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The feasibility of separating small molecular organic compounds in the 
aqueous fraction of methyl bio-oils (AFMBO) using nanofiltration (NF) and 
reverse osmosis (RO) membranes was studied. Four kinds of 
commercially available NF and RO membranes were studied preliminarily 
by using model solutions (aqueous solution of methyl glycosides and 
glycerol). The membrane module was spiral wound, which is a more 
suitable format for industrialization than the flat-sheet format for dead-end 
filtration. The NF400-600 membrane exhibited the best separation 
performance; the permeate flux was 48.6 L/(m2·h), the methyl glucosides 
(MEG) rejection ratio was 95.4%, and the transmission of glycerol was 
81.0% with an initial concentration of 10 g/L (0.4 MPa, 45 ºC). Compared 
with the model solution, the NF performance of AFMBO, which included 
permeate flux, rejection of MEG, transmission of glycerol, and separation 
of the other components in AFMBO, was investigated. The more complex 
constituents of AFMBO led to NF400-600 permeability and separating 
property decline compared with the model solution in the same operating 
conditions; meanwhile more serious and even irreversible membrane 
fouling occurred. This research provided a reference for membrane 
separation industrial feasibility and application of AFMBO. 
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INTRODUCTION 
 

Due to rapid depletion of fossil fuels and associated environmental pollution, 

increased attention has been directed towards biomass, as an abundant, non-edible, and 

readily available source of renewable material. Biomass can also be transformed into high-

value production. Direct utilization of the biomass resources as chemical feedstocks is 

difficult due to their complex and robust crystalline structure; thus, the biomass must be 

refined to more convenient forms (Teella et al. 2011). Research has shown that hydrolysis 

of biomass by different kinds of acid catalysis at relatively lower temperatures (< 473 K) 

(Zhao et al. 2006) is most suitable for upgrading to the industrial application when it was 

compared with high-temperature pyrolysis (high-energy input and low selectivity) and 

enzymatic catalysis (slow process and high projected manufacturing costs) (Kamm 2007; 

Zellagui et al. 2016; Rezaei et al. 2017). Deng et al. (2010) reported that cellulose can be 

transformed into methyl glucosides (MEG) in methanol with relatively high yields of 50% 

to 60%, while Xu et al. (2012) reported that more complex biomass (lignocellulosic 

materials) liquefied and separated into a biopolyol aqueous phase and hydrophobic 

phenolics with the addition of a sufficient amount of water (Huber et al. 2004; Elliott et al. 
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2009). The aqueous fraction of the methyl bio-oil (AFMBO) mainly contains MEG 

(35.0%), glycerol (40.0%), and other organic compounds (25%), including esters, furans, 

phenols, acids, etc. (Xu et al. 2012; Feng et al. 2016). MEG are known as natural renewable 

materials for consumer-friendly and environmentally friendly anionic surfactants (El-

Sukkary et al. 2008; Xu et al. 2011). 

To separate and purify the AFMBO, various traditional separation methods, such 

as centrifugation, precipitation, extraction, multi-effect evaporation, and column 

chromatography, have been reviewed (Mussatto and Roberto 2004; Huang et al. 2008; 

Pienkos and Zhang 2009). However, none of these methods have proven efficient in an 

ability to separate methyl sugar derivatives from AFMBO, and each of them has its own 

drawbacks: high processing costs (centrifugation, evaporation), high chemical 

consumption and production of wastes (ion-exchange, adsorption), hazardous solvent 

handling (liquid/liquid extraction), and significant sugar loss or low efficiency 

(centrifugation, precipitation, and column chromatography) (Nguyen et al. 2015). 

However, membrane separation has significant advantage of refining low molecular weight 

solution without the requirement of stoichiometric reagents. Pressure-driven membrane 

separation processes are often more efficient and easier to operate than traditional 

separation processes (Watson and Hornburg 1989; Ducom and Cabassud 1999).  

Nanofiltration (NF) and reverse osmosis (RO) have been used successfully in 

separation of organic substances (Van der Bruggen et al. 1998). Han and Cheryan (1995) 

reported that several RO and NF membranes were screened for separating acetic acid from 

glucose, and the average acetate and glucose rejections are 40% and 99%, respectively. 

They also report that flux and rejection of acetic acid are influenced by pressure, 

temperature, concentration, pH, and the degree of dissociation of the acetate. Woźniak and 

Prochaska (2014) reported on the rejection of fumaric salts from glycerol fermentation 

broth, of which the rejection of glycerol was lower than 6%, which shows better 

permeability of glycerol through a NF membrane. The research of Van der Bruggen et al. 

(1998) and Wang and Nakao (1988) showed that the rejection of a series of neutral small 

organic molecules were mostly influenced by each molecule’s size parameter (correlated 

with molecular weight) in the nanofiltration process. The separation layers of NF 

membranes have pores in the 0.5 nm to 2 nm range, and are suited for rejecting compounds 

of molecular weight up to 150 g/mol to 1000 g/mol (Weng et al. 2009), while a RO 

membrane with more compact layers can reject smaller molecules, according to the theory. 

MEG and glycerol have molecular weights of 194 g/mol and 92 g/mol, respectively, also 

suggesting that NF is appropriate for separating the two solutes. However, nanofiltration 

membrane performance depends on size exclusion as well as surface interactions between 

the membrane and dissolved species, feed pH, ionic strength, and the concentration of the 

various dissolved solutes (Bellona et al. 2004). Maiti et al. (2012) and Weng et al. (2010) 

have conducted a more detailed study in which the removal of toxic compounds from rice 

straw hydrolysates and the concentration of monomeric sugars is possible using 

nanofiltration membranes. Consequently, membrane performance is difficult to predict as 

it depends on the interaction between all of these parameters. 

The aim of this work was to select appropriate membranes from different kinds of 

spiral-wound modules of NF and RO membranes on a filtration device for their ability to 

separate MEG and glycerol from AFMBO (the spiral-wound module is more suitable for 

large-scale production and close to the actual industrial applications) (Tsibranska and 

Tylkowski 2013). Experiments were conducted with model solution containing MEG and 

glycerol, and the effects of operating pressure, temperature, and concentration on permeate 
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flux and solute rejection were studied. Membranes and operational conditions providing 

the highest methyl glucosides rejection with the highest glycerol transmission were 

selected for future investigations. Compared with the model solution, AFMBO was used 

to study the real situation of membrane separation, fouling, and cleaning. 

 

 

EXPERIMENTAL 
 

Materials 
AFMBO and model solution 

Lignocellulosic biomass (bamboo) was liquefied catalytically in methanol and 

glycerol solution under suitable temperature and pressure. The liquefied products (Institute 

of Chemical Industry of Forest Products, Chinese Academy of Forestry, Beijing, China) 

were separated by the addition of a sufficient amount of water after removing the methanol 

via rotary evaporation (Xu et al. 2012). Calcium hydroxide was added until the solution 

was neutral, and then the hydrophobic phenolics and calcium sulfate were removed using 

a Buchner funnel. Lastly, the bio-oil solution was filtered preliminarily by microfiltration 

of thin-film (Φ50 mm, nominal 0.45-μm pore sizes) for the removal of the major quantity 

of char particles and ash content of the bio-oil. The analysis of composition of bamboo 

methanol liquefied analysis of polyglycosides is given in Table 1. The model solution 

contained glycerol (40%) and methyl glucosides (35%), as they are the main compounds 

of AFMBO (Feng et al. 2016). The chemicals that were purchased from Aladdin Reagent 

Co., Ltd. (Shanghai, China) and Bodi Chemical Co., Ltd. (Tianjing, China).  

 

Table 1. Composition of Bamboo Methanol Liquefied Analysis of Polyglycosides 

Compound Rejection Time T (min) Percentage W (%)A 

Esters / 5.5 

Ethyl levulinate 8.10 2.5 

2-Hexanoic acid allyl ester 15.90 1.6 

Hexanoic acid propyl ester 21.20 0.6 

3,5-Dimethoxy-4-
hydroxyphenylacetic acid 

29.70 0.9 

Hexadecanoic acid methyl ester 32.50 0.2 

Furans / 4.5 

Β-Methoxy-(S)-2-furanethanol 7.13 3.9 

2,5-Dimethyl-4-methoxy-furan 15.5 0.6 

Methyl glycosides / 35.0 

Methyl-Β-D-glucopyranoside 19.30 0.4 

Methyl-Α-D-galactopyranoside 26.30 20.6 

Methyl-Α-D-glucopyranoside 26.10 13.0 

Phenols / 3.3 

4-Acrylic phenol 29.90 3.3 

Alcohols / 40.0 

1,2,4-Butanetriol 7.80 0.4 

Glycerol 13.10 39.6 

Acid / 6.6 

Malonic acid 11.10 6.6 

Other / 5.6 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Xie et al. (2019). “Separation via nanofiltration,” BioResources 14(1), 575-591.  578 

Membranes 

Four commercially available RO and NF membranes (Table 1) were selected 

according to the constituent of bio-oil solution, literature reports, and data from suppliers. 

For NF membranes, molecular weight cut-off (MWCO) was in the range of 200 g/mol to 

800 g/mol as given by manufacturers, which is suitable for the separation. The MWCO 

was not indicative enough because craftsmanship might vary from one manufacturer to the 

other. All membranes were thin-film composite membranes with an aromatic polyamide 

active layer. Maximal operating conditions were 45 ºC, 6 bar, and 2 to 11 for pH. The 

membrane module form selected was the spiral wound module, which has potential for 

larger scale applications compared with flat-sheet of dead-end filtration (Bian et al. 2000). 

 

Table 2. Parameters of Reverse Osmosis and Nanofiltration Membrane   

Note: Testing conditions of water permeate flux and rejection ratio of RO-1812 were 2000 ppm 
NaCl, 225 psi (1.55 MPa), and 25 ºC. Testing conditions of water permeate flux and rejection 
ratio of NF membrane were 2000 ppm MgSO4, 70 psi (0.48 MPa), and 25 ºC. 
1 DOW: the membrane products from The Dow Chemical Company 
2 DK: the membrane products from American General Corporation 

 

Filtration device and protocol 

Experiments were performed with use of a Ro-nf-uf-4010 filtration device (MoSu 

Equipment Science Ltd., Shanghai, China), which allowed several spiral-wound membrane 

modules to be tested in sequence. Filtration area was 0.4 m2 for each membrane type. Pure 

water was first filtered for membrane compaction at 0.4 MPa until flux stabilization. 

 The effects of pressure, concentration, and temperature on rejections and permeate 

flux were studied on the NF and RO groups separately in batch recycling mode (both 

retentate and permeate recycled in the feed vessel) (Fig. 1).  

 
 

Fig. 1. Schematic diagram of filtration system (1: Water bath; 2: Feed vessel; 3: Control valve; 4: 
Nanofiltration module; 5: Flowmeter; 6: Pressure gauge; and 7: Infusion pump) 

Membrane 
Rejection 

(%) 
Permeate Flow 

Rate (L/h) 

Active 
Layer 

Material 

Module 
Form 

Interchangeable 
Products 

RO-1812 99.5 30 

Aromatic 
polyamide 

Spiral- 
wound 

DOW1 

SW300 

NF200-300 97 40 DK2 

NF400-600 97 50 NF270 

NF600-800 95 55 NF90 
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Pressure was increased from 0.2 MPa to 0.6 MPa in increments of 0.1 MPa. At each 

pressure, after 10 min circulating for stabilization, samples of feed, current retentate, and 

individual permeate were collected to detect the concentration of required components by 

high performance liquid chromatography (HPLC) with differential refraction detector, and 

the permeate flux was recorded. 

 The pure water flux Jw and permeate flux Jp through the membrane were calculated 

by permeate flow-rate measurements as in Eq. 1, 

 Jw, Jp = Fp / S         (1) 

where Fp is the permeate flow rate (L / h) and S is the membrane area (m2). 

 The observed rejection Ri and transmission Ti were calculated in Eqs. 2 and 3, 

 Ri (%) = (1 - Cp,I / CF,i) × 100       (2)                 

 Ti (%) = 100 - Ri        (3) 

where Cp,I and CF,I are the concentrations of solute i (g/L) in the permeated and in the feed 

tank, respectively. 

 The fouling ratio (FR) and the water flux recovery ratio (WFR) were calculated in 

Eqs. 4 and 5, 

 FR (%) = (J0 - Jfw) / J0 × 100       (4) 

 WFR (%) = (Jw - Jfw) / (J0 - Jfw) × 100     (5) 

where J0 is the pure water flux before filtration (L/(m2·h)), Jfw is the pure water flux after 

filtration of solution(L/(m2·h)), and Jw is the pure water flux after cleaning the membrane 

by water, dilute acid solution, dilute alkali solution, or special detergent (L/(m2·h)). 

 

Methods 
The samples were analyzed by HPLC (Shimadzu, Kyoto, Japan). Solutes (glycerol, 

methyl glucosides, and malonic acid) were separated in the SUGAR SC1011 column (300 

mm × 8 mm i.d., 6-μm particle size; Shodex Corporation, Tokyo, Japan), which was heated 

at 70 ºC. The detector was an evaporative light-scattering detector (Shimadzu, Kyoto, 

Japan) and the evaporation temperature was 30 ºC. The mobile phase was water at a flow 

rate of 1 mL/min. The concentration of samples was determined by external standard 

method, and sorbitol was used as external standard. 

 

 

RESULTS AND DISCUSSION 
 
Table 3. The Index of Membrane Experiment 

Membrane 
Pure Water flux 

(L/(m2·h)) 
Rejection of MEG 

(%) 
Transmission of 

Glycerol (%) 

RO-1812 10.5 99 > < 3 

NF200-300 18.5 98.3 < 8 

NF400-600 29.8 95 60 

NF600-800 26.9 25 90 

Note: For the filtration condition, the operating pressure was 0.4 MPa, initial concentration was 20 
g/L (the ratio of MEG and glycerol was 1:1), and the operation temperature was 25 ºC. 
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The Selection of Membranes 
 The pure water flux results of four membranes are given in Table 3 under the same 

conditions. The pure water flux of RO-1812 was 10.5 L/(m2·h) and exhibited the lowest 

permeability, probably because this reverse osmosis membrane had a lower porosity factor 

and was more compact than nanofiltration, which was consistent with the lowest permeate 

flow rate shown in Table 2. The highest permeability of NF400-600 among the NF 

membranes (29.8 L/(m2·h)) might have been related to its low active layer thickness 

compared to NF200-300 (90 nm for NF270 against 120 nm for DK nanofiltration 

membrane according to Dalwani et al. (2011)). 

For RO-1812 and NF200-300, rejection of MEG and glycerol were both higher than 

97% due to a predominant size exclusion effect. However, the best membrane that was 

selected should provide the highest MEG rejection together with the highest glycerol 

transmission. For NF600-800, rejection of MEG and glycerol were both lower than 25%, 

which showed strong permeability, and is also not suitable for the separation. The MEG 

rejection for NF400-600 was 95%, and the glycerol transmittance was 60%, which 

indicated that the majority of MEG had remained in the retentate, and most of the glycerol 

flowed through the membrane into the permeate, resulting in remarkable separation during 

the membrane filtration process. 

In summary, NF400-600 had better performance for the separation of MEG and 

glycerol, while the other three films showed poor ability of separation. Meanwhile, NF200-

300 and RO1812 could be used in a concentrated aqueous solution containing glycerol or 

MEG. The subsequent experiments were all studies of NF400-600 properties in the 

separation of bio-oil solution. 

 

NF of Model Solution 
The permeate flux, rejection of MEG, and transmission of glycerol were taken as 

indexes, and experiments were conducted with 10 g/L model solution at 20 ºC via 

experimental method as previously mentioned. First, the effects of operating pressure for 

NF were investigated, with each experiment repeated three times and the average result 

under the same condition recorded. The result data were integrated, appraised, and selected 

for adoption as the next steps’ conditions. For the effect of initial concentration and 

operating temperature, the same steps above were also taken sequentially. 

 

 
 
Fig. 2. (a) Effect of operating pressure on the permeate flux; (b) Effect of operating pressure on 
the MEG rejection ratio and the transmission of glycerol 
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Effect of operating pressure 

 According to the solution-diffusion model (Nguyen et al. 2015), 

Jp = Aw ∙ (∆P - ∆∏) 

where ∆∏ is the osmotic pressure difference of retentate and permeate, and Aw is the 

permeate constant. The permeate flux was nearly a linear function of operating pressure 

(Fig. 2). 

 As rejection order was in accordance with MW or with Stokes diameter, the rejection 

of MEG (MW = 194) was higher than 95% and of glycerol (MW = 92) was lower than 40% 

(Ri = 1 - Ti), which was likely due to a predominant size exclusion effect. The rejection of 

MEG had almost no change while the transmission of glycerol declined slightly with 

increasing operating pressure (Fig. 2b), which indicated that as pressure was increased, the 

solvent (water) flux increased faster than solute (glycerol) flux, and thus rejections 

decreased (Nguyen et al. 2015). 

As expected, the operational conditions provided the highest permeate flux and the 

highest MEG rejection simultaneously with the highest glycerol transmission. However, 

Fig. 2 illustrates that the two purposes were paradoxical as increasing operating pressure, 

so the authors chose 0.4 MPa as the better operating pressure for the balance of them. 

 

 
 
Fig. 3. (a) Effect of initial concentration on the permeate flux; (b) Effect of initial concentration on 
the MEG rejection ratio and the transmission of glycerol 

 

Effect of initial concentration 

 The experiments were conducted at 0.4 MPa and 20 ºC (as shown in Fig. 3). It was 

observed that permeate flux is logarithmic with initial concentration, and these 

observations are consistent with the research of Nguyen et al. (2015). The change of 

rejection of MEG was not significant.  

The transmission of glycerol decreased 6% when the initial concentration was 

enlarged 5 times (from 5 g/L to 25 g/L) due to ∆∏ increase hindering glycerol transport 

through the membrane. For the separation efficiency, a low initial concentration would be 

promising. However, as the initial concentration decreased, larger volume of the solution 

and more energy was required in the process, so 10 g/L was chosen as the suitable initial 

concentration. 
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Fig. 4. (a) Effect of operating temperature on the permeate flux; (b) Effect of operating 
temperature on the MEG rejection ratio and the transmission of glycerol 

 

Effect of temperature 

 The experiments were conducted with 10 g/L model solution at 0.4 MPa. The 

permeate flux was nearly a linear function of temperature (Fig. 4a). According to the 

solution-diffusion model, If ∆P (operating pressure) and ∆∏ (initial concentration) were 

constant, Aw was the only factor for permeate flux (Jp) and had linear relation with 

temperature.  

The rejection of MEG and transmission of glycerol were noticeably linear with 

temperature, which indicated that solute permeability through membrane increased linearly 

with increasing temperature. This might be attributable to enhanced molecular movement 

or decreased viscosity of the solution and enlarged pore diameter in the membrane. The 

transmission of glycerol remarkably increased 20% when temperature increased from 20 

ºC to 45 ºC, while the rejection of MEG decreased just 3%. Thus, high temperature 

provides the highest permeate flux and the highest MEG rejection with the highest glycerol 

transmission. Because the maximal tolerable temperature of NF400-600 was 45 ºC, then 

40 ºC as operating temperature would be the optimum. 

The optimum NF conditions were established by single factor tests: 0.4 MPa 

operating pressure, 10 g/L initial concentration, and 40 ºC operation temperature. Under 

the above conditions, the permeate flux was 42 L/(m2
•h), the rejection ratio of MEG was 

96%, and the transmission ratio of glycerol was 77%, as the best separation efficiency. The 

choice of operational conditions was also determined by the limitation of operating 

condition, energy-consuming economy. Thus, the optimum operating conditions should be 

selected according to the actual situation. 

 

Effect of NF time 

 Maintaining the concentration of 10 g/L at room temperature, the permeate flux as 

a function of NF time under different operating pressures is shown in Fig. 5. As shown, the 

permeate flux declined from 0 to 1 h and then was stabilized under 0.5 and 0.6 MPa, while 

when the pressure was ≤ 0.4 MPa, the permeate flux was stable during all the NF time. The 

phenomenon of concentration polarization is the main cause of flux decrease at the 

beginning time under higher pressure (Bian et al. 2000; Geraldes et al. 2002). 
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Fig. 5. Effect of nanofiltration time on the permeate flux 

 
Effect of solute ratio 

With a fixed MEG concentration of 10 g/L, Fig. 6 illustrates the impact of glycerol 

concentration on the nanofiltration process. The increasing glycerol concentration resulted 

in a slightly increasing of MEG rejection.  

Meanwhile, the glycerol transmission was decreasing, which indicated that 

transmission through the film of MEG was slightly influenced by the changes of osmotic 

pressure caused by the different concentrations of glycerol. This phenomenon also 

demonstrated that the molecular interaction between MEG and glycerol was low 

(Laufenberg et al. 1996).  

 

 
 

Fig. 6. Effect of concentration of glycerol on the MEG rejection and the transmission of glycerol 
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NF of AFMBO 
Effect of pressure 
 Figure 7a shows that, compared with the model solution under the same conditions, 

the permeate flux of AFMBO was smaller, which indicated that the real situation of NF 

was more complex than analog. In contrast, a slope of pressure-flux (solute transmission 

coefficient) of AFMBO below 0.5 MPa was nearly the same as the model solution, but was 

remarkably decreased when the pressure was 0.5 MPa or more. According to the resistance 

model (
m p

=
+

J
R Rµ（ ）

ΔP
 ), a high pressure resulted in high boundary layer resistance (Rp). 

Possible reasons of the two aspects shown in Fig. 7a were that AFMBO also contained 

additional substances other than MEG and glycerol, which led to an increase in osmotic 

pressure, formed settled layers, or clogged the membrane pores during the membrane 

filtration process. 

 

 
 

Fig. 7. (a) Effect of operating pressure on the permeate flux rejection ratio; (b) effect of operating 
pressure on the MEG and the transmission of glycerol 

 

 The transmission of glycerol in AFMBO was lower than that in the model solution 

shown in Fig. 4b, which might support the idea that partial small pores on the membrane 

were clogged or a  more significant gel layer were formed. For rejection of MEG, the data 

for AFMBO and model solution under different operating pressures were almost equal, 

which implied that the effect of additional components for MEG was negligible.  

The malonic acid content reached 6.6% of the solutes in AFMBO and was higher 

than any other solute except MEG and glycerol, so its separating performance was 

investigated in Fig. 8. The transmission of malonic acid was approximately 10% greater 

than glycerol under the same operating conditions according to comparisons with Fig. 7b, 

which implied beneficial separation with MEG but not glycerol during the filtration 

process. The other solutes, including phenolics, disaccharide, furans, etc., were 

investigated together due to close connectedness of their HPLC peaks. The same HPLC 

peak position of the other solutes implied a similar strong polar and molecular size as 

ligand-exchange and size exclusion effect with a liquid chromatographic column (SUGAR 

SC1011). The rejection of the other solutes increased remarkably from 76% to 88% with 

operating pressure due to their component complexity.  
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Fig. 8. Effect of operating pressure on the other solutes rejection ratio and transmission of 
malonic acid 
  

For industrially relevant separation, a calculation was carried out for the pressure 

normalized net driving pressure (PNNDP) and pressure normalized rejection (PNR), as 

Table 4 shown. These findings precisely tell how the membranes are going to function at 

high flux that is industrially relevant and that information will be extremely useful for those 

who make cost calculations (Adhikari et al. 2017). 
 

Table 4. Flux-Normalized Net Driving Pressure (FNNDP) and Flux Normalized 
Rejection (FNR) of the NF Membrane Screened Initially (normalized flux is 20 
LMH) 

 FNNDP, psi FNR, % 

  MEG Glycerol Malonic Other 

Model 127.75 96.2 40 - - 

AFMBO 158.875 95.8 45.6 37.3 88 
These tests used feed solutions of model solution and AFMBO. 

 

 
 
Fig. 9. (a) Effect of initial concentration on permeate flux under different pressure at 40 ºC;  
(b) Effect of initial concentration on rejection and the transmission under 0.4 MPa 
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Effect of concentration 

 Effect of initial concentration on permeate flux was remarkable when the operating 

pressure was high (the difference between permeate flux of 20 g/L and 30 g/L increased 

from 2 L/(m2·h) to 9 L/(m2·h) when the pressure increased from 0.3 MPa to 0.6MPa). 

 For the rejection of MEG/the other solutes and the transmission of molanic 

acid/glycerol are shown in Fig. 9b, where transmission of glycerol was most sensitive to 

initial concentration from 65% down to 55%. At the same time, the rejection of MEG 

slightly decreased, which was similar to the situation of the model solution. The 

transmission of malonic acid and rejection of the other solutes had almost no changes, 

probably due to their very low concentration. 

 

 
 

Fig. 10. (a) Effect of temperature on the permeate flux; (b) effect of temperature on rejection and 
transmission ratio 
 

Effect of temperature 

 Experiments were conducted with 20 g/L AFMBO under 0.5 MPa to investigate 

the effect of temperature for the NF process (Fig. 10). Permeate flux of AFMBO increased 

linearly with temperature increasing, just like the model solution, but it was lower under 

the same temperature (Fig. 10a). This finding might be the evidence that the NF400-600 

was influenced or fouled by AFMBO.  

 

 
 

Fig. 11. (a) Effect of operating pressure on the fouling ratio; (b) effect of initial concentration on 
the fouling ratio 
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The transmission of glycerol in Fig. 10b had not changed remarkably compared 

with the model solution (Fig. 4b). Transmission of malonic acid noticeably increased with 

higher temperature. Such an increase is beneficial for malonic acid to penetrate the 

aromatic polyamide layer. The same situation was true for the other solutes. 

 
Fouling and Cleaning Experiment of NF 
Effect of operating condition for NF fouling 

 As shown in Figs. 11 and 12, for both of AFMBO and model solution, their 

membrane fouling rate increased with operating pressure, initial concentration, and 

operating temperature. Therefore, the selection of low operating pressure, concentration, 

and temperature was beneficial for relieving the degree of membrane fouling. The fouling 

rates of AFMBO were generally higher than that of the model solution under all the same 

operating conditions, and this fact supported the idea that the complex components of 

AFMBO clogging film pores led to a further decline in the permeate flux and separation 

performance.  

 

 
 

Fig. 12. Effect of operating temperature on membrane fouling ratio  

 

Membrane cleaning experiment 

 Experiments were conducted with 20 g/L model solution and AFMBO to permeate 

NF400-600 for 30 min at operating conditions of 0.5 MPa and 35 ºC, respectively. The 

membrane module was cleaned by using pure water, 2 M HCl solution, 2 M NaOH 

solution, and detergent (2% sodium tripolyphosphate and 0.8% EDTA sodium), 

respectively. The results are shown in Fig. 13, which were calculated through Eq. 5. 

Compared with the model solution, the WFR of AFMBO for all cleaning agents 

was lower, which implied that the complex components dissolved in AFMBO led to more 

serious, irreversible membrane fouling. Part of the evidence was that phenolics enriched 

on the membrane surface through concentration polarization of the filtration process 

formed dark yellow adsorbate due to their low solubility. 
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Fig. 13. Effect of cleaning agent concentration on the pH 
 

 As Fig. 13 reflects, in terms of the WFR, the model solution yielded a response to 

cleaning that was approximately 97% similar in response to different pH values of the 

cleaning agent. By contrast, the AFMBO WFR of HCl solution was especially higher than 

that of pure water and NaOH solution. The reason for this result might have been that the 

added calcium hydroxide to neutralize sulfuric acid that dissolved in the AFMBO was not 

removed completely though paper filter and microfiltration, and accumulation and 

precipitation of the forming calcium salt during the process of membrane filtration resulted 

in clogging pores, but a HCl solution could dissolve calcium salt and lead to higher 

AFMBO WFR. To verify the hypothesis, sodium tripolyphosphate and EDTA sodium, 

known as metal ions chelate agent, were introduced as the cleaning agent and obtained the 

same result as the HCl solution. Therefore, the presence of calcium ion also resulted in 

membrane fouling. 

 This experiment also indicated that the single microfiltration process before NF 

could not effectively prevent membrane fouling under complex circumstances. Adsorption, 

solution softening, flocculation, and extraction (Myint 2014) should be introduced into feed 

pretreatment. Further work should clarify which components caused membrane fouling 

and find appropriate methods to remove them. 

 

 

CONCLUSIONS 
 

1. Four kinds of spiral wound membrane module, which are close to actual industrial 

applications and suitable for large-scale production capacity, were studied in the NF 

experiments of model solution. The NF400-600 membrane was selected as the best 

membrane for the separation of MEG and glycerol from four kinds of commercially 

available aromatic polymeric membranes. 

2. The best nanofiltration conditions of model solution from single factor test were with 

an operating pressure 0.4 MPa, an initial concentration 10 g/L, and an operation 
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temperature 40 ºC. Under the above conditions, the permeate flux was 42 L·m-2·h-1, the 

methyl glucosides retention ratio was 96%, and the transmission ratio of glycerol was 

77%. The result demonstrated that NF400-600 membrane has good separation 

performance under the above operating conditions. 

3. The more complex constituents of AFMBO led to declines of NF400-600 permeability 

and separating performance compared with the model solution in the same operating 

conditions. Meanwhile, more serious and even irreversible membrane fouling occurred.  

4. This research provided a reference for membrane separation industrial feasibility and 

application of AFMBO.  
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