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Starch hydrolysates have strict quality demands of production where low content of impurities is required. The
quality of the product depends on the raw material, the suitability of clarification and the evaporation process of
juices. The manufacture of starch products plays an essential role in numerous applications in widely different
industries, such as food ingredients, cosmetics, pharmaceutical products, and other products for wide-ranging
technical applications. However, the current industrial downstream processes used after hydrolysation to purify
these products significantly impact the environment and have high energy demands. For this reason, it is
essential to investigate other sustainable separation techniques commercially available for the industry, such
as membrane separation technologies. Membrane technology could increment the quality of the product while
reducing energy consumption and waste production compared with other methods. For instance, ultrafiltration
(UF) membranes have demonstrated the efficient separation and purification of various sugar juices. They are
pressure-driven membranes able to fractionate the product from non-sugar compounds and impurities.
Therefore, as a starting point, this research evaluated two different UF membranes available in the market to
treat starch hydrolysates (70 kDa and 20 kDa). The influence of two operating parameters, such as temperature
and transmembrane pressure (TMP), on the separation of colour particles, sugar permeation and permeate flux
from the starch hydrolysates were evaluated through the filtration processes. The 70 kDa membrane obtained
the best performance at optimal operating conditions of 60 °C and 8 bar with around 27 % colour removal, the
highest permeate flux value of 105.4 L/m2.h and minimum sugar loss of 3%. Finally, the results indicate the
suitability of UF technology for the partial decolourisation of starch hydrolysates; however, it is recommended
to continue studying the combination of UF with another separation method to eliminate the remaining impurities
in the final product. These results would be a valuable guide for downstream process design and practical
operation in subsequent industrial applications.

1. Introduction

The raw materials to produce starch hydrolysates are polysaccharides made up of glucose units (Acevedo-
Estupifan et al., 2015). Starch hydrolysates are presented in the form of glucose syrups, which are liquid
solutions highly viscous with high glucose concentrations of around 75 %DS (Singh & Cheryan, 1998). These
glucose syrups have different sweetening power; being the 100 Dextrose Equivalents (DE) the sweetest power
of sucrose (Hobbs, 2009). Despite their different applications, these syrups are highly appreciated in the food
industry since they provide sweetness, softness, and shine to the products, besides their capacity to decrease
water activity, prolonging the product's duration among other benefits (Acevedo-Estupifian et al., 2015).
Therefore, this final product could be used in products like chocolates, ice creams, and sweets in general
(Dziedzic & Kearsley, 1995).

The starch hydrolysation results in a deterioration of the product and a reduction of the length of the molecules
to transform dextrin into low molecular weight sugars, such as glucose, maltotriose, maltose or mixtures
(Dziedzic & Kearsley, 1995). This process led to the further forming of colour molecules and the introduction of
impurities like non-sugar compounds as salts and proteins into the glucose syrup, obtaining a product with a
determined sugar composition but with a considerable colour content (Shahidi Noghabi & Razavi, 2015).
Different colour compounds are formed during this stage by polymerization, polycondensation, disintegration or
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caramelization. An example of these non-sugar compounds are the colour particles called the Melanoidins which
are compounds generated in the late stages of the Maillard reactions from reducing sugars and proteins,
peptides or amino acids during the food processing and preservation (Wang et al., 2011). Therefore, starch
hydrolysates are normally filtered using different methods like Activated Carbon (AC) and lon Exchange (IE)
technology to remove the colour, flavour, and other smaller particles (Hobbs, 2009). Consequently, it is
concentrated through the evaporation process to around 70 %DS (Hernandez-Uribe et al., 2008). Nevertheless,
the conventional downstream technologies used in the industry results in long processes to achieve optimum
product, low yield and quality, high costs by wasting both energy and high-value chemicals, without mention the
significant impact in the environment and high energy demands (Bhattacharya et al., 2001). Accordingly, starch
hydrolysates production requires finding and investigating new separation techniques, such as membrane
processes, which have already excellent prospects and have overcome traditional methods (Guo et al., 2019).
Starch hydrolysates processing requires low content of non-sugar impurities, including pigments, with high
content of sugars (Gyura et al., 2002). Therefore, clarification and decolourisation steps are the second main
responsible for batch production, obtaining a brilliant, light coloured and transparent syrup (Luo et al., 2016).
Membrane processes in different industries have already been analysed, and their benefits have been proved
over time (Cassano & Drioli, 2014). This technology, readily available on an industrial scale, helps with product
decolourisation and could eliminate chemicals and bring different benefits, including during the evaporation and
crystallisation steps, by decreasing energy consumption and increasing sugar recovery (Benkun Qi et al., 2017).
Besides membrane technology could replace or complement other conventional technologies like the mentioned
IE, and the AC allowing obtaining a quality product in terms of turbidity, colour, and microbiological content
(Acevedo-Estupiian et al., 2015).

This research investigated the potential of ultrafiltration (UF) for the decolourisation of starch hydrolysates. Two
commercially available UF membranes were tested on a lab-scale crossflow membrane module under different
operating conditions to evaluate the influence of temperature and TMP on the average permeate flux, colour,
and sugar rejection. These results are a first overview to choose the best membrane performance and operating
conditions for the future design of downstream processes for starch hydrolysates treatment.

2. Materials and Methods
2.1 Feed Solution

Glucose syrup from starch hydrolysates is provided by AGRANA Starke GmbH (an Austrian starch processing
company) at a high concentration of reducing sugars of around 70 %DS. It was obtained mainly from maize and
wheat starch by an enzymatic hydrolysis process. First, the glucose syrup was diluted at room temperature with
deionized water until a homogeneous solution of around 30 °Brix. Since there may be a deviation in the native
pH value of the different saccharification products, a standard pH value of around 4.5 was selected to yield
comparable results. This value has improved colour stability of the syrup, especially at higher filtration
temperatures. The pH of the initial solution was adjusted if needed by adding low quantities of H2SO4 and NaOH.

Table 1:Characteristics of the membranes

Parameter Membrane Membrane
I Il
MWCO (kg mol™) 70 20
Max Operating temperature (°C) 60 75
Operating pH range 2-10 2-10
Max operating pressure (bar) 8 9

2.2 Experimental Set-Up and Membranes

Lab-scale crossflow filtration membrane unit was used for the experiments, model OS-MC-01, consisting of a
flat sheet membrane module with an effective membrane area of 0.008 m? (0.04m x 0.2m). The schema of the
membrane test cell can be found in this article (Cabrera-Gonzalez et al., 2022). The membrane unit comprises
a two-litre feed tank with a stainless-steel jacket. The feed syrup is pumped to the rectangular membrane module
through a high-pressure piston pump (CAT pump; model-231). The unit has a flow capacity of 3.7 L min-! and
a maximum pressure of up to 64 bar. All the trials were performed in batch mode, where the retentate was
recycled back to the feed tank. At the same time, the permeate was continuously collected in a vessel located
on a digital balance to measure the permeate flux through the process. Additionally, the feed tank is equipped
with a heating unit (VWR) to heat the liquid to the desired temperature. Two flat sheets of UF polymeric
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membranes were selected considering different molecular weight cut-off (MWCO), and operating pressures and
temperatures (

). They can be used to process food at hydrolysis temperature conditions to avoid microbiological fouling on the
membranes.

2.3 Experimental Conditions

The filtration processes evaluated two independent variables to determine their effect on colour removal, sugar
retention, and average permeate flux. A factorial design is applied where the impacts of temperature and
transmembrane pressure were considered at two levels (high and low values) while maintaining the same feed
concentration (30 °Brix). The different independent variables considered are represented in Table 2. Brix,
permeate flux, pH and conductivity were measured until a certain amount of permeate was collected (~1400
mL).

Table 2: Boundaries of independent variables

Parameter Lower Upper
Temperature (°C) 40 60
Transmembrane Pressure (bar) 2 8

2.4 Analytic Methods

A UVvisible scanning spectrophotometer (UV-1800 Shimadzu) was used to determine the colour in the feed,
permeates and retentates according to an ICUMSA spectrophotometrically method (GS2/3-10) at 420 nm used
in sugar analysis (Giani, 2018). Therefore, the colour is given in ICUMSA units (IU, international units for sugar
colour). Brix measurements were used to estimate the sugar concentration on the samples; therefore, the sugar
concentrations were evaluated using an Optronic Digital Refractometer (KRUSS DR6200-T) to measure the
index refraction at a temperature of 20°C. Brix values are used to measure the refractometric dry substance in
an aqueous solution, namely the amounts of dissolved solids per weight of the total solution (Elewa et al., 2020).
The pH and conductivity values were measured using a digital pH meter (PH-100 ATC Voltcraft) and a digital
conductivity meter (WA-100 ATC Voltcraft). To evaluate the fouling of each test, the water permeability of
membrane modules was measured before and after feed filtration and cleaning, respectively. Finally, colour
rejection and sugar permeability were calculated with the following Eq (1) determining the performance of each
stage process. Where C,, Cr are the concentration (sugar) or absorbance (pigment), of the permeate and feed.

Cp
R=(1- %100 %

(&) (1)

3. Results and Discussion

The performance of UF membranes on decolourization and sugar permeability was investigated considering
different operating conditions. The term decolourization in this work refers to removing natural pigment existing
in the glucose syrup obtained from saccharified starch hydrolysates, and the permeability concept refers to the
accumulated amount of reducing sugars in the permeate side. The main objective of the UF was to obtain colour
rejection and sugar permeability, which means that the final product results from the permeate line and must
have high sugar with lower colour content.

3.1 UF membrane performance

The UF results show that the filtration fluxes depend on the type of membrane used, its material, and its MWCO.
Although the effects of temperature and pressure can be compared during all the experiments, the nature of the
flow along the membrane surface and tangential velocities are different in both UF membranes studied.
Membrane | with large MWCO (70kDa) obtained the highest permeate flux value during the filtration process,
with 105 L/m2.h, than membrane Il with lower MWCO (20kDa) with 35 L/m2.h. High permeate flux is beneficial
because it alleviates the concentration polarisation layer in the membrane surface, which increases the transport
of solutes like reducing sugars across the membrane into the permeate, decreases membrane fouling, and
increases sugar recovery during the process. However, high permeate flux sometimes can also provoke the
dilution of some other solutes across the membrane (concentration polarisation effect), which increases the
solute rejection decreasing, for example in this case, the colour permeation (Guo et al., 2019).
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Both UF membranes had similar behaviour regarding the decolourisation of starch hydrolysates with around 35
% highest colour rejection value. This behaviour could mean that approximately 35 % are large colour particles
above 70 -20 kDa, while the other 70% are smaller colour particles below 20 kDa. Nevertheless, membrane |
represented the best sugar permeability under the best conditions, with a slight sugar loss of 3 % due to its large
pore size. In comparison, membrane Il had a considerable sugar loss of around 17 %. The high permeate fluxes
observed in membrane |, especially at high temperature and TMP, had a low concentration polarisation effect
during sugar permeation, where the reducing sugars were transported across the membrane into the permeate.
However, this membrane still positively impacted colour removal due to a dilution effect where the colour
particles were diluted across the membrane surface, with similar removal values to the lower MWCO (20 kDa)
membrane.
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Figure 1: Influence of operating parameters in decolourisation, sugar permeability and flux (70kDa membrane)
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Figure 2: Influence of operating parameters in decolourisation, sugar permeability and flux (20kDa membrane)

On the other hand, membrane Il had a significant membrane fouling with a value of around 31% flux reduction
considering the water permeability of the membrane before and after feed filtration. Membrane fouling also
decreased sugar recovery from 7 to 20 % since foulants block and narrow the membrane pores, especially
when a lower MWCO is available, increasing solute rejection due to the called membrane fouling effect (B Qi et
al., 2017). Whereas during filtration with membrane I, no flux reduction occurred, assuming that there is no
considerable membrane fouling effect on the surface of the membrane during the filtration of starch hydrolysates
(Shi et al., 2019). Therefore, lower sugar loss is also observed.
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3.2 Influence of operating conditions

The influence of operating conditions on each UF membrane’s rejection percentages and fluxes is summarised
in Figures 1 and 2. At low temperature, the highest colour removal is observed in both membranes. However,
at low temperature, the viscosity is also high, which decreases the sugar permeation through the membrane
incrementing the sugar loss in the processes. Although low temperatures could benefit better colour removal
during UF, they could harm the process by increasing sugar loss and fouling phenomena. Moreover, the lower
temperature reduces the permeate flux in the system, resulting in larger membrane areas to receive enough
flow for the industrial application. Therefore, the overall performance improved with increasing temperature,
especially in membrane |, which obtained the best general performance leading to a higher permeate flux. This
fact may be attributed to the decrease in feed viscosity and the increase in diffusivity (Alventosa-De Lara et al.,
2012). Due to the lower viscosity, the transport of reducing sugars through the membrane intensifies, yielding a
higher permeate flux where the permeate volume per unit of time and membrane area is higher when the
temperature increases. Therefore, this also explains why membrane | had no flux reduction and fouling effect.

Besides, in membrane | is observed that TMP significantly affects colour removal and sugar loss at low
temperature. At the same time, high pressure does not substantially affect it at high temperature, also improving
the permeate fluxes in the system. This effect can be attributed to the higher driving force in the system; thus,
the average permeates flux and sugar permeation obtained is more significant as pressure and temperature
increase (Alventosa-De Lara et al., 2012). In this case, the rejection coefficient decreased by increasing TMP
due to the passage of sugar molecules through the membrane under increased TMP, which ultimately increased
sugar permeate concentration. (Marti-Calatayud et al., 2010). Oppositely TMP affected sugar permeation on
membrane I, considerably incrementing sugar loss by 17-20 % at both high and low temperatures due to the
smaller pore size with negligible improvement in colour removal and permeate fluxes. Since membrane | had
the best performance in colour removal and sugar permeability, the highest TMP value of 8 bar and the highest
temperature of 60 °C were beneficial to find a balance in the system by increasing permeate fluxes while
avoiding membrane fouling.

4. Conclusions

Sustainable treatment of starch hydrolysates syrup by membrane technology has demonstrated the partial
decolourization of the glucose syrup. UF membrane | with MWCO 70 kDa had the best performance removing
around 27 % of the colour with a minimum sugar loss of 3 % at optimal operating conditions of 60 °C and 8 bar.
Although colour separation in membrane | and membrane Il is more efficient at 40 °C, the sugar permeability
decreases considerably, indicating that 60 °C is more beneficial to increase the permeate fluxes in the system
and the sugar permeability, but also having a considerable colour removal. Maximum permeate flux of 105 L/m2
with the minimum sugar loss and significant colour removal for membrane | is achieved when TMP was held at
8 bar. Nevertheless, process integration is recommended in this case to improve the membrane's performance
and overcome the limited membrane selectivity in treating starch hydrolysates. Further study should consider a
loose UF membrane (70 kDa) for initial and partial decolourization. Then its combination with another separation
method should be evaluated to remove the remaining impurities in the final UF permeate. The new process
could reduce energy costs and decrease chemicals and waste products in the current systems, as reported
before in similar applications (Le Roux & Belyea, 1999). In addition, comparing the colour of the permeate and
feed could give an estimation of the size of colour molecules of the starch hydrolysates. Thus, approximately
35 % of colour molecules are larger than 20-70 kDa, while the rest 70 % of molecules are smaller than 20 kDa.
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