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A B S T R A C T

The application of the xylose reductase (XR) enzyme in the development of biotechnology demands an
efficient and large scale enzyme separation technique. The aim of this present work was to optimize xylose
reductase (XR) purification process through ultrafiltration membrane (UF) technology using Central
composite design (CCD) of response surface methods (RSM). The three effective parameters analyzed were
filtration time (0–100), transmembrane pressure (TMP) (1–1.6 bar), cross flow velocity (CFV) (0.52–1.2 cm/
s�1) and its combined effect to obtain high flux with less possibility of membrane fouling. Experimental
studies revealed that the best range for optimization process for filtration time, operational transmembrane
pressure and cross flow velocity was 30 min,1.4 bars and 1.06 cm/s, respectively as these conditions yielded
the highest membrane permeability (56.03 Lm-2h-1 bar�1) and xylitol content (15.49 g/l). According to the
analysis of variance (ANOVA), the p-value (<0.0001) indicated the designed model was highly significant.
The errorpercentage betweentheactualandpredictedvalueformembranepermeabilityandxylitolamount
(2.21 % and 4.85 % respectively), which both were found to be close to the predicted values. The verification
experiments gave membrane actual permeability of 57.3 Lm-2h-1 bar�1 and 16.29 g/l of xylitol production,
thus indicating that the successfully developed model to predict the response.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recent biotechnology advances have opened up new avenues
for the production of essential biomolecules such as enzymes and
proteins [1]. While a considerable amount of work has been carried
out in this area, the technology to separate biological products
from reaction mixtures has not kept up with advances in upstream
processing [2]. Given the recognized fact that downstream
processing accounts for a large share of the final product costing,
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there has been a growing interest in the discovery of efficient
downstream processing methods for the separation, concentration
and purification of biomolecules [3].

Xylose reductase (XR) is one of the key enzymes for xylitol
production, therefore understanding the mechanisms that
regulate its activity could help to establish the optimal process
conditions of separating XR [4]. XR was the first enzyme used in
the D- xylose isomerization pathway, where it has shown to
control the rate of D-xylose utilization and therefore the enzyme
application demands an efficient and large scale enzyme
separation technique [5]. The techniques that are routinely
used in laboratories (e.g. chromatography or affinity purifica-
tion) can be employed for enzyme separation [6], but they are
only suitable for producing small quantities of the enzyme.
Moreover, such techniques not only require complex instru-
mentations but also have low production efficiency and high
cost [7].
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Membranes have become an integral part of biotechnology
and improvements in membrane technology are now focused on
achieving higher resolutions of the bioproduct [8]. Membrane
technology are increasingly employed for various applications in
both upstream and downstream technologies, such as micro-
filtration (MF), ultrafiltration (UF), emerging processes such as
membrane chromatography, high performance tangential flow
filtration, and electrophoretic membrane contactor [9]. Mem-
brane-based processes are playing a critical role in the field of
separation/purification of biotechnological products which
include protein production/purification and protein–virus sep-
aration [10]. Morthensen et al., developed an integrated system
of cofactor regeneration and xylose purification using mem-
brane reactor equipped with charged nanofiltration (NF)
membrane. The product was separated based on charge
repulsion and size exclusion in a sequence of two NF steps
[11]. As advancements are made in the membrane production
and module design, the capital and operating costs continue to
decline [12]. Among the membrane process, the UF process is a
cost-effective method that gives high productivity and reason-
able product purity. The process is also easier to scale-up
compared to the chromatography and other electrophoresis
techniques. The UF process seems to be less expensive,
isothermal, and easy to scale-up, has the advantages of ensuring
high values of products, preserving the targeted biomolecules,
and yielding satisfactory separation performance [13]. Zaccaria
et al., investigated the use of ultrafiltration membranes for the
concentration of laccase-rich enzymatic extract of Pleurotus
sajor-caju PS-2001. Concentration by ultrafiltration resulted in a
superior recovery percentage of 141 %, but under low permeate
flow 20 L m�2 h�1 and longer process time with laccase activity of
ca. 3033 U mL�1 [14].

Operating conditions such as transmembrane pressure (TMP)
and cross-flow velocity (CFV) have an effect on the purification
performance and fouling phenomenon [15]. Hence its optimi-
zation of such critical factors are very important for high product
yields. High cross-flow velocity induces turbulence, reduces
concentration polarization and increases shear stress in the
laminar region. Although TMP is the driving force for perme-
ation, the flux increases with pressure up to a limiting value
(TMPlim), which depends on the physical properties of the
suspension to be filtered and on the CFV [16]. At higher TMP, the
flux becomes independent of pressure due to concentration
polarization. For optimal flux, a TMP at the point at which flux
levels off is usually chosen. Among the multivariate statistic
methods, response surface methodology (RSM) is one of the
relevant multi-variant techniques which can deal with multi-
variant experimental design strategy, statistical modelling, and
process optimization [17]. This method is often employed after
the important controllable factors are identified and to find the
factor that optimizes the response [18]. The conventional
method that has been widely applied is known as one factor
at one time (OFAT). The statically experimental design also could
determine the interactions between factors that might be
revealed in the employed experimental data [19]. Optimization
of multiple factors using RSM has proved to be a suitable tool,
but its application in the Xylose reductase is still not yet
explored.

Therefore, this research is focused on studying the separation of
XR from product mixtures using an ultrafiltration membrane. The
RSM study was applied in the separation process, in which
filtration time, transmembrane pressure and cross flow velocity
was optimized as it is important to obtain high flux with less
possibility of membrane fouling. This study helps to minimize the
production cost for xylitol production.
2. Materials and methods

2.1. Characterization of ultrafiltration membrane

The membrane cassette was purchased from GE Healthcare
Biosciences Corp, Piscataway, USA. The commercial ultrafiltra-
tion membrane was made from polyethersulfone with the
molecular cut-off (MWCO) and membrane effective area of
10 kDa and 0.11m2, respectively. It was dried at room tempera-
ture for three days before analyzing with FTIR. Infrared
measurements were recorded using an attenuated Perkin Elmer
(Spectrum 100) FTIR spectroscopy using attenuated total
reflection (ATR) mode in ZnSc crystal, over range of 500-
4000 cm�1. The spectrum of the membrane was analyzed using
the OMNIC software [20].

2.2. One Factor at One-Time Approach (OFAT) approach

The feed mixtures for the UF membrane process has been
formulated according to Rafiqul, et al., [21]. The concentration of
xylitol, xylose, glucose, arabinose, acetic acid and XR was
16.28 g/l, 2.52 g/l, 4.64 g/l, 2.55 g/l, 3.2 g/l and 0.94 g/l respec-
tively. The mixtures were continuously subjected into the
filtration process using an ultrafiltration cassette membrane.
Filtration process were run at 1.2 bar and 1.06 cm/s in order to
study the effects of the filtration time. The pure water flux (Jpwp)
was measured by taking the volume of permeates in every
10 min during the preliminary filtration stage. After that,
deionized water was replaced with the simulated mixtures
and the permeates were collected every 10 min until the flux
reached a steady state and measured. The effects of TMP was
performed at 0.8, 1.0,1.2,1.4 and 1.6 bar with the constant CFV of
1.06 cm/s. CFV was varied at 0.58, 0.70, 0.88, 1.06 and 1.24 cm/s
at a constant TMP (1.2 bar), to determine the effects of CFV. The
adjustable feed valve was used to increase the pressure at a rate
of 0.2 bar for every 10 min and the flux was recorded by
collecting the permeate every 5 min. On other hand, the CFV was
controlled by optimizing the feed velocity at a rate of 0.5 cm/min
into the membrane. Finally, the flux was recorded by collecting
the permeate everyb5 min [20].

2.3. Optimization using Central Composite Design (CCD)

Central composite design (CCD) was used for the optimiza-
tion process in order to determine the optimum levels of
various factors with the interrelations between each factors
evolved simultaneously [22]. The design was consisted of a 2k

factorial design augmented by 2k axial (star) points and n0

center points, where α is the distance of the star point from the
center. The axial distance was chosen as 2.0 to make this design
rotatable. For predicting the optimal point, a second – order
polynomial function (Eq. (1)) was fitted to the experimental
result.
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 bijxixj ð1Þ

where Y is the predicted response, β0 is the offset term, b i is the
linear effect, b ii is the squared effect, and βij is the interaction
effect. The quality of the fit of the second- order polynomial model
equation is expressed by the coefficient of determination R2, and
its statistical significance is checked by F- test. The F–test was used
to evaluate the significance of the model. Table 1 shows the factors
and levels for the optimization of the operating parameters during
the separation of XR.



Table 1
Factors and levels for the central composite design (CCD).

Variables Symbols Levels

Coded Actual �2 �1 0 1 +2

Filtration time, (min) X1 x1 20 40 60 80 100
TMP, (bar) X2 x2 0.8 1.0 1.2 1.4 1.6
CFV, (cm/s�1) X3 x3 0.52 0.70 0.82 1.06 1.20

Fig. 1. FTIR spectra of UF membrane.

Fig. 2. Effect of Filtration Time. (a) Normalized flux and resistance ratio profile as
function of filtration time. (b) Amount of xylitol during 100 min of filtration.

Fig. 3. (a) Effect of transmembrane pressure on membrane flux. (b) Effect of
amount xylitol produced at different pressure (c) Fouling Model.
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2.4. Calculations

The membrane intrinsic resistance (Rm) was determined by
using Darcy’s law Equation as given below

Jpwp
DP

¼  
1

mRm
ð2Þ

where m is the dynamic viscosity of water and Jpwp/ DP is the
graph’s slope.
The hydraulic resistance of the membrane (rm) was evaluated
using below equation

J ¼ Q ¼DP

A
rm   ð3Þ

where J is the flux through the membrane (LMH), DP is the
transmembrane pressure (Pa), m is the dynamic viscosity (Pa hr)
and rm is the membrane hydraulic resistance (m�1). The
membrane intrinsic resistance (Rm) in this study was found to
be 1.10 � 10 12m-1.

2.5. Analytical methods

The concentrations of xylose, glucose, arabinose, xylitol and
acetic acid was determined by high performance liquid chroma-
tography (HPLC) using an Agilent 1200 chromatograph (Agilent,
USA) equipped with a Refractive Index detector (RID). Ultrapure
water was used as mobile phase at a flow rate of 0.6 mL/min and
20 mL of filtered sample was injected by auto sampler. The mobile
phase was previously vacuum filtered using 0.45 mm nylon
membrane filter and degassed in an ultrasonic bath for 60 min
to remove any dissolved air [21]. The XR activity was determined



Fig. 4. Effect of crossflow velocity on membrane flux (a) Determination of fouling coefficient (a) at different pressure, (b) at different cross flow velocity, (c) Fouling model.

Table 2
Experimental design and results (actual and predicted values) of the full factorial central composite design.

Std Run Time (min) TMP (bar) CFV (cm/s) Membrane permeability (L m�1 h -1 bar �1) Amount of xylitol (g/L)

Actual Predicted Actual Predicted

1 30.00 1.00 0.70 50.20 50.31 15.09 15.03
2 50.00 1.00 0.70 48.32 48.48 13.90 13.86
3 30.00 1.40 0.70 51.86 51.97 15.87 15.84
4 50.00 1.40 0.70 49.87 49.90 15.30 15.38
5 30.00 1.00 1.06 52.40 52.53 16.17 16.07
6 50.00 1.00 1.06 50.34 50.39 15.33 15.34
7 30.00 1.40 1.06 57.30 57.30 16.26 16.28
8 50.00 1.40 1.06 54.85 54.91 16.21 16.25
9 20.00 1.20 0.88 54.50 54.41 16.18 16.26
10 60.00 1.20 0.88 50.25 50.19 15.12 15.07
11 40.00 0.80 0.88 47.43 47.29 14.31 14.40
12 40.00 1.60 0.88 53.49 53.47 16.18 16.12
13 40.00 1.20 0.52 49.65 49.53 14.32 14.34
14 40.00 1.20 1.24 56.80 56.76 16.25 16.26
15 40.00 1.20 0.88 51.87 52.07 15.67 15.80
16 40.00 1.20 0.88 52.17 52.07 15.53 15.80
17 40.00 1.20 0.88 51.84 52.07 15.72 15.80
18 40.00 1.20 0.88 52.50 52.07 16.00 15.80
19 40.00 1.20 0.88 52.27 52.07 15.98 15.80
20 40.00 1.20 0.88 51.93 52.07 15.89 15.80
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Fig. 5. Response surface plots for the membrane permeability (a-c) and, amount of xylitol produced with reference to each variable (d-f).
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spectrophotometrically at 340 nm by monitoring the oxidation of
NADPH in a quartz cuvette (1 cm path length) at 25 �C. The reaction
mixture in the cuvette (3.5 mL) contained 0.2 mL of 0.1 M
potassium phosphate buffer (pH 7.0), 0.2 mL of 0.1 M 2-mercap-
toethanol, 0.1 mL XR, 0.1 mL of 3.4 mM NADPH and 1.2 mL of sterile
ultrapure water. The reaction was initiated by adding the 0.2 mL of
0.5 M D-xylose.
3. Results and discussion

3.1. FTIR characterization

FTIR spectrum analysis of the membrane was carried out to
identify the types of functional groups and aromatic structures
present in the membrane material. Fig. 1 depicts the spectral
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pattern and absorbance intensity of the UF membrane. The
absorption bands for the UF membrane spectra were between 800
and 4000 cm �1, which is commonly attributed to the C��H bond of
alkene compounds at 836 cm �1. Strong adsorption bands were
exhibited at 1098 cm �1, and 1245 cm �1, and these correspond to
the aromatic sulfone group and aromatic ether bond, respectively.
The other significant peaks were at 1506 cm �1, 1663 cm�1, and
1331 cm �1 wavelength, which represent amide group, C��C alkene
and carbonyl group respectively [23].

3.2. One Factor at One-Time Approach (OFAT) approach

3.2.1. Effect of filtration time
The normalized flux (the ratio of the permeate flux to the pure

water flux, J/Jpwp), membrane resistance ratio (the ratio of
membrane resistance to the total resistance) are depicted in
Fig. 2a and the amount of xylitol produced was demonstrates in
Fig. 2b. The filtration process was taken place at 1.2 bar of TMP
and 1.06 cm/s of CFV. The flux started to decline when the
filtration was initiated, but the ratio of membrane resistance
showed the opposite trend with flux decline and thus reduces the
amount of xylitol produced which causes fouling. Most possibly,
the fouling that has occurred in such cases may be due to the
accumulation of enzymes that is xylose reductase on the surface
of the membrane or inside its pores. The J/Jpwp dropped to 0.63
within 10 min and to 0.45 within 100 min. In comparison, the
resistance ratio was increased from 0.58 L/hr.min2 to 1.03 L/hr.
min2 within 100 min.

Fig. 2a likewise demonstrates the relentless state of permeate
flux and hydraulic resistance at 100 min. In this steady-state, the
cake layer presumably achieves an equilibrium thickness, while
the hydraulic resistance became also constant. During membrane
separation, concentration polarization and deposition of gel/cake
layer occurred at the surface of the membrane. At the membrane
surface, concentration polarization was built up from XR
allowing the XR concentration to be greater at the surface of
the membrane than in the bulk solution. This results in the
accumulation of the cakes, or gel layer at the membrane surface.
This cake/gel layer continuous to expand, leading to a reduction
in the permeate flux, until the condition become steady state.
When the cake layer/gel layer reaches its steady state, the flow of
solutes towards the cake layer is equal to the diffusion of solute
from the cake layer plus the permeation of solute through
membrane [24].
Table 3
ANOVA tables and summary of fit for membrane permeability.

Source Sum of Squares DF Mean Sq

Model 121.38 9 13.49 

x1 17.81 1 17.81 

x2 38.25 1 38.25 

x3 53.25 1 53.25 

x1x2 0.031 1 0.031 

x1x3 0.051 1 0.051 

x2x3 4.81 1 4.81 

x1
2 0.072 1 0.072 

x2
2 4.55 1 4.55 

x3
2 1.78 1 1.78 

Residual 0.45 10 0.045
Lack of Fit 0.13 5 0.026 

Pure Error 0.32 5 0.064
Cor Total 121.83 19

Std.Dev 0.21 

Mean 51.99 

C.V.% 0.41 

Press 1.48 
3.2.2. Effect of transmembrane pressure (TMP)
Fig. 3a shows the flux decline as a function of time regardless of

various transmembrane pressures (TMP) applied during the xylose
reductase separation. Increase in the operational TMP enhances
flux declination and thus accelerates the operation to achieve a
steady state flux condition. This finding is well supported by the
results, which indicate higher operational TMP in higher steady
state flux value. This is because of the effect of compaction of gel/
cake layer. As the flux increases, more solute mass (XR and reaction
mixtures) has been brought to the membrane surface, which
increases pore plugging and flow resistance. The later might be a
result of the gel/cake layer that resulted in more compact with an
increase in transmembrane pressure [25]. It is also worth noting
that the gel/cake layer accumulated over the membrane plays an
important role in XR separation. In addition, at a higher operational
TMP severe decline in flux was observed. The total resistance
increases when the TMP is applied, resulting in lower permeate
flux, decreased membrane permeability and XR activity during the
separation process. High TMP clearly indicates maximal permeate
flux but unfortunately it would also increase the rate of membrane
fouling, although low TMP decreases the rate of membrane fouling
but does not contribute to maximal membrane performance
because of its low xylitol mixture concentration [26].

Fig. 3b also shows that the total amount of xylitol produced
during separation was found to be linked positively to operational
TMP. Thus, increase in the xylitol amount also increases TMP and
thus operational TMP in one of the significant parameters that
would impact in better XR separation. It is supported by Fig. 3c
which depicts that when the TMP increases, the total of xylitol
amount also increases at 100-minutes filtration. In addition, high
XR separation required high operational TMP in order to maximize
the membrane performance. It can be observed from the Fig. 3c,
that the constant fouling rates increase when the operational TMP
increase from 0.8 bar to 1.2 bar as a function of inverse filtration
time. In particular, 1.2 bar of applied TMP resulted in the highest
constant fouling rate of 23 % and 24 % than other TMP ranges.
Therefore, higher TMP indicates higher degree of initial membrane
fouling [20]. To the contrary, Cordovas et al., (2017) investigated
three stage series of nanofiltration (NF) of galacto-oligosaccharide
(GOS) under critical TMP. An empirical model showed that due to
the increase in the solute concentration during batch NF, TMP must
be decreased with time to prevent fouling effects. Using NF serial
system, the maximum GOS concentration achieved for raw GOS
was 241 g/l and 156.8 g/l for pre-hydrolyzed GOS [27].
uare F Value Prob >F

300.00 <0.0001 significant
396.11 <0.0001
850.89 <0.0001
1164.32 <0.0001
0.70 0.4239
1.14 0.3110
106.88 <0.0001
1.60 0.0032
101.12 <0.0001
39.58 <0.0001

0.41 0.8252 not significant

R-squared 0.9863
Adj R- squared 0.9830
Pred R-squared 0.9778
Adeq Precision 66.800



Table 4
ANOVA tables and summary of fit for amount of xylitol produced.

Source Sum of Squares DF Mean Square F Value Prob >F

Model 9.31 9 1.03 46.64 <0.0001 significant
x1 1.42 1 1.42 64.11 <0.0001
x2 2.97 1 2.97 133.76 <0.0001
x3 3.68 1 3.68 165.76 <0.0001
x1x2 0.25 1 0.25 11.20 0.0074
x1x3 0.095 1 0.095 4.27 0.0658
x2x3 0.18 1 0.81 8.25 0.0166
x1

2 0.031 1 0.031 1.40 0.2645
x2

2 0.47 1 0.47 21.08 0.0010
x3

2 0.40 1 0.40 18.10 0.0017
Residual 0.22 10 0.022

Lack of Fit 0.045 5 9.026E-003 0.26 0.9198 not significant
Pure Error 0.18 5 0.035

Cor Total 9.53 19
Std.Dev 0.15 R-squared 0.9767
Mean 15.56 Adj R- squared 0.9558
C.V.% 0.96 Pred R-squared 0.9348
Press 0.62 Adeq Precision 22.944

Fig. 6. Normal plot of Residuals response for (a) membrane permeability and (b) amount of xylitol.

S. Krishnan et al. / Biotechnology Reports 27 (2020) e00498 7
3.2.3. Effect of cross flow velocity (CFV)
Cross flow velocity (CFV) is one of the critical parameter that

influences membrane separation efficiency. It is a highly important
parameter that provides an ideal environment for the separation of
xylose reductase, and minimizes the fouling effect. The effects of
CFV on the permeate flux and xylitol during filtration is shown in
Fig. 4a. The lower CFV (0.58 cm/s) to permeate flux had a noticeable
reduced filtration effect as it displayed a greater flux decrease and a
higher fouling rate compared to 0.70 cm/s, 0.82 cm/s,1.06 cm/s and
1.20 cm/s. The lower flux could be related to the compression of
fouling layer on the membrane surface at low CFV as a function of
filtration time. Later, this fouling layer was considerably found
more concentrated as a thick layer. These saturated layers hindered
permeate flux through the membrane pores, and generated low
reaction mixtures filtrate [28].

Fig. 4a and b indicate that higher CFV implies a higher steady
state flux, meaning lesser fouling had occurred on the membrane
surface and pores. This finding appears to be consistent with the
result obtained in Fig. 4c. This scenario is apparently attributed to
the physical scoring effect of CFV on the membrane surface.
Increased CFV resulted in increased shearing stress on the
membrane surface, which redistributes the solute particles on
the membrane surface. The 1.20 cm/s CFV produced relatively
lower fouling later than others ranges, which was then easily
removed from the membrane surface by using hydraulic and
chemical cleaning. Thus, it is worth noting that high CFV (1.20 cm/
s) presumably implied greater membrane for longer operating
time without replacing the membrane. In addition, the result of
Fig. 4b shows that the amount of xylitol produced was slowly
decreased with filtration time irrespective of operating CFV. This
scenario is again presumably linked to the deposition of solutes
(XR) on the membrane surface and covers all the pores entries,
which consequently denoted the flux decline as well as low
concentration of xylitol produced. This phenomenon is more
critical for 0.58 cm/s of CFV. In short, lesser the CFV, the lesser is the
concentration of xylitol produced, and severe is the membrane
fouling [21].

Fig. 4c shows therelation betweentheconstantfoulingrateswith
different operations of CFV. The data demonstrated that 1.20 cm/s of
CFV exhibits higher constant fouling rates (26 %) compare to the



Fig. 7. Plot for residuals vs. predicted response for (a) membrane permeability and (b) amount of xylitol.

Fig. 8. Perturbation plot indicating, (a) membrane permeability and, (b) amount of xylitol produced with reference to each variable.
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other types of CFVs, suggesting higher initial membrane fouling
rates. This was evident from higher Jss demonstrated by the high CFV
(1.20 cm/s) than the other CFV (0.58, 0.70, 0.82 and 1.06 cm/s).
Therefore, the selection of suitable CFV is distinctivelyessential in XR
separation. The high CFV has been revealed to demonstrate
lower hydraulic resistance and greater membrane permeability. In
this study, the feed was rich in organic solutes (xylose reductase,
xylitol, xylose, glucose etc.), and thus this finding supports that
alkaline cleaning (using 1 N NaOH) is more suitable in gaining the
initial flux.
3.3. Optimization of operating parameters

In order to find the best combination of the operation
parameters for the maximum separation of xylose reductase,
method of optimization was applied through response surface
methodology. The operating parameters involved are represented
in Table 1. The experimental plan exhibiting the different
combinations of filtration time, cross flow velocity (CFV) and
transmembrane pressure (TMP) is tabulated in Table 2. A full
factorial central composite design (CCD) involving with 20 runs



Table 5
Results for operating parameters in validation study.

x1 x2 x3 Membrane permeability
(Lm�2 h-1 bar-1)

Amount of xylitol
(g/L)

Actual Predicted Error (%) Actual Predicted Error (%)

30.00 1.40 1.06 56.03 57.30 2.21 15.49 16.28 4.85
40.00 1.20 0.88 51.21 52.07 1.65 15.12 15.80 4.30
40.00 1.20 1.24 55.39 56.76 2.41 15.72 16.26 3.32
60.00 1.20 0.88 50.25 50.19 0.12 15.12 15.07 0.33
40.00 1.20 0.88 51.87 52.07 0.39 15.67 15.80 0.83
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was carried out with the two given response variables measured
was membrane permeability and amount of xylitol produced. The
following second order regression equation (Eqs. (4)–(7)) showed
the mathematical model in terms of coded and actual factors with
respect to membrane permeability and amount of xylitol. Fig. 5
depicts 3D response surfaces to predict the membrane permeabil-
ity and xylitol amount production over independent variables
These equations were optimized by the iteration method using
Design Expert 7.1.6.

(4) Membrane permeability, Y1 (coded):

Y 1 = + 52.08 – 1.06X1 + 1.55X2 + 1.81X3 - 0.062X1X2 - 0.080
X1X3 + 0.78 X2X3 + 0.054 X1

2 - 0.43 X2
2 + 0.27 X3

2 (4)

(5) Membrane permeability, y1 (actual):

y 1 = + 49.75461 – 0.71707x1 + 15.55044x2 – 28.45756x3 -
0.03150 x1x2 - 0.04444 x1x3 + 21.52778 x2x3 + 5.3527E-04 x1

2

- 10.63068 x2
2 + 8.21058 x3

2 (5)

(6) Amount of xylitol, Y1 (coded):

Y 1 = + 15.80 – 0.30 X1 + 0.43 X2 + 0.48 X3 + 0.18X1X2 + 0.11
X1X3 - 0.15 X2X3 - 0.035 X1

2 - 0.14 X2
2 - 0.13 X3

2 (6)

(7) Amount of xylitol, y1 (actual):

y 1 = + 5.49626 + 0.16064 x1 + 10.50717 x2 + 12.15239 x3 +
0.088125 x1x2 + 0.060417 x1x3 – 4.20139 x2x3 - 3.51136E-004
x1

2 – 3.40909 x2
2 - 3.90011 x3

2 (7)

where X1, X2, and X3 are coded forms, while x1, x2 and x3
are actual forms of the best variables as described in Table 2.

According to Eqs. (4) and (5), filtration time (x1) had the
strongest simulation effect on the membrane permeability
followed by TMP (x1) and CFV (x2). The Eqs. (6) and (7) also
depict filtration time had the highest simulation effect on the
Table 6
Summary of optimization operating parameters using experimental design for Separat

Operating parameters:
Filtration time, min 

Transmembrane pressure, bar 

Cross flow velocity, cm/s 

Response:
Membrane permeability, Lm�2h-1 bar-1

� Predicted 

� Actual 

Amout of xylitol produced, (g/L)
� Predicted 

� Actual 
amount of the xylitol. Based on these results, filtration time
provides adverse effects on the membrane permeability and xylitol
production as it has a large negative coefficient as indicated by the
simulation model equation (Eqs. (4)–(7)). In order to substantiate a
good model, an ANOVA table was employed to summarize the test
performed.

According to Tables 3 and 4, the values of “Prob > F” for both
models were less than 0.0500, which clearly indicate that the
model terms are significant. In addition, the main effect of time
(x1), TMP (x2) and CFV (x3) are the significant model terms for the
membrane permeability response (Table 3) and amount of xylitol
(Table 4). The coefficients of determination (R2) were 0.9863 and
0.9767 for membrane permeability and amount of xylitol
produced, respectively. These R2 values are relatively close to
1.0, which is acceptable. In particular, that the fitted model implies
98.63 % and 97.67 % of total variability in membrane permeability
and amount of xylitol.

The predicted R2 (0.9778 and 0.9348) for membrane perme-
ability and amount of xylitol, respectively) are in reasonable
agreement with the adjusted R2 (0.9830 and 0.9558 for membrane
permeability and amount of xylitol, respectively). This values
represents the correlation between the experimental values and
the predicted values from the model. Furthermore, Tables 3 and 4
reveal that the adequate precision for both responses is greater
than 4 (66.800 and 22.944) suggesting adequate model discrimi-
nation. The normal probability plot of residuals and the plot of the
residuals versus the predicted response are illustrated in Figs. 6
and 7 . The residual points apparently follow straight line and the
errors were distributed normally, and thus support adequacy of the
least square fit. Fig. 7 exhibits a random scatter which considerably
implies that the proposed models are adequate and free from any
violation of independence or constant variance assumption.

The perturbation plot (Fig. 8) was plotted out in order to
graphicallyevaluatetheeffectofeachfactor(filtrationtime,TMP,and
CFV) for both responses. The perturbation plot describes how these
two responses move as the level of the factor changes whilst the
otherfactorsarefixedattheiroptimumlevels.Fig.8 clearlyshow that
each of the three variables employed in this study has its individual
effect on the membrane permeability and amount of xylitol
produced. Based on the figure below, there has been an increase
in the membrane permeability and amount of xylitol produced with
an increase in TMP (B) from 1.0 bar (coded value = �1) to 1.4 bar
(coded value = +1) and CFV (C) from 0.70 cm/s (coded value = �1) to
1.06 cm/s (coded value = +1). Furthermore, membrane permeability
and amount of xylitol has been gradually decreased with an increase
in the filtration time (A) from 40 min (coded value = �1) to 80 min
(coded value = +1). Thus, the maximum membrane permeability and
ion of xylose reductase from reaction mixtures.

Before
Optimization

After
Optimization

60min 30min
1.0 bar 1.4 bar
0.88 cm/s 1.06 cm/s

49.65 57.30

56.03

15.29 16.28

15.49
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amount of xylitol produced were found to be obtained for the
filtration time at 40 min (coded value = �1), TMP at 1.4 bar (coded
value = +1) and CFV at 1.06 cm/s (coded value = +1).

3.4. Validation study and confirmation run

Model validation is an important step for the optimization
procedures and it is used to verify the acceptability, adequacy
and accuracy of the constructed model. In order to validate the
reliability of the model, a series of additional experiments were
conducted by varying three independent parameters and
estimating the resulting membrane permeability and amount
of xylitol. Table 5 shows the percentage errors for membrane
permeability and amount of xylitol produced ranged from 1.65 %
to 2.41 % and from 3.32 % to 4.85 %, respectively. The result
indicates that the empirical models developed are noticeably
accurate for both membrane permeability and amount of xylitol
produced responses. Moreover, the percentage of errors for the
actual and predicted values were agreeably within the value of 5
%, suggesting that the model adequacy is reasonably within 95 %
of the prediction interval.

In order to confirm the predicted optimization conditions, an
experiment was performed using the conditions proposed
by the optimization model and the results are demonstrated
in the Table 6. Reaction parameters were set to the values
defined previously. Under these conditions, the maximum
values for membrane permeability and amount of xylitol
predicted from the model were 57.30 Lm�2 h-1bar -1 and
16.28 g/l, respectively. Apparently, the experiment results
show that the optimal value of membrane permeability
and amount of xylitol filtered were 56.03 Lm�2 h-1bar -1 and
15.49 g/l, respectively. In short, the percentage error
between the actual and predicted value for membrane
permeability was 2.21 % while for second response, the
percentage error was 4.85 % which both were found to be close
to the predicted values and thus, the model was successfully
validated. Hence, the optimization of both responses could be
achieved by using RSM.

4. Conclusion

The analysis of filtration time, transmembrane pressure (TMP)
and crossflow velocity (CFV) for this study can be used for further
studies and experiments for optimizing the process for XR
separation using an ultrafiltration membrane. FTIR analysis of the
membrane reveals the significant peaks were at 1506 cm �1,
1663 cm�1 and 1331 cm �1 wavelength, which represent amide
group, C��C alkene and carbonyl group respectively. Increased
transmembrane pressure can lead to a positive effect in flux, since
it is the driving force. On the other hand, fouling and polarized
layer are more accentuated under higher transmembrane
pressure in XR separation. Concurrently, the increasing crossflow
velocity was more effective for fouling reduction on the
membrane surface. Thus, the best range that could be used for
optimization of this process for filtration time, operational
transmembrane pressure and cross flow velocity is 30 min,
1.4 bar and 1.06 cm/s, respectively as these conditions yielded the
highest membrane permeability and xylitol content. The maxi-
mum values for membrane permeability and amount of xylitol
predicted from the model were 57.30 Lm-2 h�1bar �1 and 16.28 g/l,
respectively and thus, the model was successfully validated.
Further research should be conducted on the scale- up study in
determining the suitability of the separation process of XR in
industrial applications particularly for the long term usage with
the respect to the production of high yield and productivity of
xylitol.
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