of native cellulose powder and membranes cast from solutions in 

[EMIM][Ac], [EMIM][DEP] and [DMIM][DMP]; (b) Photographs of the corresponding cellulose 

casting solutions. 

 

Figure 1 shows the XRD profiles of raw cellulose and membranes obtained with the ILs after the 

non-solvent induced phase separation. They reveal different cellulose polymorphs. The pattern of 

the raw cellulose (red line) and the membrane prepared from solutions in  [DMIM][DMP] (dark 
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green line) displayed a sharp peak at 2θ = 22.7° and weaker peaks at 2θ = 15° and 16.5°, typical 

of the Cellulose I [8]. The calculated crystallinity index for this system was 46%, and as expected 

it was lower than for the native cellulose powder. The high crystallinity, which is not fully 

disrupted by [DMIM][DMP], could explain why the respective cellulose casting solution is turbid, 

compared with the analogous solutions in [EMIM][Ac] and [EMIM][DEP]. No previously 

reported cellulose membrane, prepared by phase inversion, had this polymorph. Figure 1 also 

shows the profiles of the membranes prepared from solutions in [EMIM][Ac] and [EMIM][DEP] 

in light green and blue lines, respectively, with peaks at 2θ = 12.3°, 20.5°, 22, which are typical of 

Cellulose II [10, 62]. This polymorph type is more commonly observed after treatments, such as 

dissolution, regeneration or chemical modification and is characterized by higher thermodynamic 

stability than Cellulose I. The crystallinity indexes, in this case, are 32% and 30% for the 

membranes prepared from solutions in [EMIM][DEP] and [EMIM][Ac], respectively. 

Moreover, the x-ray analysis helps to explain the results of the organic resistance analysis, as 

shown below. 

 

3.1.3. Organic solvent resistance  

Figure 2 shows the resistance of the flat-sheet membranes towards the most common and 

aggressive organic solvents: NMP, DMF, and THF. The membrane with the same polymorph of 

the native cellulose is the most robust. As in the case of the native cellulose, this is due to the 

strong hydrogen bonding formed at the inter and intramolecular level. These strong interactions 

guarantee that even though the organic solvent would be able to penetrate the structure, it would 

only cause swelling, but not dissolution [63, 64].  Cellulose II is as well able to form hydrogen 

bonds, which help the membranes to keep an adequate resistance towards the solvents. The higher 

solubility in NMP or DMF of membranes prepared from solutions in [EMIM][Ac] is strictly 

connected to the acetylation of the cellulose [6, 65, 66]. The acetylation partially disrupts the 

cellulose-cellulose hydrogen bonds and facilitated the contact with the solvents, separating the 

polymer chains.   
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Figure 2. Organic solvent resistance of membranes prepared from solutions in [DMIM][DMP], 

[EMIM][DEP] and [EMIM][Ac], respectively. 

 
3.1.4. Dyes adsorption 

Since hydrogen bonds might also lead to dye adsorption and masquerade the rejection and MWCO 

results, a static absorbance analysis was carried out with dyes solutions in both water and ethanol. 

These experiments gave an indication if the rejection is purely due to a size exclusion molecular 

sieving or to a high affinity between the dyes and the membranes.  The tested dyes were negatively 

(Congo Red, Reactive Green) and positively (Safranin O) charged, to compare the effect of the 

charge interactions. Brilliant blue R has two negative sulfonic groups as well as one positively 

charged protonated nitrogen atom per molecule.  
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                              (a)                                                                                      (b) 

Figure 3.  Static adsorption of dyes on cellulose membranes in (a) water and (b) in ethanol. 
 

Table 2. Zeta potential values of the membranes measured in aqueous solutions at pH 7. 
 

pH 7 

Cellulose/[EMIM][Ac] Cellulose/[EMIM][DEP] Cellulose/[DMIM][DMP] 

-36.06 -42.1 -27.46 

 

Table 2 reports the values of zeta potential for different membranes. The membrane surfaces are 

negatively charged, independently of the solvent used for the preparation. As reported in Figure 3, 

the highest adsorption takes place in aqueous solutions. Adsorption is a surface effect. It is strongly 

influenced by the charge interaction between the dyes and the cellulose surface, as well as by the 

hydrogen bond formation between dyes and cellulose. The slightly positively charged Safranin O 

has strong adsorption on cellulose in aqueous solutions, but in ethanol the adsorption is 

neglectable. The dielectric constant of ethanol is 3 times smaller than that of water. The 

dissociation of dyes molecules and the effective charge effect is therefore much more pronounced 

in water than in ethanol.    

The adsorption of Brilliant Blue R, containing both sulfonic groups and a protonated nitrogen atom 

is less pronounced in ethanol but remains substantial, especially on membranes cast from solutions 

in [EMIM][Ac]. The adsorption of the negatively charged Congo Red is strong in water and 

ethanol.  The charge effect alone cannot explain the behavior of these two dyes. Hydrogen bonding 

must be the predominant factor. Cellulose is known for its large density of hydrogen bonds.  The 
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hydroxyl groups in cellulose are hydrogen bond donors, due to the proton bonded to the 

electronegative oxygen atom, and at the same time, they can act as hydrogen bond acceptors, due 

to the available electron pairs in the oxygen.  As mentioned before, the spontaneous hydrogen 

bond formation strongly contributes to the insolubility of cellulose and its stability in most 

solvents. But the hydroxyl groups also provide sites for hydrogen bond formation with dyes, 

leading to a partially irreversible adsorption. Primary and secondary amino groups, respectively 

present in Congo Red and Brilliant Blue R, can also act as both hydrogen bond donor or acceptor 

and easily attach to the cellulose surface.  The primary amines in Congo Red are even more 

effective in the adsorption[67]. The sulfonic groups in both dyes can act as proton acceptors [68], 

forming then hydrogen bonds with the cellulose hydroxyl groups. Practically no adsorption 

reduction is observed in this case when changing from water to ethanol. 

When comparing membranes obtained from solutions in different ionic liquids, those prepared 

from a solution in [EMIM][Ac] had the strongest adsorption. It is known that partial acetylation 

takes place when cellulose is heated in [EMIM][Ac] [69]. The acetate group is not a hydrogen 

bond donor, due to the lack of an acidic proton. It is a relatively weak hydrogen bond acceptor. 

The ester groups as hydrogen bond acceptors seem to favor the interaction with the primary amino 

groups in Congo Red and the secondary amino groups in Brilliant Blue R as hydrogen bond donors. 

The intensity of cellulose-cellulose hydrogen bond is higher in the case of the membranes prepared 

with other ionic liquids.  This explains why the membranes made from solutions in [EMIM][Ac] 

are less resistant to the organic solvents since the interchain disruption would be easier.    

 
3.5. Hollow fiber membranes 
 
3.5.1. Morphology 

Hollow fiber membranes were spun, following the conditions listed in Table 1. The morphology 

of the fibers was investigated by SEM. The SEM images are shown in Figure 4.  The hollow fibers 

are free of macrovoids. Although they were prepared with the same spinneret and same weight % 

of cellulose in solution, the diameter of the dry fibers obtained from different ionic liquids is clearly 

different. The fiber obtained from [EMIM][DEP] has the largest diameter, while those obtained 

from [EMIM][Ac] or [DMIM][DMP] are much more compact. At high magnification, a 

morphology with wrinkles can be seen with the smallest features for that prepared from 

[EMIM][Ac].  Interstitial paths in the wrinkles could be responsible for the transport of water and 
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linear molecules, such as PEG, during the filtration experiments.  However, another possibility is 

that the observed wrinkles would be formed by drying during the sample preparation for SEM. To 

clarify if the morphology of the dry membranes is the same as that in water or another filtration 

medium, which would be more relevant for the real application, cryo-SEM images were obtained 

of wet membranes after immersion in water. The cross-section cryo-SEM images are reported in 

Figure 5.  At a low magnification, we confirm that the membrane prepared from [EMIM][DEP] is 

the one with the largest diameter. The big difference can be seen at high magnification. The 

detailed cryo-SEM images of the fibers cross-sections are clearly different than those of the 

corresponding dry fibers. No wrinkles are observed, but a fine porosity is seen. The membrane 

prepared from [EMIM][DEP] is the densest one, while those prepared from [EMIM][Ac] and 

[DMIM][DMP] are more porous with more open pores. 

 

 
            (a)                                                    (b)                                                        (c) 
 

Figure 4. Cross-section SEM images (room temperature) of hollow fibers prepared from cellulose 

solutions in (a) [EMIM][Ac], (b) [EMIM][DEP] and (c) [DMIM][DMP] with low (top) and high 

(bottom) magnifications. 
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(a)                                                   (b)                                                  (c) 

 

Figure 5. Cross-section cryo-SEM images of hollow fibers prepared from cellulose solutions in (a) 

[EMIM][Ac], (b) [EMIM][DEP] and (c) [DMIM][DMP] with low (top) and high (bottom) 

magnifications. 

 

3.5.2. Performance 
 
The permeation of the different hollow fiber membranes to pure water, ethanol, and DMF was 

investigated in cross-flow experiments, and the results are listed in Table 3 and Figure S1. The 

results of analogous measurements performed with dyes solutions are shown in the supplementary 

information (Figures S2-S4). The permeation of a hollow fiber prepared from solutions in 

[EMIM][Ac] was clearly higher than of others, and this can be explained by the more open 

structure seen in Figure 5a.  The rejections of the membranes were evaluated first using PEG 

solutions in water. These are neutral linear molecules with molecular weights 0.4, 1.5, 10, and 35 

kg/mol. The experiments were also performed in cross-flow cells, and the results are shown in 

Figure 6a. The MWCOs are all in the ultrafiltration range. The hollow fiber membrane with the 

lowest MWCO (18 kg/mol) was prepared from solutions in [EMIM][DEP]. They have the densest 
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porous structure, as shown in Figure 5b.  Cellulose/[EMIM][Ac] hollow fibers had a MWCO of 

23 kg/mol and the cellulose/[DMIM][DMP] ones had a MWCO higher than 35 kg/mol.   

 

Table 3. Permeation of hollow fiber membranes prepared from cellulose in different ionic liquids 

as solvents. 

 

 

Permeant 

Permeation (L m-2 h-1 bar-1) 

Cellulose solvent 

[EMIM][Ac] [EMIM][DEP] [DMIM][DMP] 

Water 48 ± 3 8 ± 2 13 ± 2 

Ethanol 19 ± 1 6 ± 1 6 ± 1 

DMF 44 ± 9 7 ± 1 8 ± 2 

 

 
 

 
(a)                                                                                    (b)  

Figure 6. Rejection performance of cellulose hollow fibers: (a) rejection of PEG with different 

molecular weights (0.4, 1.5, 10, and 35 kg/mol) in water for fibers prepared from different ILs; (b) 

rejection of PS with different molecular weights (2, 10 and 30 kg/mol) in DMF for fibers prepared 

from solutions in [EMIM][DEP]. 
 
 
The permeation and retention of molecules with various molecular weights indicate the hollow 

fiber membranes capability of separation, controlled by size sieving. However, the linearity of the 
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PEG molecules might masquerade the exact pore size determination since their molecular reptation 

into nanopores cannot be excluded.   An additional factor that can also influence the PEG transport 

is its interaction with the hydrated cellulose.  Moreover, in the fully swollen condition, the cellulose 

chains have higher mobility, leading to a decrease of the glass transition temperature below 

ambient temperature [67, 70]. All these aspects together could contribute to the rejection of PEG’s 

linear molecules, which could diffuse through the amorphous part of the cellulose. For this reason, 

we additionally investigated the performance of the hollow fibers for rejecting PS, which is a 

macromolecule with aromatic repeating unities, with much weaker interaction with cellulose. We 

present here the results for the hollow fibers prepared from solutions in [EMIM][DEP], chosen 

because they were the ones with the best MWCO measured using PEG in water. The experiments 

were performed with PS solutions in DMF (Figure 6b), leading to a MWCO around 25 kg/mol. 

This is even higher than the value measured with PEG in water (18 kg/mol). PEG is reported to 

adsorb on cellulose [71, 72], through the terminal groups, which have a basic character. If some 

adsorption occurs, an effective reduction of the pore diameters could lead to a slightly higher 

rejection (lower MWCO). The basicity effect is more pronounced for lower molecular weights 

[73], promoting even higher difference in rejection values for PEG and PS of similar molecular 

weights in the range of 10 kg mol-1 or below.  

The filtration and rejection tests were further performed with non-linear small molecules. Dyes are 

available in different sizes in the nanofiltration range (Table 4), however a careful analysis of their 

permeation results is necessary. In the nanofiltration range, the transport might be a combination 

of pore flow and solution-diffusion [74]. Parallel to the size effect, the dyes affinity with cellulose 

promoted by polarity and hydrogen bonding, and the Donnan effect caused by the charged 

molecules might enhance or hinder the transport through the membrane. In addition, a potential 

adsorption on the cellulose must be carefully taken into consideration.  In aqueous solution, the 

best separation performance was again achieved with the cellulose/[EMIM][DEP] membrane, 

which was the densest, followed by cellulose/[DMIM][DMP] membranes.  They succeeded in 

rejecting more than 90% of all negative dyes (Figure 7b), while the cellulose/[EMIM][Ac] hollow 

fiber membrane was able to exclude Reactive Green (1418 g mol-1) and Congo Red (696 g mol-1) 

but not Brilliant Blue R (826 g mol-1) (Figure 7a). A low rejection of the positively charged 

Safranin O was measured for all membranes, which are negatively charged (Table 2). Safranin O 

is also the smallest dye investigated in this work (350 g mol-1, Table 4). 
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(a) [EMIM][Ac]                             (b) [EMIM][DEP]                         (c) [EMIM][DMP] 

 

Figure 7. Dyes rejection of hollow fiber membranes, prepared from cellulose solutions in (a) 

[EMIM][Ac], (b) [EMIM][DEP], and (c) [DMIM][DMP]. Rejection measured after 24 hours 

filtration with dyes dissolved in water. 

 
(a) [EMIM][Ac]                             (b) [EMIM][DEP]                         (c) [EMIM][DMP] 

 
Figure 8. Dyes rejection of hollow fiber membranes, prepared from cellulose solutions in (a) 

[EMIM][Ac], (b) [EMIM][DEP], and (c) [DMIM][DMP]. Rejection measured after 24 hours 

filtration with dyes dissolved in ethanol. 

 
In ethanol, the best separation performance was again achieved with cellulose/[EMIM][DEP] and 

cellulose/[DMIM][DMP] membranes, which were able to reject more than 90% Congo Red, as 

reported in Figure 8b and 8c, respectively. Despite the higher molecular weight, Brilliant Blue R 

was not rejected with the same efficiency by the membranes (Figures 8). Figure 3 shows that the 

adsorption of Congo Red is much stronger than of Brilliant Blue R. The higher affinity between 

the cellulose and Congo Red is due to the positions and space between the functional groups, 

sterically matching the functionality in the cellulose. As it has already been reported by other 

groups, direct dyes can strongly form hydrogen bonding with the cellulosic substrate [67] [75]. 
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The amino groups in the Congo Red are spaced at intervals corresponding to the distance of 

hydroxyl groups of the cellulose [67, 68]. This favors the dye adsorption on the membrane surface. 

The rejection was measured after 24 hours of constant exposure to the dye and we assumed that 

the adsorption of the dyes was not an ongoing process anymore. But the irreversible adsorption on 

the membrane probably contributed to the apparent high rejection of Congo Red compared with 

Brilliant Blue R, despite of its lower molecular weight. The cellulose/[EMIM][Ac] membrane, 

which is the most open with transport properties predominately following a pore-flow and sieving 

mechanism, does not reject the negative dyes (Figure 8a) with size as high as 1418 g mol-1. 

Membranes prepared from cellulose/[EMIM][DEP] and cellulose-[DMIM][DMP] (Figure 8b and 

8c) had negative rejections of Safranin O. Negative rejection is a known phenomenon in dye 

filtration with organic media, and other groups were able to explain it using Hildebrand solubility 

parameter [76]. Cellulose is a semi-crystalline polymer. In water or other polar solvents, the 

amorphous segments of cellulose are plasticized and swell. The transport through the cellulose 

membranes takes place through the plasticized flexible and amorphous portions. A transport 

mechanism based on the classical solution-diffusion might be able to describe the negative 

rejection [74]. Table 4 lists the contributions to the Hansen solubility parameters due to dispersive 

forces, polarity and H-bonds formation (Equation 5). The value of Ra, calculated by Equation 6 is 

an indication of the affinity between the permeants and cellulose. Higher Ra values correspond to 

lower affinity.  d values for cellulose from two different sources are presented and Ra were 

calculated for both set of values, as well as the d values for acetylated cellulose. According to the 

Ra values, the affinities of water and ethanol to cellulose are similar and high.  The affinity of 

Safranin O with cellulose is the lowest one (Ra = 33 (MPa)1/2). Therefore, the solubility factor 

using the solution-diffusion model would not explain the negative rejection, i. e. a preferential 

Safranin O transport through the membrane relative to ethanol.  A possible explanation can be 

found by considering the water-cellulose and ethanol-cellulose H-bonds formation.  Dyes 

transported through water-swollen cellulose are exposed to both OH groups of cellulose and OH 

groups of the water partially bonded to the polymer by H-bond. In the case of cellulose membranes 

swollen by ethanol, the H-bond between ethanol and cellulose is similarly strong, however we can 

figure out that a molecular orientation takes place. The H-bond between ethanol and cellulose 

shields its hydroxyl groups from the exposure to the permeating dyes. Safranin O molecules in an 

ethanol solution might be exposed to the less polar part of the ethanol (Figure 9).  By the principle 
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of independent surface action, we can consider that each part of the ethanol molecule has a local 

surface free energy. While the hydroxyl groups have surface energies around 190 ergs/cm2, when 

the hydrocarbon part is exposed, the energy drops down to 50 ergs/cm2 or less [77, 78]. The 

environment seen by the Safranin O molecules could be analogous to that of a hydrocarbon 

polymer like polyethylene, which has similar d values, and therefore implying larger solubility 

(estimated Ra = 5.3 (MPa)1/2, based on polyethylene) than in cellulose solved by water. Higher 

solubility would promote the permeation by the solution-diffusion transport model. Membranes 

prepared from [EMIM][Ac] are at least partially acetylated and have less OH available for 

interaction with water. The values for cellulose acetate are also shown in Table 4. The Ra value 

with Brilliant Blue would decrease from 24.9 (cellulose) to 11.8 (cellulose acetate) (MPa)1/2, 

explaining the lower rejection in aqueous solutions in Figure 7a.    

 

 
Figure 9. Hydrogen bond between cellulose and ethanol and exposure to Safranin O. 
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Table 4. Dyes properties [79, 80] 

 MW  

(g/mol) 

Dye structure Hansen solubility parameters 

(MPa)1/2 

Charge  dD dP dH Ra 

Cellulose   12.7 

6.8 

19.4 

15.8 

31.3 

24.8 

 

Cellulose 

acetate 

  14.9 7.1 11.1  

Water   15.5 16 42.3 12.8 

Ethanol   15.5 8.8 19.4 14.7 

Reactive 

Green 

1418 

Negative 

 

    

Brilliant 

Blue 

826 

Negative 

 

18.6 14.2 17 19.2 

24.9 

Congo Red 696 

Negative 
 

17.9 22.1 25.7 12.2 

23.1 

Safranin O 350 

Positive 

 

20.1 5.1 8.5 30.7 

33.0 

Each d contribution (dispersive, polar and H-bond) is in part estimated using the HSPiP software [79]; the cohesive 

energy d2 equal to 

             (5) 
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3.5.3. Mechanical properties  

Besides the performance in terms of permeation and selectivity, the mechanical stability of a 

membrane is an important factor for applications. The hollow fiber mechanical properties were 

investigated by dynamic mechanical analysis and are reported in Figure 10 and Table 5. 

Toughness, Young’s modulus and elongating at break were all determined by stress-strain 

experiments. All membranes exhibited similar behavior when in the dry state. The Young’s 

modulus was calculated as the slope of the linear section of the stress-strain line, while the 

toughness by integrating the total area below the curve. Table 5 shows that the highest toughness 

was measured for the cellulose/[EMIM][DEP] hollow fibers, which also had the highest elongation 

at break and Young’s modulus. The lowest values were obtained for the cellulose/[EMIM[Ac] 

hollow fibers.  

 
Table 5. Mechanical properties of cellulose membranes prepared from solutions in different ionic 
liquids.   
 
 Membrane dried after swelling in water  

 [EMIM][Ac] [EMIM][DEP] [DMIM][DMP] 

Young modulus (MPa) 21 30 23 

Toughness (GPa) 1 31 10 

Elongation at break (%) 12 74 36 

 

 
(a)                                                                                  

Figure 10. Stress-strain mechanical analysis of the hollow fibers spun from solutions in different 
ionic liquids. 
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4.  Conclusion 
 

Cellulose hollow fibers were successfully prepared via spinning technique using three different 

ionic liquids as solvent. Cellulose I polymorph was obtained with [DMIM][DMP], and Cellulose 

II was obtained with [EMIM][Ac] and [EMIM][DEP]. Membranes prepared from solutions in 

[DMIM][DMP] had slightly higher resistance towards organic solvents such as NMP, THF, and 

DMF, followed by [EMIM][DEP] and [EMIM][Ac] .  

Cryo-SEM images showed differences in porosity between the hollow fiber membranes. In 

aqueous media a complete rejection of all the negatively charged dyes, Congo Red, Brilliant Blue 

R and Reactive Green was achieved by preparing hollow fiber membranes from solutions in 

[DMIM][DMP] and [EMIM][DEP], while hollow fiber prepared from [EMIM][Ac] rejected only 

Congo Red and Reactive Green. The highest water permeances was obtained for 

cellulose/[EMIM[Ac], which is 48 L m-2 h-1 bar-1. 

In organic solvents, the best membrane performances were achieved for the hollow fibers obtained 

from [DMIM][DMP] and [EMIM][DEP]. The rejection of the negatively charged Congo Red (696 

g mol-1) was higher than 90%. In opposite, the rejection of the much smaller (350 g mol-1) and 

positive dye Safranin O was negative. The negative rejection is explained by assuming a solution-

diffusion mechanism and taking into consideration the solubility of the dyes into the membrane. 

The rejection is highly dependent on the affinity between the membrane and solute and not only 

on the solute size. 

The mechanical analysis showed that the membranes prepared with [EMIM][DEP] had the highest 

toughness and this combined with the good filtration performance makes them the best candidates 

to be used for separations in organic solvents. 
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Membrane permeances to pure DMF and to dyes solution in water and ethanol.  
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Supporting information 

Cellulose hollow fibers for organic resistant nanofiltration 
 
 
 

 
Figure S1. DMF permeance measured up to 24 h for hollow fibers prepared from dopes with 
[EMIM][DEP]. 
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Figure S2. Cellulose/[EMIM][Ac] membrane permeation of dyes solutions (a) in water, and (b) in 
ethanol. 
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Figure S3. Cellulose/[EMIM][DEP] membrane permeation of dyes solutions (a) in water, and (b) 
in ethanol. 
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Figure S4. Cellulose/[DMIM][DMP] membrane permeation of dyes solutions (a) in water, and (b) 
in ethanol.  
 


