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Abstract A field demonstration on the ultrafiltration of
sugarcane juice for raw sugar production was conducted in
a raw sugar mill in Guangxi Province, China. Heated limed
sugarcane juice was processed using 0.05 pm ceramic
membranes in a pilot plant with a design capacity of
5.5 m*/h. Results indicated that the ceramic membrane
modules were satisfactory for sugarcane juice clarification,
which yielded 119.13-142.43 L/(m® h) of average flux
under the volumetric concentration factor of 10-12 and
produced clarified juice of superior quality with more than
1.2 unit rise in purity, 99.96 % reduction in turbidity, and
10.42 % removal of color. The membrane cleaning period
was 10-25 h. Moreover, a high-quality product with high
Pol, low color, and low ash content was obtained when the
permeate juice was concentrated and crystallized to form
raw sugar. However, further studies are necessary to

Electronic supplementary material The online version of this
article (doi:10.1007/s12355-016-0434-1) contains supplementary
material, which is available to authorized users.

P4 Kai Li
gxlikai@126.com

< Hai-Qin Lu
haiqinlu@gxu.edu.cn

P< Fang-Xue Hang
hangfx@163.com

College of Light Industry and Food Engineering, Guangxi
University, Nanning 530004, China

Jiangsu Jiuwu Hi-Tech Company Limited, Nanjing 211808,
China

Engineering Center for Sugarcane and Cane Sugar, Guangxi
University, Nanning 530004, China

Collaborative Innovation Center of Guangxi Sugarcane
Industry, Guangxi University, Nanning 530004, China

investigate the methods of processing retentate for the
recovery of sucrose and handling of wastewater generated
during membrane cleaning, as well as the service life of the
membrane.
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Introduction

The production of raw sugar from sugarcane generally
consists of four stages: (1) crushing of sugarcane to
produce raw juice, which contains sucrose and various
impurities; (2) clarification, in which the juice is treated
at 98-105 °C with chemicals (e.g., lime, sulfur dioxide,
phosphoric acid, and flocculant) and then settled in a
clarifier to remove non-sugar impurities; (3) evaporation
of clarified juice to form syrup; and (4) crystallization to
form raw sugar. The disadvantages of conventional pro-
cessing of sugarcane juice include the inefficient removal
of substances (e.g., starch, color, colloids, and other
suspended matters) during clarification, which adversely
affects the quality of final product (raw sugar) (Hamachi
et al. 2003), as well as the use of heavy equipment and
chemicals, which can lead to high operating costs and
related environmental problems (Jegatheesan et al. 2009).
Thus, the sugar industry needs efficient clarifying meth-
ods to improve the quality of clarified juice and reduce
or eliminate the usage of chemicals. Membrane filtration
is an advanced method that ameliorates these issues
(Steindl 2001). Numerous laboratory-scale studies of
membrane applications, as well as a few pilot-scale and
industrial studies, have been conducted (Jegatheesan
et al. 2012).
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In a study, clarified juice (liming—sulphitation) was
treated with polymeric spiral-wound membranes in a pilot
plant with a capacity of 10 m*/h. The membrane modules
displayed satisfactory separation with 0.9 unit of purity
rise, 31 % reduction of turbidity, and 47 % removal of
color in the permeate (Ghosh and Balakrishnan 2003).
However, spiral-wound membranes could be fouled easily,
and the average flux was low at only 7 L/(m? h). In another
report, ceramic ultrafiltration membranes with pore size of
0.02 pm were used to filter clarified juice (lime defecation)
in a sugar mill (Kwok 1996). The ultrafiltration system was
used for the entire 1995 crop season, during which 65 % of
the total clarified juice went through the system. Although
good results were obtained, several membrane breakages
occurred during the early part of the cropping season and a
gradual reduction in flux over the crop period was expe-
rienced, possibly because the membrane technology and
automatic control system were relatively new at that time.
Similarly, dead-end ceramic membranes with pore size of
0.20 um were used to treat clarified juice (lime defecation)
in an industrial-sized pilot plant (Farmani et al. 2008).
However, this report only provided parameters, such as
decolorization, turbidity removal, purity rise, and viscosity
reduction, but not temporal variations in permeate flux.
Even though dead-end filtration is easy to operate, it results
in a severe membrane fouling. Even the membrane tech-
nology was relatively new in the 1990s, the use of mem-
branes to clarify raw sugarcane juice was not feasible
(Steindl 2001). The application of membrane filtration in
the sugar industry in the pilot or industrial scale is mainly
based on clarification of clarified juice. Lower impurity
loading in clarified juice will enable higher permeate flux
levels to be reached and maintained. However, significant
progress has been achieved in membrane characteristics
over the past two decades, which makes clarification of raw
sugarcane juice with membranes possible.

In terms of manufacturing materials, membranes are
mainly classified into ceramic membrane, stainless steel
membrane, and organic polymer membrane. Both stainless
steel membranes and ceramic membranes are inorganic
membranes with good performance. Nonetheless, the cost
of stainless steel membranes is three to five times as much
as that of ceramic membranes (in China). Moreover, the
improved performance of ceramic membranes over poly-
meric membranes has been established, which may repre-
sent a future direction for the application of membranes in
the sugar industry (Jegatheesan et al. 2012). However, the
application of ceramic membranes in clarifying raw sug-
arcane juice (mixed juice) for raw sugar production at the
pilot or industrial scale for a longer time period is still
limited (Jegatheesan et al. 2012). To solve the above-
mentioned problems, a field demonstration on ultrafiltra-
tion of raw sugarcane juice for raw sugar production was
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conducted in a raw sugar mill. The main objectives of this
work were to (1) evaluate the permeate flux and quality
obtained for the membranes; (2) concentrate and crystallize
permeate juice to form raw sugar; (3) evaluate the quality
of final product (raw sugar); and (4) present the critical
issues encountered during operation.

Materials and Methods
Sugarcane Juice and Membranes

Raw sugarcane juice (mixed juice) was collected from
Fangcheng Sugar Mill (Guangxi, China). Table 1 summa-
rizes the average juice properties recorded in the
2014-2015 crushing season. The juice was filtered through
a 100-mesh stainless steel screen to remove large fibers.
The juice was then treated with milk of lime and mixed
well by a stirrer to raise the pH from 5.4-5.8 to 7.4-7.6.
The limed juice was heated by tube-type heat exchangers to
raise the temperature from 30-35 °C to 85-95 °C. The
heated limed juice was used as feed for the experiments.
Ceramic membranes were provided by Jiangsu Jiuwu Hi-
Tech Co., Ltd. Details of the membrane characteristics are
presented in Table 2.

Table 1 Feed characteristics (2014-2015 crushing season)

Property Average value
Suspended solids (%) 0.30 £ 0.03
Brix (%) 16.5 £ 0.2
Pol (%) 14.20 £ 0.22
pH 5.60 + 0.13
Conductivity (mS) 4.60 £ 0.21
Turbidity (NTU) 3582 £ 106
Color (IU) 1940 £+ 130
Density 20 °C (g/mL) 1.06 + 0.02
Viscosity 80 °C (mPa s) 1.32 £ 0.08

Table 2 Characteristics of ceramic membranes used in this study

Item Description
Membrane type Tubular

Material 7r0,; o-Al,O5
Pore size 0.05 pm;

Pure water permeability (25 °C) 620.2 L/(m2~h~bar)
Length 1200 mm

Outside diameter 30 mm

Number of channels 37

Channel diameter 2.6 mm

Surface area 0.36 m>
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Ultrafiltration Demonstration Plant

The demonstration was conducted at the Fangcheng Sugar
Mill (Guangxi, China). A multistage ceramic ultrafiltration
membrane system with capacity of 5.5 m*/h as the experi-
mental setup was designed by Jiangsu Jiuwu Hi-Tech Co.,
Ltd. (Fig. 1). Ultrafiltration installation is composed of five-
stage series ceramic membranes (I, II, III, IV, and V) using a
feed and bleed continuous system (the concentrate of one
stage is the feed of the next stage), in which each stage
consists of two modules (LP and HP modules). Each
module contains 12 membrane tubes. The total membrane
area of the plant was calculated as 43.49 m”. To ensure the
consistent operating performance of the system throughout
the experiment, one of the five stages was used for cleaning
and served as a replacement at any time. The heated limed
sugarcane juice was pumped into the feed tank and then
pumped into the membrane modules. Under pressure, the
sugarcane juice was radially permeated through the mem-
brane for clarification. The juice was then passed from one
stage to the next with the circulation pumps providing the
desired velocity in the channels. The retentate leaving the
last stage was collected in the retentate tank, and the per-
meate juice was collected by the permeate tank. The volu-
metric concentration factor (VCF) was controlled between
10 and 12 by the inlet (V) and outlet valve (V). The unit
was equipped with suitable instrumentation to measure
flow, temperature, and pressure. The permeate clarified by
the membrane was concentrated from 16.0-17.0 °Brix to
60.0-65.0 °Brix by a falling film evaporator. The concen-
trated sugarcane juice was also referred to as syrup. The
syrup was crystallized in a vacuum boiling pan by seeding
with crystalline sugar. Sugar crystals were then separated
from the massecuite by centrifugation. The final product
(raw sugar) was obtained after drying.

Operational data, such as flow rates, pressure, and
temperature, were monitored and recorded at 15-30 min
intervals. Samples from the feed, permeate, syrup, and final
product (raw sugar) were collected once in 4-8 h for
analysis. The pilot plant ran continuously for 56 days
throughout the 2014-2015 crushing season.

Membrane Cleaning

The membranes were cleaned when the permeate flux
declined to 70 L/(m* h). The cleaning process varied
according to the feed property. For the sugarcane juice, (1)
it was first rinsed with clean industrial water for four to five
times to remove all juice from the system until the resulting
rinse was clear (the first rinse was pumped into the reten-
tate tank). (2) The membrane was then rinsed for 1-2 h
with a mixed solution of 1 % NaOH and 0.5 % NaOCI at
60-80 °C. The solution was drained, and the membrane
was rinsed with water again until the pH approximated 7.0.
(3) The membrane was finally rinsed with 0.5 % HNO;
solution for 10-20 min. Membrane cleaning was con-
ducted at a low transmembrane pressure and high cross-
flow velocity to ensure optimal scouring of the membrane
surface. During chemical cleaning, the permeate valve was
closed for the first half of the cleaning duration to remove
foulants from the membrane surface. For the remainder of
the cleaning duration, the permeate valve was opened to
remove foulants trapped under the membrane layer and
support.

Analysis
Brix, a measure of refractometric dry substance, was

measured using a digital refractometer (PAL-1, Atago)
(Jegatheesan et al. 2012). Pol is a measurement of the total
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Fig. 1 Schematic of the ultrafiltration demonstration plant: five-stage feed and bleed continuous system. Note LP low pressure, HP high pressure
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polarized substance in the samples, and it represents the
sucrose content in the samples. Pol was measured by a
polarimeter (WZZ-2SS, SHANGHAI JINGKE) (Jegath-
eesan et al. 2009). The purity of the samples was calculated
as follows (Jegatheesan et al. 2012):

Pol
Purity (%) = %X % 100

(1)

Color, a measurement of the colored substances in the
samples, was measured by a spectrophotometer (722 N,
SHANGHAI JINGKE) (Ghosh and Balakrishnan 2003).
The turbidity (NTU) of sugarcane juice was measured by a
digital turbidity meter (WGZ-4000B, SHANGHAI XIN-
RUI). The pH was measured by a digital pH meter (PHS-
3C, P.R. China).

Reducing sugar content is a significant evaluation index
of the quality of raw sugar. The reducing sugar content in
raw sugar was measured according to Ofner’s method
(Mcdonald and Turcotte 1946). Ash is a measurement of
the inorganic contents in raw sugar. The conductometric
method (Ghosh and Balakrishnan 2003) was used to
measure ash by a conductivity meter (DDSJ-308A,
SHANGHAI JINGKE). The turbidity (MAU) of raw sugar
was measured according to GS-21 method (Ghosh and
Balakrishnan 2003) using a spectrophotometer (722 N,
SHANGHALI JINGKE). The gravimetric method was used
to measure the amount of water-insoluble impurities in raw
sugar. A certain mass of raw sugar was weighed and dis-
solved. The sugar solution was then filtered through a pore
size less than 40 pm. The residues were used to measure

Table 3 Typical quality parameters of feed and permeate streams

the water-insoluble impurity content in raw sugar after
drying.

Results and Discussion
Capacity and Flux

The capacity and permeate flux are two essential parame-
ters to evaluate membrane separation. Supplementary
Fig. S1 describes the capacity and permeate flux of the
demonstration plant during operation in the 2014-2015
crushing season. Each data point represents the average
flux (or capacity) obtained in 1 day (24 h). As shown in
Supplementary Fig. S1, throughout the trials, the daily
average flux was 119.13-142.43 L/(m? h) and the capacity
of the demonstration was 4.6-5.5 m*/h under the trans-
membrane pressure of 1.0-2.5 bar (LP = 1.0-1.5 bar,
HP = 2.0-2.5 bar), cross-flow velocity of 4-5 m/s, feed
temperature of 85-95 °C, and volumetric concentration
factor of 10-12. These results indicated that the flux and
capacity obtained were suitable for industrial production.

Quality of Clarified Sugarcane Juice

The quality of clarified juice is another significant param-
eter used to assess membrane filtration. The typical quality
parameters of the feed and permeate streams are indicated
in Table 3. All the different operating times produced high-
quality filtered juice with more than 1.2 unit increase in

Time (week) Sugarcane juice Brix (%) Pol (%) Purity (%) Turbidity (NTU) Color (IU) pH
1 Feed 16.6 £ 0.2° 1418 £ 0.19" 854 +02* 2639 £ 161° 1980 £ 208 7.42 +0.12°
Permeate 162 £ 02*  14.03 £ 0.18° 86.6 + 0.2  0.57 + 0.07* 1660 + 20*°  7.10 £ 0.16*
2 Feed 16.5 £0.2% 1411 + 0.16™ 85.5 4+ 0.2 2786 &+ 105™ 1940 £ 20" 7.45 £ 0.15°
Permeate 163 + 0.1 1428 £ 0.14%™¢  87.6 + 0.3¢ 0.60 + 0.07° 1730 £20°  7.08 + 0.14°
3 Feed 16.5 £ 02 14.12 £ 0.16™ 85.6 + 0.2 2728 4+ 105™ 1990 + 208 7.55 + 0.08"
Permeate 164 + 02% 1424 + 0.20°¢  86.8 + 0.2¢ 0.75 % 0.12° 1660 + 20°  7.02 £ 0.12*
4 Feed 16.5 £ 02  14.12 £ 0.13%° 85.6 + 0.3° 2671 + 116™ 1970 + 20  7.46 + 0.15°
Permeate 163 £ 0.1 1431 £ 0.11°¢  87.8 + 0.4¢ 0.94 + 0.22° 1650 + 20*  7.00 + 0.12°
5 Feed 16.6 £ 02° 1431 £ 0.15°9 862 +£0.3° 2850 + 189° 1880 + 20°  7.48 +0.13°
Permeate 164 + 02" 1450 + 0.17¢ 88.4 + 0.3° 0.82 &+ 0.07° 1660 & 20°  7.08 + 0.13°
6 Feed 16.6 + 0.2° 1436 4+ 0.15"¢  86.5 + 0.4™ 2755 4 80" 1890 + 20°  7.52 £ 0.15°
Permeate 164 £ 0.1 14.50 & 0.08¢ 88.4 4 0.3° 0.73 + 0.14° 1660 + 10*  7.03 £ 0.12°
7 Feed 16.5 £ 02 1429 4+ 020 86.6 £ 0.3 2710 £ 156™ 1920 + 20%  7.48 £ 0.13°
Permeate 163 + 02%® 1442 +0.18°¢ 885 + 0.3° 0.74 + 0.15° 1720 £ 20°  6.96 + 0.12*
8 Feed 16.5 £ 02 14.26 4+ 0.21%¢ 864 + 02" 2794 4 174" 1920 + 20%  7.46 + 0.18°
Permeate 16.3 + 02%* 1431 + 0.14**¢  87.8 + 0.3¢ 0.81 + 0.34% 1710 £ 20°  7.06 £ 0.12%

The average of the samples, which followed the same letters in the same column for each parameter, did not differ at the 5 % significance level

based on Tukey’s test
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Table 4 Cleaning period at different stages of membranes

Table 5 Typical quality parameters of raw sugar

Membrane stage number 1 II I v A\ Parameter Value
Cleaning period (h) 20-25 16-25 13-20 10-16 10-12 Pol (%) 99.5-99.6
Reducing sugar content (%) 0.08-0.12
Ash (%) 0.07-0.10
purity, 99.96 % reduction in turbidity, and 10.42 % Color (IU) 250-350
removal of color. These results demonstrated a remarkable Turbidity (MAU) 80-160
improvement compared with the clarified juice obtained by =~ Water-insoluble impurity content (mg/kg) 20-40

lime defecation or liming—sulphitation. In addition to small
amounts of lime, reducing turbidity, removing color, and
rising purity were possible with ceramic membrane filtra-
tion without the addition of any other chemical substances.

Membrane Cleaning Period

The dirty membrane was successively cleaned with (1)
clean industrial water, (2) a 1 % NaOH + 0.5 % NaOCl
solution (60-80 °C), and (3) a 0.5 % HNO; solution. The
membrane filtration system was divided into five stages.
The cleaning period of each stage is indicated in Table 4,
which shows that the latter stage membrane had a shorter
cleaning period. For instance, the cleaning period was
20-25 h in the first-stage membrane, but it was shortened
to 10-12 h in the fifth stage (the last stage). This phe-
nomenon was due to the fact that the membrane fouling
degree was related to the concentration of impurities in the
feed. The higher the concentration of impurities in the feed,
the easier the membrane was fouled and the faster the
permeate flux declined. During the filtration of sugarcane
juice by the system, sugarcane juice was initially processed
by the first stage. The retentate from the first stage was
processed successively at the second and third stages and
finally entered the fourth stage (one of the five stages was
used for cleaning and functioned as a replacement during
the operation). The VCFs of retentate from the first, sec-
ond, third, and fourth stages were 1.1-1.8, 1.5-3.0, 3.5-6.0,
and 10-12, respectively. Therefore, for the latter stage
membrane, the membrane was easily fouled at higher
concentrations of impurities in the feed. A membrane with
a latter stage demonstrated a short cleaning period.

Raw Sugar Quality

The permeate clarified by the ceramic membranes was
concentrated with a falling film evaporator to form syrup of
60-65 °Brix. The syrup was crystallized in a vacuum
boiling pan by seeding with crystalline sugar. Sugar crys-
tals were then separated from the massecuite by centrifu-
gation. During centrifugation, water was added to assist in
removing the mother liquor adhered to the crystals. This
step improved the rate of purging and quality of sugar, but
some sugar crystals were dissolved and affected the purity

of molasses. Upon comprehensive consideration, the time
of water addition should be controlled at the range of 4-5 s
during centrifugation. The final product (raw sugar) was
obtained after drying. Raw sugar quality is a critical factor
because it determines the value of raw sugar and affects the
performance of refineries (Jansen 2010). The typical
quality parameters of raw sugar are presented in Table 5.
High-quality raw sugar with high Pol, low color, and low
ash content was obtained from the trials. After remelting,
this high-quality raw sugar to produce refined sugar, affi-
nation, and carbonation (or phosphoric floating) was
omitted. The raw sugar after remelting and filtering could
be used in decolorization and crystallization, thereby
reducing costs and preventing environmental problems
caused by the excessive use of chemicals in carbonation or
phosphoric floating. This sugar may serve as an edible
product to be sold in China or in other countries.

A considerable number of studies have been conducted
to investigate the application of membrane filtration to
clarify sugarcane juice (Kwok 1996; Ghosh and Balakr-
ishnan 2003; Wittwer 1999; Steindl and Doyle 1999;
Kochergin et al. 2000; Ghosh et al. 2000; Jegatheesan et al.
2009; Priscilla et al. 2014). Supplementary Table S1 lists
the experimental results of some previous studies, as well
as those of the present study. The capacities of pilot and
industrial studies reported by Kwok (1996), Ghosh and
Balakrishnan (2003), Wittwer (1999), and the present study
were closer to actual production, and the experiments
conducted by different researchers all produced high-
quality permeate juice or sugar. The experimental results
reported by Kwok (1996), Ghosh and Balakrishnan (2003),
and Wittwer (1999) were based on clarification of clarified
juice, in which conventional raw sugarcane juice treatment
should be retained as pretreatment for membrane filtration.
However, in the present study, raw sugarcane juice (mixed
juice) was processed directly using ceramic membranes,
which is a remarkable improvement compared with the
techniques used in previous studies. Based on Supple-
mentary Table S1, the performance of inorganic mem-
branes (ceramic membranes or stainless steel membranes)
was better than that of organic polymer membranes with
higher permeate flux.
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Critical Issues Encountered During Operation

This study obtained positive results. However, further
investigations are necessary to solve the following critical
issues encountered during operation: (1) recovery of
sucrose from retentate, which contains large amounts of
impurities and a considerably high sucrose content; (2)
treatment of wastewater generated from cleaning the
membrane; and (3) investigation on the service life of
membrane, which is a significant factor to assess mem-
brane application.

Conclusions

Ultrafiltration of raw sugarcane juice for raw sugar pro-
duction was successfully demonstrated in a raw sugar mill.
Heated limed sugarcane juice was processed using 0.05 pm
ceramic membranes in a pilot plant with a design capacity
of 5.5 m*/h. The pilot plant ran continuously for 56 days
throughout the 2014-2015 crushing season. The ceramic
membrane modules displayed satisfactory performance,
yielding 119.13-142.43 L/(m? h) of average flux and pro-
ducing permeate juice of superior quality. A high-quality
product was obtained when the permeate juice was con-
centrated and crystallized to form raw sugar.
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