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Abstract

This article addresses the technical and cost competitiveness of microfiltration and centrifugation to produce organic clarified
bottle gourd juice. The microfiltration (MF) process was conducted for fresh and centrifuged juices and for transmembrane
pressures ranging from 103.4 to 172.4 kPa. Pertinent flux decline was extensively analyzed to account for the extent of
irreversible membrane fouling using resistances in series model, flux decline, and recovery ratios. Feed, centrifuged, and
permeate juice samples were evaluated for nutritional content and physico-chemical parameters to affirm that MF of fresh juice
is the best among all investigated cases. Compared with the centrifugation process, the MF process performed comparatively
better in terms of cost competitiveness, juice clarity, microbial, and protein rejection. For a variation in juice production capacity
of 110-10,000 L, the MF-based juice processing cost varied from 1.19 to 0.37 $/L, which accounts to 31.27-26.32% of fresh
juice cost to infer upon promising performance of the low-cost ceramic membranes.
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Introduction

Lagenaria siceraria (bottle gourd), popular Asian vegetable
in the cucurbitaceae family (Mashilo et al. 2017), is well
known to have excellent ingredients to treat diseases such as
diabetes mellitus, flatulence, diarrhea and liver diseases, car-
diovascular diseases, and hypertension (Ghule et al. 2006).
The shelf life of fresh bottle gourd juice could be significantly
enhanced through food processing techniques such as enzy-
matic treatment, straining or screening, centrifugation, freez-
ing or solidification, thermal processing, and membrane sep-
aration (Grampp et al. 1978). Among these, membrane-based
clarification of bottle gourd juice is highly promising due to
lower energy consumption; room temperature operation;
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elimination of external chemical usage; ease of scale-up and
higher productivity (UroSevi¢ et al. 2017). Microfiltration/
ultrafiltration facilitates significant reduction in undesirable
constituents such as haze and colloidal matter (such as pectin)
and retention of desired constituents such as flavonoids, phe-
nolic compounds, etc., and is therefore usually recommended
for the clarification of bottle gourd juice (Laorko et al. 2013).
While both ultrafiltration (UF) and microfiltration (MF) can
be used for bottle gourd juice clarification, compared with the
UF, MF has several advantages. These are reduced fouling
due to wider membrane morphology, low pressure operation
and hence lower cost, better product quality due to retention of
nutritional constituents, and higher reversible resistances that
can be handled through effective cleaning procedures.
Despite indicating the relevance of membrane technology
to target effective clarification of various fruit and vegetable
juices (such as, Indian blackberry, bitter gourd, apple, beet,
black currant, bottle gourd, watermelon, etc.), a mature anal-
ysis of the process towards commercial application has not
been addressed (Ghosh et al. 2018; Jain et al. 2018; Kujawa
et al. 2015; Pap et al. 2012; Rai et al. 2010; Mondal et al.
2016). Most researchers ignored issues associated to concep-
tual material; fixed and operating cost analysis of the process
with respect to centrifugation which can be regarded as the
most competent technology for bottle gourd clarified juice
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production. Also, other relevant characteristics that affirm
promising commercial application have been also ignored in
these academic investigations. These membrane fouling char-
acteristics, cleaning studies, transport resistances, and flux
recovery/delay ratios during microfiltration have not been
considered. On the other hand, while analysis of relevant nu-
tritional characteristics of fruit and vegetable juices have been
considered, it is important to observe that polymeric materials
have been adopted for more complicated processes such as
ultrafiltration, hybrid ultra-nano filtration, and osmotic mem-
brane distillation processes. Thus, compared with the simpler
microfiltration process, these processes are expensive due to
involvement of complex process schemes, equipment, and
stream interactions. Hence, the development of a simple yet
efficient process needs to be addressed to target a technology
that is as effective as the low-cost centrifugation technology
for the clarification of vegetable juices such as bottle gourd
juice.

Till date, microfiltration studies for bottle gourd juice clar-
ification has been investigated by only one research group
(Mondal et al. 2016) that focused towards technical but not
economic competitiveness. The authors conducted ultrafiltra-
tion of bottle gourd juice using hollow fiber polymeric mem-
branes (Mondal et al. 2016). For comparison, the authors also
conducted microfiltration using polymeric membranes. At
104 kPa, the membrane provided 86% flux recovery ratio,
41% flux decline ratio, 60% protein rejection, and 46 L/m?>h
steady-state permeate flux. The filtered juice possessed 4.3 mg
GAE/mL of polyphenol and 1.8 °Brix total dissolved solids.
The economic competence of low-cost ceramic membranes
was addressed for the treatment of oil-water emulsions but
not for juice processing systems (Suresh et al. 2016). In this
work, low-cost green membranes have been targeted for their
applicability using inexpensive precursors (such as clay and
saw dust) and lower sintering temperature (about 900 °C).

Considering the technical and economic evaluation of low-
cost green ceramic membranes and centrifugation as central
objectives, this work addresses the microfiltration of bottle
gourd juice using kaolin-based low-cost ceramic membranes.
Three trans-membrane pressure differential values (103.4,
137.9, and 172.4 kPa) have been chosen to evaluate mem-
brane performance in terms of pertinent flux decline, irrevers-
ible and reversible fouling, and permeate quality. The pressure
differential range was based on the ceramic membrane mor-
phological characteristics. Fresh and centrifuged juices were
considered as feed systems to evaluate membrane perfor-
mance. The permeate quality of the bottle gourd juice was
evaluated in terms of carbohydrate content, protein content,
vitamin C content, total flavonoids, total phenol content, pH,
salt content, total dissolved solids (TDS), color, and clarity.
The pertinent flux decline has been evaluated in terms of sev-
eral alternate modeling approaches to obtain insights into the
extent of irreversible fouling. Thereby, the ultimate objective
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of this work is to evaluate the techno-economic competitive-
ness of low-cost green ceramic membranes with respect to
polymeric membranes and centrifugation technology.

Materials and Methods
Materials

Sodium metasilicate nonahydrate (95% pure) and kaolin pow-
der (99% pure) were procured from Central Drug House (P)
Ltd., New Delhi, India; feldspar was acquired from National
Chemicals, Gujarat, India; sodium hydroxide pellets, sodium
hypochlorite solution, oxalic acid dehydrate, sodium carbon-
ate, aluminum chloride anhydrous sublimed, sucrose, sodium
nitrite sulfuric acid (98%), and boric acid (99.5% pure) were
purchased from Merck India; Anthrone extrapure and 2, 6-
dichlorophenol indophenol sodium salt (DCPIP) were pro-
cured from SRL Pvt. Ltd., India; sodium bicarbonate was
procured from Rankem, India; L-Ascorbic acid, gallic acid
monohydrate, and Folin-Ciocalteu phenol reagent were ob-
tained from Sigma-Aldrich, USA. Nutrient agar was procured
from HiMedia Laboratories, India. Quercetin dihydrate
(extrapure) and bovine serum albumin (BSA) were procured
from SRL, India, and Bradford Reagent was obtained from
Abcam, India. Saw dust was prepared from wood flakes pur-
chased from local furniture shops, and fresh bottle gourds
were purchased from regional vegetable vendors.

Membrane Fabrication

Low-cost ceramic membranes were fabricated using low-cost
membrane precursors, namely, kaolin, feldspar, saw dust, so-
dium metasilicate, and boric acid in 48 wt.%, 28.62 wt.%,
8.19 wt.%, 7.5 wt.%, and 7.5 wt.%, respectively and uniaxial
dry compaction method (Chakraborty et al. 2018). The mem-
branes possessed an average pore size of 1 um and porosity of
28.47%. Other details with respect to fabrication process and
membrane characterization parameters have been reported
elsewhere (Chakraborty et al. 2018). Indigenous laboratory
scale dead-end microfiltration setup (shown in Fig. 1) has
been deployed for the experimental investigations. The setup
consists of two sections namely the bottom section that holds
the membrane and the top section that holds the fluid. Nuts
and bolts have been used to achieve a gas-tight assembly of
both sections. To do so, silicon gaskets were used. Higher
pressure has been facilitated in the setup by using an air com-
pressor (Make: Crompton Greaves, Model: 190TC1). To fa-
cilitate cross-flow microfiltration, the suggested precursor
composition can be utilized to achieve a hollow-fiber mem-
brane module using procedures reported in the literature (Aziz
et al. 2019) Thereby, modules compatible for medium scale
continuous process operations can be realized. For such
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Fig. 1 Indigenous lab-scale
membrane permeation setup
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circumstances, the total permeation resistance is anticipated to
reduce by 30 to 40% due to the greater role of shear effect in
reducing irreversible membrane fouling. Thus, in situ mem-
brane fouling using cross-flow operation is very likely to have
greater role of reversible fouling, which can be easily over-
come through standard cleaning procedures. Thereby, the sus-
tainability of the membrane module shelf life can be enhanced
to 5 to 7 years.

Bottle Gourd Juice Preparation

Firstly, the bottle gourd juice preparation process involves
washing and peeling of bottle gourd. Thereby, the peeled bot-
tle gourd was sliced into small pieces and fed to a mixer
grinder. The paste was then filtered using cloth filter, and the
filtrate was used for clarification purpose. For the study in-
volving centrifuged juice, the filtrate was centrifuged
(Centrifuge Model No. 2-16P, Make: Sigma, Germany) at
10000 rpm for 10 min.

Microfiltration of Bottle Gourd Juice

Dead-end microfiltration study of bottle gourd juice was car-
ried out using ceramic membranes at various applied pressures
(103.4,137.9, and 172.4 kPa) using both fresh and centrifuged
juices. Before initiating microfiltration experiments, the mem-
brane was compacted and a pure water (Mili-Q water; Model
No.: Elix-3, Milli-Q; Make: M/s Millipore, USA) run was
taken to note pure water flux at various pressures. The perme-
ation setup was then filled with adequate amount of juice.

Pressure Gauge
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Desired trans-membrane pressure differential was applied,
and samples were collected at time intervals of 1 min. Pure
water and permeate flux were evaluated with the measured
data using following expressions (Nandi et al. 2009):

Vi)

wlpn) = A, X Ly

J (1)

where,

J,,  is the pure water flux of the membrane, m>/m’sec

V. is the volume of the setup, m>

A,, 1is the effective permeable area of the membrane, m?

t is the time required for the entire volume of water to
flow out of the setup, sec

J,, s the permeate Flux at time t, m*/m’sec

t

V, s the volume of the permeate collected at time t, m’
t, is the instantaneous time, sec.

Flux Decline Study

The variation of the permeate flux with time was noted. The
measured data was represented through a flux decay plot that
summarizes time dependent flux decline. The flux decline plot
is usually dependent on the degrees of freedom which for the
considered case study refer to trans-membrane pressure differ-
ential and type of juice. Pure water flux of the membrane
(before and after fouling) was measured so as to evaluate flux
decline coefficient of the membrane (FDC). The FDC is a
measure of the extent of membrane fouling after
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microfiltration and is expressed as (Mondal et al. 2016):

Jo—=J
FDC = w x 100% (2)
0

where,

Jop is the initial water flux of the membrane, m>/m’sec

J, is the water flux of the fouled membrane, m>/m’sec.

Membrane Cleaning

After each experiment, membranes were cleaned using a stan-
dard cleaning process adopted for membrane technology (Li
et al. 2018). The cleaned membranes were subjected to pure
water flux evaluation test to determine flux recovery ratio
(FRR) (Mondal et al. 2016). FRR enables evaluation of flux
recovery of the membrane after cleaning and hence indicates
extent reversible fouling. The FRR is determined using the
expression:

Je
FRR = J— x 100% (3)

w
where,

J.  Pure water flux of the cleaned membrane, m>/m’sec
J,,  Pure water flux of the original membrane, m>/m’sec.

Membrane Fouling Mechanisms

The following expressions sequentially represent complete,
standard and intermediate, and cake filtration pore blocking
models under constant pressure filtration conditions (Hermia
1982):

In(J7") = In(J,") + ket (4)
T =T kgt (5)
J =T, + kit (6)
T2 =T, + kgt (7)

Among the above four alternate pore-blocking/filtration
models, the most competent model would be chosen based
on fitness of measured data (R2 values), positive slope, and
positive intercept of the models.

Fouling Resistances

The total fouling resistance (R;) can be regarded to be
the sum of hydraulic resistance (R,) (offered by the
membrane material), reversible resistance (R,) (caused
primarily due to formation of cake layer and concentra-
tion polarization), and irreversible resistance (R;)
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(irreversible blocking of membrane pores). The total
fouling resistance is represented with the expression
(Emani et al. 2014):

R, =R, +R +R; (8)

The total fouling resistance is evaluated using the expres-
sion:

AP
R[ -
anp

©)

The hydraulic resistance or the membrane resistance is de-
termined using the equation:

AP
R, =
nw ‘]W

(10)

The pure water flux after membrane cleaning is used to
determine irreversible resistance of the membrane as:

AP
R = R (11)
77WJU

Role of Fouling on Membrane Morphology

During microfiltration, the pores of the membranes get fouled
and eventually reduce the flow area. This variation in the
membrane morphology may be attributed to the reduction in
the pore diameter and porosity of the membrane. Ideally,
membrane pure water flux can be expressed as (Nandi et al.
2011):

AP AP e,d’

Jy = -
anm

- (12)

The variant membrane permeate flux can be represented
using the expression:

AP AP &,,d]
PR, 32

(13)

The variation of the pore length may be considered to be
negligible in comparison with the variation in cake layer thick-
ness. Hence, the variation in the morphological parameters
with time may be obtained as follows:

ot _ T Emad; (14)
Jw 1 end’

In the above expressions, terms 5m‘tdf and amdz may be
called as the effective permeability factor of the membrane at
time ¢ and of the original membrane, respectively. Rearranging
Eq. 7, the final expression becomes:
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Feed and Permeate Analysis

The feed and the permeate samples were analyzed in terms of
nutrient contents such as protein, carbohydrate, vitamin C and
total flavonoids content, and physico-chemical properties
such as pH, TDS, and salt concentration, color, and clarity.
The protein content of the samples were determined using
standard Bradford’s method (Bradford 1976), carbohydrate
content using Anthrone’s method (Agbaire 2011), the vitamin
C content using the DCPIP method (Anjali et al. 2012), total
flavonoid content using aluminum chloride calorimetric meth-
od (Tharasena and Lawan 2014), and total phenol content was
determined using Folin-Ciocalteu phenol reagent method
(Tharasena and Lawan 2014). The pH, TDS, and salt concen-
tration of the samples were determined using a digital meter
(Model: AM-AL-01; Make: Aquasol, Mumbai, India). The
color of the juice is expressed in terms of optical absorbance
(A) measured using UV visible spectrophotometer at a wave-
length of 420 nm, and the clarity of juice is expressed as
percentage transmission (%T) that was evaluated using absor-
bance measured at a wavelength of 660 nm with the following
expression (Mondal et al. 2016):

%T =100 x 107 (16)

where, A is the absorbance at 660 nm.

Microbial Analysis

To conduct microbial analysis of the juice samples, the feed
and permeate samples were subjected to several fold dilution,
and the bacterial colonies were determined using the spread
plate method. Nutrient agar was used as the culturing media.
The concentration of the solutions was represented in terms of
colony-forming units (CFU)/mL, and nutrient agar was used
as the growth media. Visible colonies in the plates were count-
ed and were converted to CFU/mL using the following ex-
pression (Khandpur and Gogate 2016):

vy Number of Colonies x Dilution Factor
mL— Amount Spreaded in the Plate (mL)

(17)

The microbial separation efficiency of the membranes was
evaluated using the expression (Kaniganti et al. 2015):

C
%Rejection = <I—C—p) x 100 (18)

P

where,

C, isthe CFU/mL of the permeate sample

Cr  is the CFU/mL of the feed sample.

Cost and Economic Evaluation

The economic competence of centrifugation and low-cost ce-
ramic membrane process were considered based on capital
and operating costs of various equipment and membrane fab-
rication costs. The membrane fabrication cost was evaluated
as the sum of membrane raw material cost, equipment time
handling costs for fabrication, electricity, manpower, and mis-
cellaneous costs with membrane shelf life assumed to be
1 year. The fixed costs associated to microfiltration sub-
process include costs of compressor, permeation setup and
housing cost, and annual depreciation. The operating cost of
the microfiltration sub-process was evaluated as a sum of
membrane fabrication, cleaning, and associated manpower
costs. For the centrifugation process, the fixed cost corre-
sponds to the cost of the centrifuge, and the operating cost
corresponds to the sum of electricity and manpower costs.
The economic evaluation was first considered for an annual
bottle gourd juice production capacity of 110 L, which was
based on the membrane flux obtained after 80 min during
dead end MF using the laboratory scale experimental setup.
Thereafter, the economic competence of processes was eval-
uated for a higher throughput and juice production capacity up
to 10,000 L per year. Further, industrial systems may utilize
booster pumps and for such cases, the MF process economics
are likely to be improvised by 20-30% due to lower costs of
the booster pump (by 30 to 40%) in comparison with the
expensive compressor cost. Therefore, the reported economic
indices in this article could serve as useful benchmark for the
cost competitive commercial processing of bottle gourd juice.
Relevant cost parameters for economic evaluation have been
summarized in Table 1 and relevant models associated to the
cost and economic evaluation are summarized in
Supplementary Material.

Results and Discussions
Flux Decline Analysis

Figure 2a presents the flux decline profiles for the fresh juice
at 103.4, 137.9, and 172.4 kPa pressure differentials. The flux
decline severity was maximum for 103.4 kPa followed with
flux data obtained at 172.4 and 137.9 kPa. Usually, owing to
significance or reduction in pore blocking, corresponding se-
verity in flux decline is expected to increase or decrease re-
spectively with applied pressure differential across the mem-
brane. At lower applied pressure of 103.4 kPa, severe flux
decline is accounted to pore blocking, which need not be the
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Table 1 Cost parameters for economic feasibility study 35
y —=—103.4 kPa
Membrane precursor cost ($/kg) 3.0 4 —— 137.9 kPa
Kaolin 355 ——1724kPa
Feldspar 32.09 254
Saw dust 0.14 §
Boric acid 12,44 "g 20-
Sodium metasilicate 7.88 "E
Equipment cost ($) (shelf life 10 years) -r; 1.5
Mixer grinder 34.11 "
Hydraulic press 1364.26 E 1.0+
Hot air oven 545.70 =
Muffle furnace 272851 05
Sonicator 409.28
Mould 136.43 10 ' .
0 20 40 60 80
Compressor 409.28 . .
. Time (min)
Centrifuge 5457.03
Equipment power rating (kW) (Tariff 0.098 $) (a)
Mixer grinder 0.75
Hydraulic press 1.49 3.5 — = 103.4kPa
Hot air oven 2.40 ] ——137.9 kPa
Muffle furnace 1.80 3.0 —+—172.4kPa
Sonicator 0.28 _
Compressor 0.75 gz's 7]
Power 2.56 g
Dollar to rupees evaluation 1 $= 73.3 "E =8
"; 1.5 -
X
E 1.0
case at 172.4 kPa at which cake filtration is likely to control -
the flux decline profile. The intermediate pressure (137.9 kPa) 0.5
indicated lowest severity in flux decline, and this is possibly
due to the contribution of both pore blocking and cake filtra- 0.0 T T T T
tion towards pertinent flux decline. 0 2 “ o0 8
Similar investigations conducted for centrifuged juice as Tieree (et}
the feed indicated totally different trends in the flux decline (b)

profiles (Fig. 2b). For the case, the flux decline severity was
maximum for 137.9 kPa but not 172.4 kPa and 103.4 kPa.
Thus, juice pretreatment prior to membrane permeation can be
analyzed to have strongly influenced pore blocking character-
istics under varied pressure, given the fact that some critical
heavier and complex biological macromolecules may have
been omitted during centrifugation. The flux data for both
fresh and centrifuged juices were taken thrice and were found
to lie within an error of = 3%.

Table 2 summarizes FDC and FRR values for various
cases. For the fresh juice, pressure variation did not have a
significant effect on both FDC (91.57 £0.65-94.13 +0.86)
and FRR (91.89 +0.49-94.54 £0.72). On the other hand, sig-
nificant variations in FDC and FRR do exist for the centri-
fuged juice with respect to applied pressure. Lowest value of
FRR was obtained for the centrifuged juice at 137.9 kPa,
which accounts to irreversible fouling that occurred due to
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Fig. 2 Variation of bottle gourd juice transmembrane flux with time for a
fresh and b centrifuged juice

significant pore blocking. For the same case, lowest value of
FDC was obtained at 103.4 kPa, thus indicating that lower
pressure was favorable for centrifuged juice. However, this
needs to be further verified from the permeate quality, given
that the fact that higher flux need not confirm upon good
permeate quality. On the other hand, for the fresh juice, FRR
values are significantly higher and indicated lower reversible
fouling (about 6—7%).

Competent Fouling Mechanisms

Figures 3 and S1 respectively present the fitness plots for
various flux decline models summarized in the “Membrane
Fouling Mechanisms” section for fresh and centrifuged bottle
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Table 2 FDC and FRR data

summary Applied pressure (kPa) FDC (%) FRR (%)
Fresh Centrifuged Fresh Centrifuged
103.4 91.57 +0.65 63.59 £1.26 94.54 £0.72 94.73 £ 0.84
137.9 94.13 +£0.86 95.69 £+ 0.90 91.89 +0.49 69.28 = 1.15
1724 92.01+1.01 93.22+0.31 93.67 +£0.44 79.28 £0.58

gourd juice respectively. Table 3 summarizes corresponding
R? values. For the fresh juice case, highest R values have
been obtained for cake filtration model (Table 3) and Fig. 3d
also indicates the same. However, negative intercept is
affirming that cake filtration model is invalid. The next model
with maximum R values is the intermediate pore blocking
model, which fortunately also indicates positive slope and
intercept. Overall, Fig. 3 and Table 3 affirm that any pore
blocking model is unable to represent pertinent flux decline.

14.0
{ —=—103.4kPa
1354 ——137.9kPa
| ——172.4kPa
13.0 -
1254
g
2120 o
= ¥
o s 4
= 1
1.0 {f
e
1054/
¢
10.0 " y , : . : . .
0 20 40 60 80
Time (min)
(a)
60 = 103.4 kPa
—e—137.9kPa
+—172.4 kPa
50 -
ﬂg 40 4
2
2
"2 30
5
X 204
-
104
0 T T 4 T T T T T

0 20 40 60 80
Time (min)

©

Hence, short-term flux decline of the fresh juice appears to
have a significant non-fitness with the standard pore blocking
models. The fitness of intermediate pore blocking model at a
later stage of microfiltration for the case refers to the mem-
brane pore sizes to be comparable with the particle sizes of the
solutes in the feed juice constitution. Thereby, significant in
situ flux decline occurred.

For the centrifuged juice case (Fig. S1), at 103.4 kPa pres-
sure, complete and standard pore blocking models had similar

8004 —=—103.4kPa
——137.9 kPa
700 ——172.4kPa
600 |
,:\E 500 |
2, |
b
g 400
=._'1 1
300 |
2001/
100 : . . . . : . .
0 20 40 60 80
Time (min)
(b)
400
=—103.4 kPa
3504 ——137.9kPa

+—172.4 kPa

J*x10” ((m‘.secl)/m")

0 20 40 60 80
Time (min)

(d)

Fig.3 Fitness plots of Hermia fouling models to represent microfiltration of fresh bottle gourd juice, a complete pore blocking, b standard pore blocking,

¢ intermediate pore blocking, and d cake filtration models
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Table 3  Linearized R* values, slope, and intercepts of different fouling models
Type of juice  Applied pressure Complete pore blocking ~ Standard pore blocking  Intermediate pore Cake filtration
(kPa) blocking
R Slope Intercept R> Slope Intercept R Slope Intercept R Slope Intercept
Fresh juice 103.4 0.7786 0.0196 11.99 0.8900 53574 397.96 09565 0.6152 14.6180 0.9993 4.5264 5.5296
137.9 0.7801 0.0223 11.724  0.9060 5.5992 346.35 0.9724 0.5987 10.443  0.9977 3.9055 18.162
172.4 0.7965 0.0207 11.892  0.9067 5.5165 376.66 09692 0.6204 12.672 0.9989 4.4079 14.468
Centri-fuged 103.4 0.9968 0.0171 8.6896  0.9954 0.8573 74.954 09871 0.1743 5.1268 0.9534 0.3734 0.438
Juice 137.9 0.8635 0.0295 9.144 0.9665 2.3956 89.258 0.9994 0.8481 3.5177 09572 6.3511 —75.448
172.4 0.9005 0.028 8.947 09774 2.0634 81.357 0.9999 0.6538 3.0437 09521 3.8531 —46.097

competence in terms of model fitness (R* values are very close
to one another and close to 1). However, at higher pressure,
intermediate pore blocking model can be analyzed to be most
competent. The lack of fitness of cake filtration model con-
veys that the membrane morphology needs to be further
engineered to achieve minimal fouling, maximum flux, and
appropriate permeate quality.

Further insights into the onset of various fouling mechanisms
with time of microfiltration operation can be obtained by con-
sidering the flux decline profiles as a combination of short-term
and long-term flux declines. The flux decline data has been
considered as two separate sets corresponding to two time inter-
vals (1-15 min and 15 min onwards). For each time duration, all
four fouling mechanism models have been considered for both
fresh and centrifuged juice. Table 4 summarizes the R* values
obtained for the four alternate models for fresh juice. It has been
analyzed that standard and intermediate pore blocking have best
fitness to represent initial (short term) and final (long term) flux

decline profiles. Similar observations were made for centrifuged
juice (Table S1).

Membrane Resistances

The variation of total permeation resistances to the flow of the
permeate for both fresh juice and centrifuged juice with vari-
ation on applied pressure (Fig. 4 a and b) indicates that with
increasing time, the total resistance increases gradually from
5.39x10" to 6.39x 10"° m*/m>, 4.60 x 10'* to 7.84 x
10" m*m?>, and 8.38 x 10'* to 1.05 x 10" m*/m® respectively
at 103.4 kPa, 137.9 kPa, and 172.4 kPa applied pressures for
fresh juice and from 6.37 x 10'% to 1.75 x 10'> m*/m?>, 4.45 x
10" t0 1.03 x 10" m*m’, and 6.83 x 10'* to 1.01 x 10"* m*/
m’ respectively at 103.44 kPa, 137.9 kPa, and 172.4 kPa ap-
plied pressures for centrifuged juice. The membrane perme-
ation resistance for pure water was evaluated to be 1.98 x 10"!

Table 4 Linearized R values of different fouling models of different sections for fresh juice

Models Parameters Applied pressure (kPa)
103.4 137.9 172.4
Initial Final Initial Final Initial Final
Complete pore blocking R 0.8934 0.9395 0.8873 0.9487 0.9047 0.9489
Slope 0.0974 0.0124 0.1123 0.0142 0.0981 0.0134
Intercept 11.116 12.395 10.725 12.177 11.019 12.301
Standard pore blocking R? 0.9511 0.9639 0.9536 0.9639 0.9592 0.9733
Slope 17.736 3.9816 17.72 42831 17.122 42125
Intercept 249.94 474.66 212.74 419.7 237.31 449.37
Intermediate pore blocking R 0.9852 0.9817 0.9894 0.9903 0.9899 0.9896
Slope 1.3343 0.5179 1.1669 0.5234 1.2349 0.5371
Intercept 5.2955 20.0548 3.1480 14.6492 4.7005 17.3270
Cake filtration R? 0.9967 0.9989 0.9918 0.9994 0.9939 0.9996
Slope 4.0955 4.5009 2.8055 4.0451 3.4841 4.5036
Intercept —3.8875 —4.4436 -42924 —2.5963 —3.7414 -1.9798
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Fig. 4 Variation of total permeation resistance with time for a fresh juice and b centrifuged juice

+0.43 x 10" m*m’. With an increase in pressure, the total
permeation resistance also increases for fresh juice. For cen-
trifuged juice, total permeation resistance was minimal for
103.4 kPa case. However, the permeation resistance at
137.9 kPa and 172.4 kPa are quite similar to each other.
Fresh juice offered greater permeation resistance due to the
presence of significant amount of large solute particles that are
removed during centrifugation for centrifuged juice.

The contributions of different resistances viz., support re-
sistance, irreversible resistance, and reversible resistance on
the total resistance were evaluated (Table S2). The reversible
resistance (due to concentration polarization and cake layer
formation on the support) varied from 95 to 99.7%.
However, for centrifuged juice and 103.4 kPa case, the con-
tribution of irreversible resistance is 85.70%, and the contri-
bution of support resistance to the total resistance was margin-
ally higher. This is due to significant irreversible pore
blocking of the membrane with time.

Morphological Changes During Microfiltration

The time dependent variation of effective permeability factor
(€m,tdt2 ), as a function of the original membrane effective
permeability (emd?), has been evaluated for fresh and centri-
fuged juice cases at various applied transmembrane pressure
differentials (Figs. S2 a and b). For both cases and for all
pressure values, the effective permeability factor decreases
sharply for the first 20-30 min followed with gradual reduc-
tion in the membrane morphology.

Comparing the fresh juice and centrifuged juice, the mem-
brane treated with centrifuged juice was found to be less prone
to pore blocking as compared with the membranes treated
with fresh juice, since, the centrifugation removes larger par-
ticles from the juice. At reduced applied pressure, the pore

blocking and internal fouling of the membranes were lesser
as compared with higher pressures, in case of centrifuged
juice. A reverse trend was observed for the microfiltration
carried out using fresh juice due to formation of cake layer
on the membrane surface at lower applied pressure. Hence, the
plots obtained in Fig. 2a and b were found similar to the plots
(Fig. S2 a and b) obtained here.

Permeate Quality Analysis

After conducting microfiltration experiments, the permeate
and feed samples were tested for carbohydrate content, protein
content, vitamin C content, total flavonoids, total phenol con-
tent, pH, salt content, TDS, color, and clarity (Table 5 a and b).
Irrespective of pressure differentials, the vitamin C content
remained fairly constant (28.16 £0.93 mg/g) for both feed
and permeate samples. For the fresh juice, best permeate qual-
ity was obtained at 103.4 kPa in terms of highest total phenols
and flavonoids content and minimal carbohydrate content in
the permeate. Incidentally, the membrane performance at
103.4 kPa indicated severe fouling and hence the in situ foul-
ing is regarded to have a strong role in influencing the superior
permeate quality. Similar inference can be deduced for the
permeate quality obtained for 137.9 kPa and fresh juice case,
for which marginally inferior total phenols content and lower
in situ fouling were obtained than those obtained at 103.4 kPa.
However, the protein content was found to be comparatively
lower (192.8 +28.23) for 137.9 kPa applied pressure. The
retention of pH is very important factor for the ceramic mem-
branes which was highly sensitive towards carbonate precur-
sor—based membranes (Kaniganti et al. 2015). Since pH reten-
tion can be observed for all permeate samples, saw dust can be
concluded to an appropriate pore forming agent to fabricate
low-cost ceramic membranes. On the other hand, for the cen-
trifuged juice and all pressure differentials, the protein content

@ Springer
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in the permeate is significantly higher with minimal separa-
tion. While flavonoids and total phenols are significantly
retained in the permeate, the presence of protein in the perme-
ate is detrimental, as it enables significant reduction in the
shelf life of the product.

For all cases, the pH and salt content remained similar in
both feed and permeate samples. Significant reduction in color
(0.15£0.09 and 0.45 +0.18) and enhancement in juice clarity
(92.46% £+ 0.59 and 85.31% + 1.81) were observed for fresh
juice and permeate samples obtained at 137.9 kPa and
172.4 kPa. Among all cases, 137.9 kPa can be regarded to
be the best due to optimal combinations of flux (highest
among all cases) and appropriate permeate quality.

For the centrifuged juice, the juice quality was marginally
higher (total phenols 20.62 +0.62 GAE/100 g and flavonoids
153.13+11.64 to 148.2 + 1.58 mg Quarcetin/g) than the per-
meate obtained with microfiltration. However, enhancement

Ay Total Operating Cost
W, Total Fixed Cost

16.84%

Membrane Cost
Dﬂ_\_ﬂ Membrane Cleaning Cost

/7] Manpower Requied in Juice Processing
15.19%

42.41% 1 \
%x ‘ ‘Ili

! |

/

42.41%

©

in clarity (92.46 +0.59%) and reduction in color (0.15 +0.09
A) and protein content (192.8 +28.23 mg/100 mL) were per-
tinent in the MF-clarified juice with respect to centrifuged
juice. Hence, centrifugation and associated costs of energy
and process can be omitted by replacing centrifugation with
inexpensive ceramic membrane technology for bottle gourd
juice clarification.

Microbial Analysis

The microbial analysis was conducted for fresh feed and
microfiltered permeate samples (at 137.9 kPa), 100 times di-
lution, 24 h, and 37 °C. The microbial feed concentration was
evaluated as 1.76 x 10° CFU/mL for fresh feed samples (Fig.
S3a). The centrifuged juice sample was found to have a mi-
crobial concentration of 3.50 x 10° CFU/mL thus indicating
80.11% microbial separation via centrifugation process. The

777/} Total fixed cost due to compressor

7777} Raw Material Cost
m Manpower Cost
V) Equipment Cost
XN Electricity Cost
XY Miscellaneous Cost
23.74%

C)

Fig.5 Breakdown of overall process cost; a total cost (0.372 $/L), b total fixed cost (0.31 $/L), ¢ total operating cost (0.06 $/L), and d total cost incurred

for membrane fabrication (0.0095 $/L)
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permeate samples did not exhibit visible growth after 24 h.
However, after 48 h, small colonies (Fig. S3 b) were observed,
using which permeate microbial concentration was evaluated
as 1.10 x 10* CFU/mL. Using these values, the membrane
rejection efficiency was evaluated as 99.37%. The obtained
separation efficiency is comparable to that reported in the
literature for microfiltered pineapple juice with 0.2-pm hollow
fiber membranes (100% removal efficiency) (Laorko et al.
2013). Thus, it can be inferred that the low-cost ceramic mem-
branes are suitable to retain microbes prevalent in the fresh
juice samples.

Literature Comparison

The permeate quality in terms of various physico-
chemical properties and nutrient content of the permeate
obtained with microfiltration at 137.9 kPa pressure was
compared (Table 6) with the literature data obtained with
cross flow microfiltration and microfiltration—ultrafiltra-
tion hybrid process (Mondal et al. 2016). The permeate
quality was found to be better with the dead-end
microfiltration process investigated in this research work
(676.6 £25.32 protein, 7.93+2.12 mg GAE/100 g total
phenolics, color 0.15+0.09 A, and 92.46 £0.59% clarity)
than reported in the literature for microfiltration (Mondal
et al. 2016). The higher concentration of protein in the
permeate obtained with the ceramic membrane is possibly
due to wider pore size distribution in the ceramic mem-
branes in comparison with the hybrid system.

Compared to the hybrid or integrated microfiltration—ultra-
filtration system reported in the literature, the low-cost ceram-
ic membrane provided better FRR (91.89 +0.49% but not
85%) but poorer FDC (94.13 +0.86% but not 40%). A lower
FDC suggested in literature might be because of the cross flow
process deployed by the authors. However, it shall be noted
that 7-9% higher FRR is promising and indicative of greater
irreversible fouling in the conducted work in comparison with
the literature.

Economic Competence

Based on assumed cost parameters, the fabrication based cost
for the low-cost ceramic membrane was evaluated to be 440.9
$/m?, which is comparable with the lower value reported in
the literature (460-4000 $/m?) (Suresh et al. 2016; Cheryan
1998; Koros and Mahajan 2000; Tennison 2000). For a clar-
ified juice production capacity of 110 L (at 137.9 kPa and
80 min processing time), the total juice processing cost has
been evaluated to be 1.19 and 3.99 $/L (87.29 and 292.91 Rs/
L) for microfiltration and centrifugation processes respective-
ly. The microfiltration and centrifugation processes incur an
additional processing cost of 31.26 and 79.52% respectively
with respect to the fresh juice cost. A further introspection of

involved costs is summarized in Fig. 5 for the microfiltration
process. As shown, the MF-based clarification involved a pro-
cessing cost of 0.372 $/L in which the fixed and operating
costs contribute to 83.13 and 16.84% respectively. The eval-
uated fixed cost of the MF process (0.31 $/L) involves the
contribution of total costs due to compressor, membrane hous-
ing assembly and depreciation as 82.82, 8.59 and 8.59% re-
spectively. The evaluated operating cost of the MF process
(0.06 $/L) involves the contribution of costs associated to
membrane replacement, membrane cleaning and manpower
cost during juice processing as 15.19, 42.41, and 42.41% re-
spectively. The membrane replacement cost of 0.0095 $/L
involves the costs associated to raw material, manpower,
equipment, electricity, and miscellaneous costs as 23.74,
40.73, 6.48, 25.48, and 3.59% respectively. On the other hand,
the centrifugation process involved a cost 0f 3.54 $/L in which
the fixed and operating costs contribute to 93.39 and 6.61%
respectively. The evaluated fixed cost of the centrifugation
process (3.31 $/L) involves the contribution of total costs
due to centrifuge, whereas, the operating cost (0.23 $/L) in-
volves manpower cost and electricity cost as 77.7 and 22.9%
respectively.

The scale-up related economic competence provided inter-
esting insights (Fig. 6). As shown for the MF process, the juice
processing cost reduced from 1.19 to 0.37 $/L for the MF
process for an enhancement in the juice production capacity
from 110 to 10,000 L/y of which only 31.27-26.32% of the
total cost comprise of the process cost. On the other hand, the
corresponding juice processing cost reduced from 3.99 to 0.42
$/L for the centrifugation process. Incidentally, the market
price of bottle gourd juice is about 2-5 $/L, which is signifi-
cantly higher than the costs evaluated based on fresh juice and
juice processing costs (1.19-0.37 $/L) (Weblink 1 n.d.;
Weblink 2 n.d.).

4.5
—&— Microfiltration
4.0 —&— Centrifugation
3.5
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= ]
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< 25-
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Fig. 6 Scale-up cost comparison between microfiltration and
centrifugation processes
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Conclusions

During clarification of bottle gourd juice, saw dust based ce-
ramic membranes (1-pum pore size and 28.47% porosity) per-
formed optimally at 137.9 kPa transmembrane pressure and
for fresh juice. Thereby, the MF process technology omits the
centrifugation process and associated process costs. The mem-
brane exhibited a FDR and FRR of 91.57+0.65-94.13 +
0.86% and 91.89 £ 0.49-94.54 +£0.72% respectively, despite
undergoing intermediate and standard pore blocking.
Compared experimental investigations addressed for centrifu-
gation process, the ceramic membranes exhibited better clar-
ity, microbial, and protein rejection along with similar values
for other nutritional parameters but not total phenolic content.
The ceramic membrane fabrication cost (conceptual) has been
evaluated as 440 $/m? and thereby, the juice processing con-
ceptual cost have been evaluated to be 0.37-1.19 $/L, which is
significantly lower than the centrifugation costs for lower pro-
duction capacity. In summary, saw dust based ceramic mem-
branes are promising technologies to serve as cost competitive
filter aids.
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Nomenclatures J,,, pure water flux of the membrane; J, initial water
flux of the membrane; J,, water flux of the fouled membrane; J,, pure
water flux of the cleaned membrane; Vi, volume of the setup; A,,, effec-
tive permeable area of the membrane; 7, time required for the entire vol-
ume of water to flow out of the setup; J,, ,, permeate flux at time t; V,,
volume of the permeate collected at time t; #, instantaneous time; AP,
applied pressure; 7,,, viscosity of water; 1), viscosity of the permeate; ¢,,,
volumetric porosity of the membrane; ¢,,,, volumetric porosity of the
membrane at time t; d, average membrane pore diameter; d,, average
membrane pore diameter at time t; /, length of the membrane; /,, length
of the membrane at time t; FRR, flux recovery ratio; FDC, flux decline
coefficient; CFU, colony-forming unit; C,, CFU/mL of the permeate
sample; C; CFU/mL of the feed sample; R, total fouling resistance; R,,,
hydraulic resistance or membrane resistance; R,, reversible resistance; R;,
irreversible resistance
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