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ABSTRACT 

Xylitol is a sugar alcohol used as a sweetener in the food industry. Xylitol can be produced 

from D-xylose using a fermentation process, but it then needs to be separated from the other 

components of the fermentation broth (e.g., metabolic products, residual substances, biomass 

cells, and mineral salts), before being purified as xylitol crystals. Therefore, to obtain high 

purity xylitol, various separation processes are required. One very promising downstream 

processing method is membrane separation. This study evaluated membrane-based processes 

for the separation of biomass cells and other impurities, determined the concentration of xylitol 

produced from Debaryomyces hansenii yeast fermentation broth, and proposed a polysulfone 

ultrafiltration (UF) membrane for biomass-cell separation followed by polyamide nanofiltration 

(NF) to remove low-molecular-weight compounds (e.g., acetic acids) from sugars. The effects 

of operating pressure were examined using a fermentation broth model solution. The results 

showed that a higher pressure caused a higher permeate flux; however, the permeate flux’s rate 

flow decreased over time due to concentration polarization, and fouling in the UF and NF 

membranes. Nevertheless, at all pressures, UF achieved a 99% rejection of biomass cells. In 

addition, microscope analysis showed that no biomass cells were detected in the permeates of 

UF. The resulting NF concentrates revealed high xylitol retention and a beneficially lower 

concentration of acetic acids. The operating pressures of the UF test conditions were 1 barg and 

1.5 barg, illustrating that, at a pressure of 5.5 barg, the experiments achieved reasonably high 

xylitol retention (above 90%) indicating negligible losses of sugar in the permeate port. 

Moreover, this was proven to be a feasible way to concentrate xylitol up to three times from the 

initial concentration of the model fermentation broth (MFB). Therefore, the results 

demonstrated that a two-stage combination of UF and NF is a promising system for the 

downstream processing of microbial xylitol production. 
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1. INTRODUCTION 

Xylose is a five-carbon sugar within the aldehyde group, and is the second most abundant sugar 

in nature (Guirimand et al., 2015). Xylitol is a five-carbon sugar alcohol that can be found 

naturally in fruits such as strawberries, in low quantities. Xylitol has many applications as a 

sweetener; for example, it can safely be consumed by diabetic people and it has sweetness equal 

to sucrose, it is used as an additive in color photography, and helps to prevent dental cavities 

(Murthy et al., 2005; Sjoman et al., 2008). Xylose can be converted to xylitol by a chemical and
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biological process (Murthy et al., 2005). In the chemical process, xylose is hydrogenated at a 

high pressure and temperature using a ruthenium catalyst (Yadav et al., 2012). Meanwhile, in 

the biological process, xylose can be converted to xylitol by utilizing yeasts as microbial 

conversions. This alternative method is attractive due to its low energy consumption, high 

substrate specificity, and it produces fewer toxic compounds (Nguyen et al., 2015).  

The fermentation broth not only contains xylitol but also contains a residual substrate, acetic 

acid, and ethanol was detected as another metabolic product (Kresnowati et al., 2016). In order 

to enhance xylitol’s purity, other components of the fermentation broth should be removed. 

Furthermore, these components can also be potentially valuable products if they can be 

separated from the fermentation broth. 

Many methods have been considered as an alternative for removing impurity components, such 

as vacuum evaporation, extraction, over liming, activated carbon adsorption, and ion exchange 

(Zhou et al., 2013a; Weng et al., 2010). However, they require high energy for the operation or 

they can lose minor products of fermentation (Zhou et al., 2013a; Sjoman et al., 2008). 

Therefore, advanced separation methods such as a membrane-based process have been 

considered. Affleck (2000) evaluated an ultrafiltration-(UF) based process for the downstream 

processing of xylitol produced via fermentation. Another research project proposes the 

combination of UF and NF membrane processes, and considers the advantages and limitations 

of each process (Kresnowati et al., 2017). 

Membrane technologies are used for the downstream processing of biological processes, due to 

their simple operation and their ease of scaling up (Sasaki et al., 2014). In particular, the 

pressure-driven membrane is effective and has a good performance for industrial production 

processes (Zhou et al., 2013b; Nguyen et al., 2015). UF and NF are two types of pressure-

driven membrane processes. Integrated UF and NF technology is proposed for improving the 

economic viability of the downstream process, so a combined technology has been used for 

various purification processes. 

UF membranes have a molecular weight cut-off (MWCO) of 1,000–100,000 Da. This means 

that all substances larger than the MWCO of a particular membrane, such as microorganisms 

and macromolecules (proteins, carbohydrates, and fat), are retained on the membrane surface, 

while the substances smaller than the MWCO, such as sugars, salt minerals, and water, can pass 

though the membrane (Li et al., 2006). To prove the capability of UF, lab-scale experiments 

have been carried out; for example, particular substances with larger polymeric cellulose > 10 

kDa from the enzymatic hydrolysis of cellulose from pretreated wood was retained on a UF 

membrane surface (Abels et al., 2013). 

NF can be used for the separation and concentration of products from streams, such as 

fermentation product separation and sugar concentration. NF has a special characteristic in that 

the MWCO varies from 150–1,000 Da, so using this membrane can retain multivalent 

compounds that have an MWCO of 150–250 Da, such as saccharides. In Zhou et al.’s (2013a) 

study, NF was used to separate xylose and acetic acid in synthetic model solutions at a ratio of 

10:1, respectively. Their results show that the highest separation factor achieved for acetic acid 

was 5.4. They report the optimum filtration pressure is 24.5 barg at a cross-flow velocity of 

0.09 m/s. However, the concentration of xylose on the membrane surface was higher, at 238 

g/L.  

In our study, we evaluated a membrane-based separation process using a combination of UF 

and NF to isolate and concentrate xylitol from a fermentation broth of Debaryomyces hansenii 

yeast using a synthetic medium containing xylose as a substrate. UF was conducted to remove 

cells and other macromolecules from the fermentation broth. Sequentially, the permeate was 

further filtered using an NF membrane. 
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The aim of this study was to evaluate the performance of UF and NF for separating impurities 

from a fermentation broth; in particular, the effects of operating pressure on optimizing the 

separation membrane and efficiently concentrating xylitol from the fermentation broth were 

investigated. 
 

2. METHODOLOGY  

2.1. Field Data Analysis 

The membrane was fed using a fermentation-broth solution (model fermentation broth (MFB)), 

obtained from the fermentation of D. hansenii yeast using a synthetic medium containing 

xylose as the carbon source; this was done by following the procedure explained in a prior 

study (Mardawati et al., 2015). Pure xylitol was added to the solution to increase its 

concentration in the solution. The properties of the feed solutions are shown in Table 1. 

 

Table 1 Compositions of feed solutions used for the membrane-filtration experiments 

Properties Concentration 

Xylose (g/l) 2.70 

Xylitol (g/l) 2.80 

Acetic acid (g/l) 2.90 

Dry weight cell (g/l) 4.02 

 

2.2. Membranes 

A hydrophilic polysulfone UF membrane (GDP Filter, Indonesia) with MWCO 1,000–5,000 Da 

was used in this study as the first-stage separation. A hollow fiber membrane module with a 

total area of filtration of 2.51 m
2
 was used. For the second-stage separation, a polyamide NF 

membrane with an MWCO of 150–300 Da (DOW Filmtec Corp) in spiral-wound module 

configuration was chosen. The filtration area of the NF membrane was 0.42 m
2
. The experiment 

design shown in Table 2 was used to investigate the effect of various operating pressures for UF 

and NF on the component retention and permeate flux decline. 

 

Table 2 Experimental conditions to determine the influence of the operating conditions  

on component separation 

Pres. UF (barg) Pres. NF (barg) 

0.5 5.5 

1.0 6.5 

1.5 7.5 

2.0 8.5 

 

2.3. Membrane Configuration and Working Procedure 

The separation system was used on a batch operation in which the retentate stream was fully 

recycled back into the feed tank and the permeate stream was fed into the next step. This 

operation assisted the concentration of sugars in the MFB. It is also commonly applied to 

laboratory- and pilot-scale studies (Cheryan, 1998). 

Figure 1 shows a schematic representation of the proposed process. The systems consisted of 

re-circulating pumps and a cross-flow membrane module. All filtration systems were carried 

out at ambient room temperature. The system included a UF membrane as the first stage of the 

downstream process. Initially, a feed of MFB (4 L) was transferred to the feed storage tank with 

a diaphragm pump. 
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Figure 1 Schematics diagram process for these experiments. (A) Storage tank feed solution; (B, J) 

Pump; (C,G,K,O) Valve; (D,F,L,N) Pressure gauge; (E) UF membrane; (M) NF membrane; (I) 

Storage tank of permeate UF; (H,P) Permeate solutions 
    

The pressure was adjusted using a needle valve. The pressure gauges were also utilized to 

measure the pressure in the feed and retentate line. The cross-flow velocity was unvarying in 

both membranes. The flux was measured by timing how long it took for 100 ml of permeate to 

be produced using a stopwatch. The needle valve was throttled slowly to set the desired 

pressure, as shown in Table 1. The filtration was done when the total permeate flux reached 3.2 

liters, and the retentate was circulated back to the storage feed tank. The permeate of the UF 

membrane was used for the filtration experiments with the NF membrane, which was the 

second stage of the downstream process. This solution was transferred to the feed tank of the 

NF with a centrifugal pump of up to 40 barg. Each filtration was performed until a steady 

permeate flux was reached. After each experiment, both the UF and NF membranes were 

cleaned using NaOH 0.1 N for 15 minutes, at 0.5 barg for UF and at 2 barg for NF, to remove 

the solutes deposited on the membrane surface. Before and after the membranes were used and 

cleaned, the pure water flux was measured using demineralized water as the feeding solution. 

Samples with a small volume (3 ml) were taken from the feed, permeate, and final retentate for 

analysis. 

2.4. Analytical Methods 

The samples from the feed, permeate, and retentate were centrifuged at 6000× g (for 10 

minutes), and the supernatants were taken to determine the concentration of the xylitol and the 

other metabolites using high-performance liquid chromatography (HPLC) with a BioRad 

Aminex HPX-87H column, which was applied using 5mM H2SO4 as an eluent (Mardawati et 

al., 2015). Prior to the injection, the samples were filtered using a 0.2 µm membrane filter.  

The yeast cells were measured by microscopic observation (Olympus CH20) using methylene 

blue test staining to verity cell viability (Martınez et al., 2003). 

2.5. Rejection and Permeate Flux 
The extent of xylitol concentration obtained by applying the membrane process is presented in 

terms of % rejection, flux, volume concentration factor. The rejection of the main component 

was calculated using Equation 1: 

 

 
(1) 
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where Cpermeat represents the concentration of the component in the permeate stream and Cretentat 

is the concentration of the components in the retentate stream. The permeate flux (J) is the 

volume of permeate collected per unit area of the membrane (A) and per unit of time (t), as 

shown in Equation 2: 
 

 
(2) 

 

(3) 

 

3. RESULTS AND DISCUSSION 

3.1. Pure Water Flux Measurement 

The pure water flux was measured at ambient temperature. This is a basic parameter used to 

evaluate membrane performance. The operating pressure versus water flux curves were plotted 

for both the UF and NF membranes, as shown in Figure 2. 

 

 

Figure 2 Water Flux of UF (a) and NF (b) against varied pressure at ambient temperature 

 

High linear correlations were obtained between water flux and various pressures, as presented 

in Figure 2, with R
2
 = 0.7582 for UF and R

2
 = 0.9969 for NF. It is obvious that the water flux of 

the UF membranes was lower than the NF membranes, due to the difference in membrane 

characteristics. The obtained results agree with the Hagen-Poiseuille equation (Equation 3), 

which show that the pure water flux (Jw) increased linearly with pressure (∆P). 

3.2. UF of MFB 

As can be seen in Figure 3, at a lower pressure, a small permeate flux was obtained during 

initial filtration. A different trend was observed from the other applied pressure, but a similar 

initial permeate flux was observed, 2, 2.2, and 2.24 L/m
2
.h, at pressures of 1, 1.5, and 2 barg, 

respectively. A severe reduction of permeate flux was shown at a higher pressure; at the 

beginning of the filtration the permeate flux decreased sharply over time. The decline of 

permeate flux for UF was gradual due to cake formation on the surface of the membrane under 

operational conditions (Li et al., 2006). Over time, the deposited cake formation gets thicker, 

which may lead to irreversible fouling of the UF membrane. Considering the decrease in 

permeate flux, the optimum pressure of UF was observed at 1 barg. Using microscopic 

observation, there were no cells detected in the permeate of UF, whereas the total amount of 

cells observed in the UF retentate was 10.32–15.52×10
7 

cells/ml. 
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Figure 3 Change of permeate flux over the time during UF 

 

Table 3 represents the steady fluxes found at a pressure range from 0.5–2 barg during the 

filtration of MFB with the UF membrane. The results showed that, at 1 barg, a higher steady 

flux of 0.680 L/m
2
.h was achieved. A further increase in pressure from 1.5 to 2 barg gave lower 

steady fluxes of 0.571 and 0.612 L/m
2
.h, respectively. 

 

Table 3 Steady fluxes at differences pressure of UF membrane 

Pres. (barg) Steady fluxes (L/m
2
.h) 

0.5 0.318 

1 0.680 

1.5 0.571 

2 0.612 

 

3.3. NF of UF Permeate 

Figure 4, shows the effect of pressure and time on permeate fluxes during the filtration of the 

MFB at pressures ranging from 5.5–8.5 barg for NF. We observed an increase in the initial 

permeate fluxes with an increase in applied pressure. On the other hand, we also observed a 

steeper decrease in the permeate flux with an increase in the applied pressure. Overall, a higher 

flux was a reached at a higher applied pressure in Table 4. 

 

 

Figure 4 Change of permeate flux over time during the filtration of MFB for NF 
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Table 4 Steady fluxes at different pressures of NF membrane 

Pres. (barg) Steady fluxes (L/m
2
.h) 

5.5 1.23 

6.5 1.95 

7.5 6.31 

8.5 15.84 

 

At an increased pressure, more solutes are transported to the membrane surface, which causes 

the concentration polarization and membrane fouling that leads to the reduction of the permeate 

flux (Zhou et al., 2013a). Under a high concentration slope, the solutes have a tendency to 

transmigrate though the membrane (Lyu et al., 2016). In general, this phenomenon occurred 

when batch-filtration mode was applied, and the retentate was recycled back to the feed storage 

tank and sent back to the filter. Therefore, an increase in filtration time caused the deposition of 

retained particles and macromolecule substances on the membrane surface.  

Figure 5 shows that xylitol retention increased from 95% at 5.5 barg to 97% at 8.5 barg in a 

similar observation. A further increase in the applied pressure did not result in a further increase 

in xylitol retention. From another application of an NF-membrane-based process for 

concentrating activated carbon, with treated pre-hydrolysis liquor (TPHL) for the fermentation 

substrate, a pressure increase from 100 to 500 psi was shown to increase the total sugar 

concentration from 360 to 480 g/L (Ahsan et al., 2014). Another result is revealed by Nguyen et 

al. (2015), who find that NF was the optimum membrane for initiating a detoxification effect on 

a lignocellulosic hydrolysate model solution, with glucose retention >94% and inhibitor 

transmission >80%. NF offers a higher flux and lower pressure. However, the final conclusion 

is that xylitol retention reached significantly high values when the pressure was increased. 

 

 

Figure 5 Effects of pressure on xylitol retention in a similar observation of NF 
 

3.4. Xylitol Concentration during Filtration 
Table 5 and Table 6 reveal comparisons of the composition of the initial feed concentration of 

NF and the final concentration of NF in the feed tank at a pressure of 5.5 barg during the 

concentration of the MFB solutions. We observed an increase in xylitol concentration from 

5.69–6.07 g/L in the initial feed to 7.94–9.34 g/L in the final feed tank storage of NF. 

Considering the initial xylitol concentration of 2.8 g/L in the MFB, the membrane process 

configuration of UF and NF gave a 2.8–3.3 fold increase in the xylitol concentration of the 

solution. If the batch-filtration time is longer and a higher initial concentration is used, further 

concentration of xylitol could be achieved. At the same time, the final NF retentate 
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concentration of xylose and acetic acid were observed to be low. 

 

Table 5 Comparison of the composition of the initial feed of NF (permeate of UF at pressure 1 

barg) and the final feed of NF after the concentration of MFB solutions 

Concentration Initial feed concentration (g/L) Final feed concentration (g/L) 

Xylitol 6.07 9.34 

Xylose 3.87 1.29 

Acetic acid 7.35 1.38 

 

Table 6 Comparisons of the composition of the initial feed of NF (permeate of UF at pressure 

1.5 barg) and the final feed of NF after the concentration of MFB solutions 

Concentration Initial feed concentration (g/L) Final feed concentration (g/L) 

Xylitol 5.69 7.94 

Xylose 3.19 1.34 

Acetic acid 2.73 1.63 

 

4. CONCLUSION 

The results showed that the UF membrane can remove biomass cells from fermentation broth. 

UF showed great performance for the retention of biomass cells, in that no cells were observed 

in the UF permeate. An increase in the applied pressure did not significantly increase the 

steady-state UF fluxes of the UF permeate. Increasing the applied NF pressure tended to 

increase xylitol retention and increased the initial permeate flux, despite the faster decrease in 

the flux due to the resulting concentration polarization and membrane fouling.  

The optimum test conditions were achieved by applying a UF pressure of 1 barg and an NF 

pressure of 5.5 barg, giving a 3.3-times xylitol concentration of the feed solution. Overall, the 

combination of both the UF and NF processes was shown to be a promising process 

configuration to purify and concentrate xylitol obtained from a fermentation process. 
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