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a b s t r a c t

Tender coconut water is one of the popular sport drinks. In this paper, cold sterilization of tender coconut
water was undertaken using hollow fiber ultrafiltration. Experiments were conducted at different
transmembrane pressures in the range of 21e193 kPa and cross flow rate 5e15 l/h to optimize the
operating conditions. A simple resistance-in-series model was used to quantify the flux decline behavior.
A mathematical criterion between the operating conditions was derived for limiting flux. This is of
immense importance for process modeling, scaling up and control of operating conditions of such sys-
tems. Various parameters of the feed and permeate, namely, total soluble solids, pH, clarity, concen-
tration of sodium, potassium, polyphenol, protein and total solids were monitored. A subsequent storage
study was undertaken and it was observed that the filtered juice was successfully stored for 18 weeks.
This study was adequately backed up by conducting a taste analysis.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Fruit juices are rich in minerals, proteins, anti-oxidants and have
potential for rejuvenating the body and therefore, have a huge
demand in today's world (Sagu et al., 2014). Coconut water is a
natural beverage with high nutritional value and is considered as
energy drink to joggers and athletes. Thus, to reduce the trans-
portation volume and cost associated with the whole fruit and to
improve the shelf life of tender coconut water, its processing is
necessary. Tender coconut water is rich in essential minerals, like,
potassium, sodium and natural nutrients, like, polyphenol (Yong
et al., 2009). It is a good sports drink and has therapeutic values
(Saat et al., 2002). It is available plenty in coastal areas and hence, it
has a high demand in the areas interior to the country where co-
conut is not available. It is a good export item as well. The fresh
coconut water has a shelf life of about 24 h (Reddy et al., 2005) and
that can be enhanced by ultra-high temperature, pasteurization,
refrigeration, freezing and microwave heating (Matsui et al., 2007).

Due to presence of sugar and a number of plant enzymes
(Jackson et al., 2004), the tender coconut water has a strong ten-
dency to undergo biochemical changes and spoilage, once the nuts
are harvested from the tree. Efforts are made to arrest these
changes by packing the nuts in plastic films and storing them at
refrigeration temperature (Maciel et al., 1992). The above method is
expensive in terms of energy and transportation cost and has lower
shelf life of 2e3 weeks. The coconut water is processed by high
temperature short time pasteurization in Thailand, Indonesia and
Philippines (Magda, 1992). Polyphenol oxidase and peroxidise are
the major plant enzymes causing the spoilage and loss of nutri-
tional qualities of tender coconut water. Campos et al. (1996)
studied the inactivation of these enzymes by heat treatment at
90 �C for 100 s with additives like ascorbic acid and potassium
meta-bisulphite. Addition of these external chemicals deteriorates
the taste and quality parameters of the treated juice significantly.
Thermal processing is usually carried out between 60�C and 100 �C
and it eliminates not only bacteria but also the entire delicate
flavour profile is almost hampered. This severely limits the
marketability of the product. Matsui et al. (2008) studied inacti-
vation kinetics of these enzymes by microwave heating in tender
coconut water. The process was carried at 90 �C, degrading the
sensory properties of the juice. Membrane based processes offer
attractive alternative in this regard.

Literature on membrane filtration of tender coconut water is
scant. Magalhaes et al. (2005), reported filtration by 0.1 mm
microfiltration (MF) and three cut off (20, 50 and 100 kDa) ultra-
filtration (UF) membranes. Significant reduction in turbidity,
microorganism and 24%e40% reduction in protein was obtained.
The filtration was associated with severe (87%e93%) flux decline.
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However, a systematic storage study was not attempted with an
appropriate selection of membrane. Reddy et al. (2007) used a two
stage filtration process by whatman filter paper followed by
0.2 mm MF membrane. The final permeate was stored for one
month only and its acceptability was reduced due to significant loss
in sugar and other nutritional parameters. They also reported the
development of significant fouling resistance over the membrane
surface (Reddy et al., 2005). However, this study was purely in
laboratory scale and hadmarginal significance in scaling up. Jayanti
et al. (2010), reported clarification of tender coconut water using
commercial UF, 50 kDamolecular weight cut off (MWCO), flat sheet
membrane in a stirred cell. The specific flux was in the range of
16e20 l/m2.h.bar. In this work, it was shown that polarization layer
resistance, irreversible fouling resistance and membrane hydraulic
resistance, all three are competitive and significant. However,
sensory analysis and acceptability of the processed juice were not
determined. Also, experiments were conducted in a stirred filtra-
tion cell and thus cannot be scaled up to an industrial level. In all
the above works, experimental flux decline data are of little
importance for process scaling up and they lack in detailed study of
shelf life of the filtered juice.

In the present work, “cold sterilization” of tender coconut water
was performed using highly scalable hollow fiber platform. A
resistance-in-series model was formulated and used for analysing
decline of permeate flux with operating conditions as well as
identifying the limiting transmembrane pressure drop. All the
quality parameters of the filtered juice were monitored after
aseptic packaging. Since, thermal sterilization was not used, sen-
sory properties of the product remained intact. Ultrafiltered juice
was rich in polyphenol and potassium. The storage study was un-
dertaken for eighteen weeks. Since, there are no additives or pre-
servatives added externally and as the filtration is performed in a
scalable system, the developed technology has immense potential
for direct industrial scale application.
2. Theory

Flux decline during ultrafiltration of fruit juice is due to devel-
opment of a fouling layer of rejected solutes on membrane surface
(Mondal and De, 2010; Roy and De, 2014). Thus, the resistances
encountered by the solvent during its permeation are membrane
hydraulic resistance (RM) and fouling resistance (RF ). For nascent
membrane, R0M is the membrane hydraulic resistance. After first
run, the membrane resistance is determined from pure water run
asR1M , whereR1M ¼ R0M þ R1irr . R1irr is the irreversible membrane
resistance after washing at the end of first experiment. Therefore,
the membrane resistance corresponding to the Nth experiment is
directly measured as,

RNM ¼ RN�1
M þ RNirr ¼

DP
mwv

0
w

(1)

where, DP is the transmembrane pressure drop (TMP), mw is the
viscosity of thewater (mw¼ 0.9� 10�3 Pa s at 30 �C, measured using
U-Tube viscometer) and v0w is the pure water flux at the end of Nth

experiment (flux is the volume of filtrate per unit time, per unit
area of the membrane) through the membrane. Thus, the irre-
versible membrane resistance is included in the estimation of
membrane resistance corresponding to Nth experiment. The fouling
layer resistance at any point of time can be determined from the
experimental flux decline. It can be represented as,
RNF ¼ DP
mðvwðtÞÞ � RNM (2)

where, m is the viscosity of the permeating solution (m¼ 10�3 Pa s at
30 �C, measured using U-Tube viscometer) and vwðtÞ is the
permeate flux through the membrane.

For a cross flow system, the growth of fouling resistance attains
a steady state due to forced convection of retentate stream and the
phenomenon is adequately described by a first order growth law
(De et al., 1997),

dRNF
dt

a
�
RSNF � RNF

�
(3)

where, RSN
F is the steady state fouling resistance. The above

expression can be integrated with an initial condition, at

t ¼ 0,RN
F ¼ 0.

RNF ¼ RSNF ½1� expð�ktÞ� (4)

where, k is the proportionality constant in Eq. (4). It may be noted
that ‘k’ represents the rate of growth of the fouling layer. Therefore,

a plot of ln

2
4ðRSNF Þ.ðRSNF � RNF Þ

3
5with‘t’ yields a straight line through

origin with a slope ‘k’.

3. Experimental

3.1. Materials

Tender coconut was purchased from local market in Indian
Institute of Technology, Kharagpur, West Bengal, India. Poly-
acrylonitrile (PAN) co-polymer (copolymer of acrylonitrile, methyl
acrylate, methacrylic acid in the ratio 96:3:1) of average molecular
weight 150 kDa was purchased from M/s, Technorbital, Kanpur,
India. N, N-dimethyl formamide (DMF), sodium hydroxide (NaOH)
and polyethylene glycol (Molecular weight 200, 100, 35, 20, 10, 6, 4
and 0.4 kDa) were procured from M/s, Merck (India) Ltd. Storage
bottles of glass were obtained from Borosil Glass Works Ltd. (India)
and polypropylene bottles were purchased from Tarsons Products
Pvt. Ltd. (India).

3.2. Membrane preparation

85 wt% of DMF was heated at 60 �C and 15 wt% PAN copolymer
was added. The copolymer of PAN was used to achieve high flux
membrane (Thakur and De, 2012). The solution was stirred using a
REMI stirrer (supplied by M/s, Anupam Enterprise, Kharagpur, In-
dia) at 50 rpm for 6 h till a homogenous solution was formed. The
solution was then cooled to room temperature. The polymer solu-
tion was transferred to the polymer tank in the spinning unit.
Hollow fibers were extruded using the gas pressure in a nitrogen
cylinder with bore fluid distilled water. The fibers were allowed to
fall in the gelation bath containing tap water at room temperature
completing the phase inversion process. The detailed spinning
conditions are presented in Table 1. It has been well established in
the literature that hydrolysis of PANmembrane reduces the MWCO
of the membrane (Parashuram et al., 2013; Abedi et al., 2015). The
effect of hydrolyzation time on the MWCO of the membrane is
presented in Fig. S1 in the supplementary section. It can be clearly
asserted that a MWCO of the 44 kDa can be achieved by subjecting
the membrane to prolong contact with NaOH. Hence, the hollow
fibers were then dipped in 1 (N) NaOH solution for 36 h and dried in



Table 1
Specification of hollow fiber spinning unit.

Inner diameter of the spinneret, m 0.0005
Outer diameter of the spinneret, m 0.012
Air gap between extrusion point and gelation bath, m 0.25
Casting temperature, K 300
Pressure in polymer-melt tank, kPa 35
Water flow rate, m3/s 3.3 � 10�7

Flow rate of polymer solution, kg/s 5 � 10�5

Inner diameter of the hollow fiber, m 0.0006
Outer diameter of the hollow fiber, m 0.0008
Inner diameter of membrane module, m 0.0118
Length of membrane module, m 0.2
Number of hollow fibers packed in the module 70
Total membrane area, m2 0.025
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an oven at 40 �C. 70 hollow fibers were then potted in a PVC pipe to
make the module. Details of spinning conditions, fiber and module
specifications are presented in Table 1.
3.3. Experimental set up and procedure

Tender coconut water was first passed through a 150 mm nylon
mesh to eliminate suspended debris and the feed was prepared. It
was then subjected to cross flow ultrafiltration in the hollow fiber
set up. The feed was pumped from a 3 l feed tank using a booster
pump and was fed to the hollow fiber module. The retentate was
recycled through a rotameter to the feed tank. TMP across the
module was determined by taking the average of the pressure
gauge reading at the inlet and outlet of the module. TMP and cross
flow rate (CFR) were independently set using the pump bypass
valve and the retentate valve. Experiments were conducted at eight
TMP values, 21, 42, 63, 84, 103, 138, 172 and 193 kPa and CFRs were
5, 10 and 15 l/h (Reynolds number 51, 101 and 152, respectively).
TMP and CFR were maintained independently and total 24 exper-
iments were conducted. Duration of each experiment was 1 h.
Details of the experimental set up are shown in Fig. 1(a). Fig. 1(b)
represents the laboratory scale membrane module and set up.

Cumulative permeate was collected and the permeate flux was
measured from the slope of cumulative volume versus time data.
The permeate stream was analyzed in terms of pH, colour, clarity,
Fig. 1. (a) Schematic diagram of tangential ultrafiltration unit with recycle mode; (b) Labora
pipe; 6 and 6’: pressure gauge (at the inlet and outlet of the membrane module); 7: membr
exchanger.
conductivity, total soluble sugar, total protein, polyphenol, sodium
and potassium.

Before starting of the UF experiments with the tender coconut
water feed, the membranes were first compacted with distilled
water at 193 kPa for 3 h. Then steady state permeate flux was noted
at different TMPs. The membrane permeability was estimated from
the slope of permeate flux versus TMP plot. After each run, the
membrane was washed using tap water for 30 min followed by
distilled water for 15 min to recover the membrane permeability as
much as possible. All the experiments were conducted in triplets
and the mean value and standard deviation (SD) is reported in the
figures and tables.
3.4. Membrane characterization

3.4.1. Hydraulic permeability and molecular weight cut off (MWCO)
of the membrane

The membrane hydraulic permeability was measured by plot-
ting the pure water flux at different TMP. The slope of the straight
line passing through origin gives the permeability of themembrane
(LP). The membrane hydraulic resistance (RNM) can be represented in
terms of permeability as,

RNM ¼ 1
mwLP

(5)

where, mw is in Pa.s, LP is in m/Pa.s and RNM is in m�1

The MWCO of the membranes was calculated by measuring the
rejection of polymeric solutes of different molecular weights
(4 kDa, 6 kDa,10 kDa, 20 kDa, 35 kDa, 70 kDa,100 kDa and 200 kDa)
as mentioned in section 3.1. A solution of 10 kg/m3 was prepared by
dissolving the polymers in distilled water and was fed to the feed
chamber. The experiment was conducted at 70 kPa and at a cross
flow rate of 10 l/h tominimize the concentration polarization effect.
The permeate was collected at intervals of 5 min and the concen-
tration was measured using a digital refractometer (supplied by M/
s Cole-Palmer, Kolkata, India) and the percentage rejection (%R) was
measured as,
tory scale setup. 1: Feed tank; 2: suction pipe; 3: feed pump; 4: bypass valve; 5: bypass
ane module; 8: flow control valve; 9: rotameter; 10: flow pipe; 11: permeate; 12: heat
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%R ¼
�
1� CP

CF

�
� 100% (6)

where, CP is concentration of permeate and CF is concentration of
feed. The rejection (R) was calculated and plotted against the log-
arithm of the molecular weight of the solutes. The point where 90%
rejection was obtained, the corresponding molecular weight gave
the MWCO of the membrane (Panda and De, 2014). The average
pore radius () of the membrane was calculated using Eq. (7) (Singh
et al., 1998).

ravg ¼ 16:73� 10�10ðMWCOÞ0:557 (7)

where, ravg is the average pore radius in cm,MWCO is themolecular
weight cut off in Dalton.
3.4.2. Surface morphology study
The surface morphology of the membranes was studied using

Scanning Electron Microscope (SEM) images (model: ESM-5800,
JEOL, Japan). The membranes were dried in dessicator overnight.
The driedmembraneswere then dipped in liquid nitrogen for 5min
and fractured for the cross sections views.
3.5. Analysis

The permeate was analyzed for its clarity, total poly-phenols,
protein concentration, colour, pH, total soluble sugar (TSS), so-
dium, potassium and conductivity for each stream (Sagu et al.,
2014). Variation of colour and clarity was studied for the storage
study.

Colour of the extract was measured by absorbance (A) at a
wavelength of 420 nm using a spectrophotometer (M/s Perkin
Elmer, Connecticut, USA) (Rai et al., 2010). Clarity of the extract was
measured by transmittance (%T) at 660 nm using the same spec-
trophotometer (Rai et al., 2010).

Total poly-phenol was measured using a modified Folin and
Ciocaltaeumethod (Vasco et al., 2008). Briefly, 0.5 ml of the coconut
water blank or standard was placed in a 25 ml flask and 0.5 ml of
the FolineCiocaltaeu reagent was added. The mixture was allowed
to react for 5 min with stirring. 10 ml of solution of sodium car-
bonate (concentration 75 g/l) was added and mixed well. The vol-
ume was then completed up to 25 ml with distilled water and kept
at room temperature for 1 h. The absorbance was then measured at
750 nm using a spectrophotometer (M/s, Perkin Elmer, Connecticut,
USA). The results were expressed asmg of Gallic acid equivalent per
100 ml (mg GAE/100 ml).

Particle size of the feed and clarified coconut water was
measured by Zetasizer (model: Zetasizer nano ZS90) supplied by
M/s, Malvern Instruments, Worcestershire, UK.

Protein concentration was determined according to the dye
binding method of Lowry method (Lowry et al., 1951) with bovine
serum albumin (BSA) as standard.

The total soluble solids content in degree Brix (�Brix) was
determined using an ABBE type refractometer (Excel International,
Kolkata, India).

Conductivity and pH values of juice were measured using a
multi parameter pocket tester (EUTECH Instruments Ltd,
Singapore). The unit for conductivity is mS/cm.

Concentration of potassium and sodium was determined using
ion-selective electrode potentiometer (Thermo Scientific, Beverly,
MA 01915 USA). The results are given in mg/l.

The analyses were repeated three times and the mean value and
standard deviation (SD) is reported in the figures and tables.
3.6. Storage study and taste analysis

The storage study was carried out for filtered tender coconut
water for 18 weeks using borosilicate glass bottle and poly-
propylene bottles. The experiments were conducted in a cross
flow hollow fiber ultrafiltration module. The whole set up was
enclosed in a laminar hood chamber to avoid any bacterial
contamination during collection. All the pipe lines, pump and
valves were washed with 30% H2O2 or ethyl alcohol and kept at
80 �C for 15 min to remove any bacteria present. The samples were
collected in sample bottles. The bottles were washed with ethyl
alcohol and kept in hot air oven for 15min at 60 �C. Theywere filled
to the brim during the collection without head space. After the
collection, the bottles were wax sealed and kept at a refrigerated
temperature of 5 �C.

The taste analysis was performed by a series of experts in a 9
point hedonic scale (Ranganna, 2005), where the rating varies from
1 (dislike extremely) to 9 (like extremely). Then rankings were
given accordingly. The Fiducial limits for Hedonic rating were
calculated and checkedwhether the hedonic mean scorewas above
or below the fiducial limit. The taste analysis was undertaken for
the sample that was kept in refrigerated condition for four weeks.
The taste analysis was performed on the basis of appearance,
texture, aroma, flavour, colour, overall quality and purchase
intention.

4. Results and discussion

4.1. Membrane characterization

Hydraulic resistance of the nascent membrane was
2.5 � 1012 m�1. MWCO of the membrane was determined from the
curve of rejection of neutral solutes with their molecular weight as
shown in Fig. 2 (a). MWCO of the membrane estimated from this
figure was 44 kDa with average pore radius 6.5 nm, i.e., average
pore diameter is 13 nm (from Eq. (7)). Scanning electron micro-
graph images of the cross section of the pristine hollow fiber and
treated one (as discussed in section 3.2) are presented in Fig. 2 (b)
and (c). It is observed that the hollow fiber has a thin dense skin
followed by finger like pores spreading across the cross section. The
magnified view of the hollow fibers near the inner wall is shown in
Fig. 2(d) and (e). These figures clearly indicate the asymmetric
structure of hollow fibers. Effects of alkali treatment followed by
annealing are apparent from further magnified (20000� with a
scale bar 1 mm) SEM views of the inner surface of both the hollow
fibers as described in Fig. 2(f) and (g), respectively. It is observed
from these figures that the inner skin is really dense with smaller
pores which can be seen. From Fig. 2(g), it is evident that pore sizes
in the skin layer of hollow fiber are reduced compared to that in the
untreated hollow fiber, thereby creating a denser membrane. This
observation is in line with the result shown in Fig. 2(a) that the
treatment protocol described in section 3.2 results into converting
the untreated membrane from microfiltration (Thakur and De,
2012) to ultrafiltration range (44 kDa).

4.2. Effects of operating condition

Particle size distribution of the feed and the permeate is shown
in Fig. 3. It is observed that there are two distinct size distributions
of the particles in the feed: (i) smaller range from 0.4 to 6 nm and
(ii) higher range from 300 to 600 nm. The average membrane pore
radius is 6.5 nm, as discussed earlier. Thus, smaller sized fraction of
the particles in the feed are easily permeated through the mem-
brane and the larger sized fraction causes a deposition of particles
on membrane surface causing the growth of the fouling layer. The



Fig. 2. (a) MWCO of the hydrolyzed PAN membrane and SEM images of (b) cross section of copolymeric PAN membrane; (c) cross section of hydrolyzed PAN membrane; (d) skin
layer of copolymeric PAN membrane; (e) skin layer of hydrolyzed PAN membrane; (f) inner surface of copolymeric PAN membrane and (g) inner surface of hydrolyzed PAN
membrane.
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flux decline profiles for various operating conditions are presented
in Fig. 4 and Fig. S2 in supplementary section. It is observed from
Fig. 4 (a) to 4 (c), that the steady state is achievedwithin first 30min
for all the operating conditions. TMP has more pronounced effect
on the flux profile than Reynolds number. The extent of membrane
fouling (extent of flux decline) during an experiment is evident
from this figure for different operating conditions. The flux decline
is minimum for the highest Reynolds number at a particular TMP.



Fig. 3. Particle size distribution for raw coconut water and ultrafiltered coconut water.
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Higher Reynolds number imparts more shear on the fouling layer
over the membrane surface leading to lowering in resistance
against the solvent transport, thereby improving the permeate flux.
For example, at 21 kPa TMP and Re ¼ 152, the flux decline is 34%
(from 25 l/m2.h to 16.6 l/m2.h). The corresponding value of flux
decline at Re ¼ 52 is 36%. Therefore, in the selected range of Rey-
nolds number, this effect on flux decline is insignificant. However,
as mentioned earlier, TMP has a remarkable effect of flux decline
Fig. 4. Calculated and experimental flux profiles at various
behaviour. For example, at 21 kPa and Re ¼ 152, the flux decline is
34%. At the same Reynolds number, this value is 60% for 138 kPa and
72% for 193 kPa.More solutes are convected towards themembrane
surface at higher TMP, leading to higher fouling resistance resulting
in higher flux decline.
4.3. Membrane hydraulic resistance and cleaning efficiency

The permeability after each run was measured and the mem-
brane hydraulic resistance (RNM) was determined using Eq. (5). As
evident from this figure, the membrane hydraulic resistance varies
in the range of 2.86 � 1012 m�1 to 4 � 1012 m�1. The variation of
membrane hydraulic resistance with the number of experiments
(N) is shown in Fig. 5. The hydraulic resistance can be correlated to
the number of runs using the following equation,

RNM ¼ 4� 1012 � 1:4� 1012 exp
�
�N =5

�
(8)

where, RNM is in m�1. The correlation coefficient of the above fit is
0.98. It is observed that some amount of membrane permeability is
lost permanently due to incomplete cleaning of the membrane.
Irreversible membrane resistance corresponding to each experi-
ment is evaluated according to Eq. (1) and presented in Fig. S3 in
supplementary section. It is clear from this figure that the irre-
versible resistance is upto 9% of themembrane hydraulic resistance.
Thus, variation of irreversible resistance is insignificant compared
to membrane resistance.
TMP and Re. (a) 21 kPa; (b) 138 kPa and (c) 193 kPa.



Fig. 5. Variation of membrane hydraulic resistance with number of experiments.

Fig. 7. Comparison between the experimental and calculated fouling resistance for (a)
different TMP at Re ¼ 152 and (b) at different Reynolds number at TMP ¼ 138 kPa.

S. Karmakar, S. De / Journal of Food Engineering 200 (2017) 70e8076
4.4. Determination of fouling resistance (RNF )

The fouling resistance for the Nth run was determined using Eq.
(2). The other parameters RSNF and k represent the steady state
fouling resistance and the rate constant for the growth of the
fouling layer, respectively. The steady state fouling resistance for all
the operating conditions is correlated with TMP and Re as,

RSNF
RNM

¼
�
0:5� 6:1� 10�4Re

�
exp

�
9:6� 10�3DP

�
(9)

where, DP is in kPa and RNM is in m�1.
Correlation coefficient of the above equation is 0.99 and hence,

it adequately captures the effect of operating conditions onRSNF . As
evident from the equation, with increase in TMP, the fouling
resistance also increases and it decreases with Reynolds number.
This can be attributed to the fact that at higher TMP more solutes
are convected towards the membrane surface leading to higher
fouling resistance. Conversely, at higher Reynolds number the
thickness of the fouling layer decreases due to enhanced
turbulence.

The rate of growth of fouling resistance was estimated from the
Fig. 6. Estimation of k values at TMP 172 kPa at Re ¼ 152.
slope of straight line fit of ln

2
4ðRSNF Þ.ðRSNF � RNF Þ

3
5 with time‘t’. This

was carried out for all operating conditions. A typical plot at TMP
172 kPa and Re ¼ 152 is shown in Fig. 6. The value of k for this
operating condition is 0.0021 s�1. Similar analysis was carried out
for all the operating conditions and it was found that k varied in a
narrow range between 0.0019 s�1 and 0.0022 s�1. An average
value of k ¼ 0.002 s�1 is, therefore, used for all the operating
conditions.

The experimental and calculated values of fouling resistance at
21, 84, 138 and 172 kPa are shown in Fig. 7(a) at Reynolds number
152. As evident from this figure, the calculated fouling resistance
nearly corroborates with the experimental data, suggesting good
fit at different TMPs and the range of Reynolds number studied
herein.
4.5. Estimation of correlation of permeate flux

The experimental and correlated permeate flux plot is shown in
Fig. 4 and Fig. S2 (in supporting document), where, the solid lines
represent the calculated flux and the symbols represent the
experimental flux values. The flux profile at any time period for the
Nth experiment can be represented using the following equations,



vwðtÞ ¼ 3:6� 106DP

m
�
4� 1012 � 1:4� 1012 exp

��N =5
	
"1þ �

0:5� 6:1� 10�4Re
�
exp

�
9:6� 10�3DP

�
��

1� exp
�� 2� 10�3t

�o
# (11)
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vwðtÞ ¼ DP

m
h
RNM þ RNF

i (10)

Combining Eqs. (4) (8) (9) and (10), the expression of permeate
flux becomes,

where,DP is in kPa, m is in Pa.s, vw is in l/m2.h. As evident from Fig. 4
and Fig. S2 (in supporting document), the experimental values are
close to the calculated flux values, suggesting that the proposed
model adequately captures the filtration behaviour. Variation of
experimental steady state flux with various TMP at different Rey-
nolds number is plotted in Fig. 8(a). At the steady state,
1� expð�2� 10�3tÞz1 in Eq. (11) and the corresponding
permeate flux can be estimated as a function of TMP and Reynolds
number. It is clear from Fig. 8(a) that the calculated flux values
agree clearly with the experimental data. Effect of TMP is more
pronounced than Re number on steady state flux. For example, at
Re ¼ 152, the steady state flux increases from 16.6 l/m2.h to 50 l/
m2.h (more than 3 times increment) as TMP increases from 21 to
193 kPa. This trend is expected due to increase in the driving force.
On the other hand, increase in Reynolds number prevents the un-
disturbed growth of fouling resistance, leading to flux enhance-
ment. However, it may be observed that the enhancement of
permeate flux due to Reynolds number is not very significant in the
range studied herein. At 21 kPa, steady state flux increases from
16.2 to 16.6 l/m2.h (only 4% increase) with the increase in Reynolds
number from 51 to 152 and at higher TMP, i.e., 193 kPa the steady
state flux increases from 46 l/m2.h to 50 l/m2.h (only 8% increase).
Another phenomenon that can be observed is that, at higher
pressure range, i.e., 172 and 193 kPa, the steady state flux remains
almost invariant. It is in the range of 46e50 l/m2.h with varying
Reynolds number (flux decline data for TMP, 42, 63, 84, 103 and
172 kPa are shown in the supporting Fig. S2). This occurrence can be
attributed to the fact that at such TMP, the limiting flux was
Fig. 8. (a) Variation of steady state permeate flux with TMP and Re;
attained. Hence, it can be asserted that any TMP beyond this range
will not enhance the productivity of the membrane. The limiting
flux or the pressure independent flux can be determined by
computing dvsw

�
dDP to zero and the resultant relationship between

limiting TMP and Re is obtained as,h
9:6� 10�3DPlim � 1

i
exp

�
9:6� 10�3DPlim

�
¼ 1

0:5� 6:1� 10�4Re
(12)

where, DPlim is in kPa. This equation presents the locus of TMP and
Re at limiting conditions and this curve is presented by the solid
line in Fig. 8 (b). It is clear from this figure that steady state
permeate flux under limiting conditions increases with Reynolds
number. At a higher Re, higher TMP is required to attain the limiting
flux. For example, limiting TMP increases from 153 kPa to 160 kPa
as Reynolds number varies from 50 to 200. This indicates that
enhanced shearing effect by forced convection imposed by the
retentate flow rate extends the onset of the limiting conditions. In
this context, limiting TMP can be compared with threshold TMP
that is defined as the maximum TMP till the flux-TMP relationship
is linear (Bachhin et al., 2006; Field and Pearce, 2011; Roy and De,
2014). Threshold pressure for various operating conditions is
evaluated from Fig. 8(a) and presented in Fig. 8(b). It is evident from
this figure that threshold pressure also increases with Reynolds
number and at higher Re, it approaches the limiting pressure.
However, realization of sufficient high Reynolds number is limited
by the pump capacity and geometrical configuration of the mem-
brane module.

4.6. Quality of permeate

The analysis of the permeate samples with respect to the feed
are presented in Table 2. It is observed from Table 2, that for most of
the operating conditions, sodium, potassium, polyphenol and total
(b) Limiting and threshold TMP as function of Reynolds number.



Table 2
Properties of feed and permeate samples at different operating conditions.

Number of
experiments

Pressure drop
(kPa)

Flow rate
(l/h)

pH Conductivity
(mS/cm)

Clarity (%T) TSS
(�Brix)

Total solid (%
wt)

Sodium
(mg/l)

Potassium
(mg/l)

Total protein
(mg/l)

Polyphenol
(mg/l)

Feed e e 5.4 ± 0.3 6.2 ± 0.2 89.94 ± 0.5 6.1 ± 0.5 7.0 ± 0.5 50 ± 2 4012 ± 118 4993 ± 120 20 ± 1.5
1 21 5 5.3 ± 0.2 5.2 ± 0.1 98.9 ± 0.4 3.0 ± 0.3 2.7 ± 0.2 15 ± 1.5 1419 ± 65 3170 ± 98 16 ± 1
2 21 10 5.3 ± 0.4 4.2 ± 0.2 98.8 ± 0.2 2.9 ± 0.4 2.8 ± 0.3 18 ± 1.2 1519 ± 70 2675 ± 102 16 ± 1.2
3 21 15 5.2 ± 0.2 4.3 ± 0.3 99.1 ± 0.4 2.9 ± 0.4 2.8 ± 0.1 20 ± 1.5 1708 ± 52 2685 ± 104 15 ± 1.1
4 42 5 5.4 ± 0.1 4.3 ± 0.2 99.2 ± 0.5 2.6 ± 0.3 2.1 ± 0.2 21 ± 2 2197 ± 64 2780 ± 85 15 ± 0.8
5 42 10 5.1 ± 0.3 4.3 ± 0.2 99.1 ± 0.3 2.8 ± 0.4 2.0 ± 0.2 25 ± 0.9 2277 ± 54 1922 ± 89 16 ± 0.9
6 42 15 5.2 ± 0.4 5.6 ± 0.1 98.9 ± 0.5 2.9 ± 0.2 2.1 ± 0.2 25 ± 1.2 2401 ± 60 1707 ± 78 15 ± 1.1
7 63 5 5.3 ± 0.2 4.3 ± 0.2 99.2 ± 0.2 3.2 ± 0.3 2.2 ± 0.3 26 ± 1.3 2510 ± 75 1878 ± 101 15 ± 1.2
8 63 10 5.2 ± 0.3 5.2 ± 0.1 99.4 ± 0.3 3.4 ± 0.4 2.5 ± 0.2 28 ± 1.8 3050 ± 98 1926 ± 98 16 ± 0.9
9 63 15 5.4 ± 0.4 5.7 ± 0.2 99.4 ± 0.2 3.5 ± 0.2 2.8 ± 0.1 30 ± 1.2 3275 ± 112 1622 ± 112 15 ± 1.1
10 84 5 5.1 ± 0.3 5.8 ± 0.2 99.1 ± 0.3 3.1 ± 0.3 2.5 ± 0.2 31 ± 1.4 3300 ± 105 1560 ± 95 15 ± 1.1
11 84 10 5.6 ± 0.2 5.6 ± 0.3 99.2 ± 0.2 3.2 ± 0.2 2.6 ± 0.3 30 ± 1.3 3295 ± 80 1520 ± 95 14 ± 1.3
12 84 15 5.2 ± 0.3 4.9 ± 0.4 99.3 ± 0.3 3.1 ± 0.3 2.9 ± 0.1 29 ± 1.2 3315 ± 85 1425 ± 97 15 ± 1.4
13 103 5 5.4 ± 0.1 5.1 ± 0.3 99.1 ± 0.5 3.2 ± 0.3 2.8 ± 0.2 31 ± 1.8 3165 ± 75 1385 ± 101 16 ± 0.9
14 103 10 5.3 ± 0.2 5.6 ± 0.3 99.2 ± 0.6 3.1 ± 0.3 2.5 ± 0.2 32 ± 1.2 3230 ± 95 1415 ± 85 17 ± 0.8
15 103 15 5.1 ± 0.3 5.2 ± 0.2 99.4 ± 0.2 3.1 ± 0.2 2.3 ± 0.2 33 ± 1.3 3320 ± 90 1478 ± 97 16 ± 1.2
16 138 5 5.4 ± 0.1 5.2 ± 0.3 99.6 ± 0.1 3.3 ± 0.3 2.4 ± 0.3 31 ± 1.5 3510 ± 80 1350 ± 97 16 ± 1.3
17 138 10 5.5 ± 0.2 4.8 ± 0.4 99.2 ± 0.2 3.2 ± 0.1 2.6 ± 0.2 30 ± 1.9 3125 ± 70 1450 ± 85 15 ± 0.7
18 138 15 5.6 ± 0.3 5.1 ± 0.2 99.1 ± 0.6 3.4 ± 0.3 2.9 ± 0.1 31 ± 1.6 3213 ± 85 1510 ± 94 16 ± 1.2
19 172 5 5.4 ± 0.2 5.1 ± 0.3 99.7 ± 0.4 3.1 ± 0.2 2.8 ± 0.2 30 ± 1.7 3150 ± 75 1490 ± 89 17 ± 0.8
20 172 10 5.8 ± 0.4 4.3 ± 0.1 98.8 ± 0.6 3.2 ± 0.3 2.6 ± 0.3 29 ± 1.3 3219 ± 85 1525 ± 82 15 ± 1.5
21 172 15 5.2 ± 0.1 4.8 ± 0.2 99.1 ± 0.2 2.9 ± 0.1 2.7 ± 0.1 31 ± 1.9 3275 ± 70 1475 ± 94 16 ± 0.8
22 193 5 5.1 ± 0.4 4.7 ± 0.3 99.2 ± 0.3 2.8 ± 0.2 2.3 ± 0.2 31 ± 1.8 3190 ± 75 1385 ± 95 16 ± 0.9
23 193 10 5.2 ± 0.3 4.7 ± 0.4 99 ± 0.3 3.1 ± 0.3 2.6 ± 0.2 30 ± 1.3 3275 ± 105 1427 ± 99 15 ± 1.2
24 193 15 5.6 ± 0.2 4.9 ± 0.2 98.8 ± 0.4 3.0 ± 0.1 2.8 ± 0.2 32 ± 1.5 3402 ± 101 1498 ± 88 16 ± 1.1

The analyses were conducted in triplets, the mean value and the standard deviations are reported.
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soluble solids (TSS) (the nutritional qualities) in the feed have been
partially permeated in the filtrate. As evident from the physico-
chemical analysis of the permeate obtained at different operating
conditions, the variation is insignificant with respect toTMP and Re.
Hence, the optimum values of the operating condition are deter-
mined at 138 kPa and 15 l/h which yields the highest productivity
(50 l/m2.h). At this condition, about 56% of TSS, 60% of sodium, 80%
of potassium and polyphenol have been permeated in the filtrate.
During filtration, higher molecular weight solutes like, protein,
polysaccharides, etc., form a fouling layer over the membrane
surface that acts as a dynamic membrane retaining partially the
lower molecular weight aforementioned nutritional components.
4.7. Storage study

As discussed earlier, the storage study was carried out for
filtered tender coconut water for 18 weeks using borosilicate glass
bottle and poly-propylene bottles. Various parameters of the
extract, namely, TSS, pH, sodium, potassium, clarity, polyphenol,
protein content and total solids were monitored with interval of
one week. The results are presented in Fig. 9 and Fig. S4 (in sup-
porting document). It is observed from these figures that variation
of the quality parameters is marginal for both the bottles. This in-
dicates that both types of bottles are suitable for storing the treated
coconut water. Except protein (Fig. 9) and total solids (Fig. S4), all
other parameters decrease. The extent of decrease for various
nutritional parameters over 19 weeks is, TSS: 14%; sodium: 20%;
potassium: 25%; polyphenol: 68% and pH 23%. The undesirable
qualities, protein and total solids increase over 19weeks by 50% and
56%, respectively. Thus, increase in total solids concentration is
mainly due to increase in proteins. Interestingly, the protein con-
centration increases by only 23% for 18 weeks and after that it in-
creases significantly. It can also be observed that clarity of stored
juice over 19 weeks is reduced by only 5% and the taste is intact
within 18 weeks (as described in the following section). Therefore,
the extract can be stored successfully for 18 weeks.
4.8. Taste analysis

For taste, the fiducial limit was calculated in a 9 point Hedonic
scale. A series of unbiased experts had tasted the juice after each
month of storage study. The rating was done based on appearance,
texture, aroma, flavour, colour, overall quality. The Fiducial limits
for Hedonic rating were calculated as 0.7 to 1.8 at 1% and 0.9 to
1.6 at 5% probability level for a control sample. All the mean values
for appearance, texture, aroma, flavour, colour and overall quality
on a hedonic scale were below the fiducial limit. Hence, the ultra-
filtration permeatewas absolutely fine after 18weeks of storage. All
the persons taking part in the rating process confirmed positive
purchase intention. The mean score of the samples were 0.5, 1.0,
0.6, 0.5 and 0.8, respectively. The taste was acceptable even after 18
weeks of storage.
5. Conclusion

� 44 kDa, PAN hollow fiber membrane treated with sodium hy-
droxide was used for clarification of tender coconut water.

� The throughput of PAN membrane was 50 l/m2.h at the opti-
mum operating condition of 138 kPa transmembrane pressure
and 15 l/h cross flow rate.

� The resistance-in-series model was adequate to explain the flux
behaviour of the filtration system.

� The limiting TMP as obtained from the modelling were in the
range of 153e158 kPa for Reynolds number 51 to 152. Hence, the
optimum operating TMP was selected at 138 kPa.

� The storage study was conducted for 18 weeks and it was
observed that all the physico chemical properties, especially
nutritional qualities like sodium, potassium, TSS and polyphenol
showed marginal deviation from the initial value. Thus, the
sample did not deteriorate after 18 weeks of storage in aseptic
packaging in both borosilicate and poly-propylene bottles.

� It was confirmed by a series of experts that the taste was good
and all showed positive purchase intention till 18 weeks.



Fig. 9. Storage study results for 18 weeks for (a) clarity, (b) TSS, concentration of (c) sodium, (d) potassium, (e) protein and (f) polyphenol at refrigerated temperature (5 �C).
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Nomenclature

CF Concentration of feed (kg/m3)
CP Concentration of permeate (kg/m3)
k Rate of growth of the fouling layer (s�1)
LP Membrane permeability (m/Pa.s)
N Number of experiments
ravg Average pore size (m)
%R Rejection (%)
Re Reynolds number
RF Fouling resistance (m�1)
RNF Fouling resistance for the Nth run (m�1)

RSNF Steady state fouling resistance for the Nth run (m�1)
Rirr Irreversible membrane resistance (m�1)
RNirr Irreversible membrane resistance for the Nth run (m�1)
R0M Membrane hydraulic resistance for nascent membrane
(m�1)

RNM Membrane hydraulic resistance for the Nth run (m�1)
t Time (s)
v0w Pure water flux (l/m2.h)
vsw Steady state permeate flux (l/m2.h)
vw Permeate flux (l/m2.h)

Greek symbols
DP Transmembrane pressure (kPa)
DPlim Limiting transmembrane pressure (kPa)
m Viscosity of the permeating solution (Pa.s)
mw Viscosity of water (Pa.s)
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