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Abstract

Membrane-based processes offer promising sustainable alternatives for the decolourisation
and purification of starch hydrolysates, yet membrane selection and operating conditions
remain the most critical challenges. This study systematically evaluates the performance of
polymeric ultrafiltration (UF) and nanofiltration (NF) membranes for starch hydrolysate
syrup treatment. Experiments were conducted in a lab-scale cross-flow filtration system
using five UF and three NF flat-sheet polymeric membranes under varying temperatures,
transmembrane pressures, and feed concentrations. Separation performance was assessed
through colour removal, sugar recovery, permeate flux, and alongside indicators of foul-
ing behaviour. UF membranes with molecular weight cut-offs of 100, 70, and 5 kDa
exhibited the most favourable performance at 60 ◦C and 8 bar, achieving partial colour
removal (18–32%) with high permeate fluxes (84–130 kg·m−2·h−1) and limited sugar losses
(0.7–19.9%). NF membranes showed significantly higher colour rejection (32–100%) but
were associated with substantial sugar losses (up to 96%), limiting their applicability for
selective decolourisation; however, their high sugar retention capacity suggests potential
for product concentration and the removal of low-molecular-weight impurities. Overall, UF
represents a suitable approach for partial colour removal in starch hydrolysates, while NF
may be better suited for product concentration and the removal of low-molecular-weight
impurities, as well as auxiliary applications such as water recovery. These findings provide
a systematic basis for membrane selection and process optimisation in industrial starch
hydrolysate purification.

Keywords: ultrafiltration (UF); nanofiltration (NF); starch hydrolysates; decolourisation;
membrane screening; polymeric membranes; fouling behaviour; downstream processing

1. Introduction
The production of starch hydrolysates is a key process in the food and biochemical

industries, generating syrups widely used as sweeteners, stabilising agents, and fermenta-
tion substrates. However, these streams are complex mixtures containing not only sugars
but also residual proteins, salts, colloidal matter, and coloured compounds formed during
hydrolysis, particularly melanoidins, coloured molecules produced via Maillard reac-
tions [1,2]. The presence of these impurities adversely affects product quality, stability, and
downstream processing, making efficient purification and decolourisation essential.

Conventional treatment methods, including ion exchange, activated carbon adsorp-
tion, and chemical clarification using calcium oxide and carbon dioxide, are widely applied
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at an industrial scale. However, these approaches are often associated with long pro-
cessing times, high chemical and energy consumption, and significant environmental
burdens [3–5]. Moreover, their limited selectivity and efficiency, typically removing only
a fraction of non-sugar compounds, have motivated the search for more sustainable and
efficient alternatives.

Membrane technology has emerged as a promising, industrially available solution
due to its mild operating conditions, modularity, and ability to separate components based
on molecular size and physicochemical properties. In particular, ultrafiltration (UF) and
nanofiltration (NF) have demonstrated strong potential for the purification of carbohydrate-
rich solutions, enabling improved product quality while reducing waste generation and
resource consumption [6,7]. UF is generally effective for removing macromolecules and
colloidal impurities, whereas NF can target smaller solutes and colour compounds, of-
fering complementary separation capabilities. Nevertheless, the performance of these
processes is highly dependent on membrane characteristics and operating conditions, and
trade-offs between colour removal, sugar retention, and fouling behaviour remain a key
challenge [8–12].

Previous studies have demonstrated the potential of membrane processes for the
purification and decolourisation of carbohydrate-rich streams, including sugar beet syrups,
cane sugar solutions, molasses, starch hydrolysates, and oligosaccharide mixtures. In sugar
processing, UF and NF have been successfully applied for the removal of colour-forming
compounds, proteins, colloids, and inorganic impurities, with reported colour reductions
ranging from approximately 10% to more than 80%, depending on membrane MWCO
and operating conditions [11–17]. Several authors have shown that membrane pore size
strongly influences the balance between colour removal and sugar recovery, with tighter
UF and NF membranes generally achieving higher colour rejection but often at the expense
of increased sugar retention and reduced selectivity [7,11,15,18].

Similar observations have been reported for oligosaccharide and carbohydrate frac-
tionation processes. Membranes with MWCO values between 500 and 2000 Da have
been investigated for the separation of sucrose, fructo-oligosaccharides, and other car-
bohydrate fractions, demonstrating that membrane selectivity is strongly dependent
on molecular size distribution, operating conditions, and solute–membrane interac-
tions [7,15,18,19]. While these studies provide valuable insights into membrane separation
mechanisms, they primarily focus on specific membranes, model solutions, or individual
operating conditions.

In the case of starch hydrolysates, only a limited number of studies have systemat-
ically evaluated membrane performance under realistic industrial conditions. Previous
investigations have demonstrated that UF membranes with MWCO values between 5 and
100 kDa can achieve partial colour removal while maintaining high sugar recovery, whereas
NF membranes may provide additional concentration and low-molecular-weight impurity
removal [8,20–22]. However, comparative screening studies that simultaneously evaluate
multiple commercial membranes across different MWCO ranges and operating conditions
remain scarce.

Despite extensive research, there is still a lack of systematic approaches to membrane
selection under realistic industrial conditions. In particular, comparative screening stud-
ies that simultaneously evaluate multiple membranes and process parameters with real
products remain limited, hindering the identification of optimal configurations for starch
hydrolysate purification products.

In this context, the present work aims to systematically assess the performance of poly-
meric UF and NF membranes for the decolourisation and purification of starch hydrolysates.
A comprehensive screening methodology was implemented, evaluating multiple mem-
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branes under varying temperatures, transmembrane pressures, and feed concentrations.
The study focuses on key performance indicators, including permeate flux, colour removal,
solute rejection, fouling behaviour, and sugar recovery, to identify optimal membrane–
process combinations. The results demonstrate that UF membranes provide an effective
balance between colour removal and sugar recovery, while NF, although limited for selec-
tive decolourisation, shows potential for complementary applications such as concentration,
impurity removal and water recovery. These findings contribute to a more rational basis
for membrane selection and process design in industrial starch hydrolysate purification.

2. Materials and Methods
2.1. Starch Hydrolysate Solution

This study used a hydrolysate syrup with a dextrose equivalent (DE) of 40, obtained
through enzymatic hydrolysis using commercial amylolytic enzymes. The syrup, derived
primarily from maize and wheat, was supplied by AGRANA Stärke GmbH (Pischelsdorf,
Austria), an Austrian starch processing company. The degree of hydrolysis, expressed as the
DE value, determines the composition and functional properties of the starch hydrolysate
solution [23]. The DE40 syrup comprises a balanced mixture of glucose, maltose, and
maltodextrins, with a high concentration of short-chain carbohydrates suitable for various
industrial applications, including food and beverage production, fermentation processes,
pharmaceuticals, and bio-based materials [24–26] (see Table 1).

Table 1. Physicochemical characterisation of DE40 starch hydrolysate syrup.

Parameters Value

Dry matter (%) 72
Protein Kjeldahl (% i. TS) 0.12

Conductivity (µS/cm) 633
pH 5.73

Colour (IU) 742

Ion Analysis (% i. TS)

Chloride 0.03
Nitrate

<0.01Citrate
Sulphate 0.11

Phosphate 0.016
Sodium 0.090
Calcium 0.004

Magnesium 0.004

Carbohydrate spectrum (% i. TS)

DP4+ 46.92
Maltotriose 22.32

Maltose 19.10
Glucose 9.55

5-Hydroxymethylfurfural (mg/kg) 16.94

Prior to experiments, the syrup was diluted with deionised water to obtain working
concentrations of 20–30% dry solids (DS) for UF and 15–20% DS for NF. When required,
pH was adjusted to 4.5 ± 0.5 using dilute NaOH or H2SO4 (0.5% w/v), representing
typical industrial conditions and ensuring stability of colour compounds and membrane
performance [21,27]. The feed concentrations were selected based on membrane type
and MWCOs to be studied, considering size exclusion and selective permeability, key
mechanisms governing solute retention and separation efficiency.
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2.2. Experimental Setup and Membranes

Trials were conducted using a lab-scale cross-flow filtration unit (OS-MC-01 model,
OSMO Membrane Systems GmbH, Leonberg, Germany) at TU Wien. The unit system
comprised a flat-sheet membrane module (effective area: 0.008 m2), a 2 L temperature-
controlled feed tank, and a high-pressure piston pump (CAT model 231) with a flow
capacity of 3.7 L min−1 and a maximum applied pressure of 64 bar. Experiments were
performed in a short-batch mode with continuous retentate recirculation and permeate
collection until ~70% volume recovery. Figure 1 illustrates the schematic flow diagram of
the experiment setup.

Figure 1. Lab-scale cross-flow filtration unit (Model OS-MC-01). Effective membrane area = 0.008 m2

(0.04 m × 0.2 m). Reprinted from [28].

A total of eight flat-sheet polymeric membranes (five UF and three NF) with different
molecular weight cut-offs (MWCO) and polymeric materials were selected to cover a broad
separation range relevant to starch hydrolysate purification and decolourisation. The
membrane set included loose and tight UF membranes as well as NF membranes, allowing
the systematic evaluation of size-exclusion effects, membrane selectivity, and fouling
behaviour across different separation regimes. The selected membranes were chosen
based on their commercial availability, suitability for food processing applications, thermal
stability under the investigated operating conditions, and their potential applicability for
industrial starch hydrolysate treatment.

Prior to each experiment, membranes were pre-hydrated in deionised water for 20 min
and subsequently compacted under corresponding operating conditions for an additional
20 min to minimise the influence of membrane conditioning effects and ensure stable
baseline performance. The initial pure water flux (PWF) was then measured and used as a
reference for subsequent fouling assessment. Following starch hydrolysate filtration, the
feed solution was discharged, and the membrane was gently rinsed with demineralised
water to remove residual feed from the system without applying any dedicated cleaning
procedure. Subsequently, a second pure water flux measurement was performed under the
same operating conditions. The difference between the initial and final PWF values was
used as an indicator of membrane fouling. To avoid any interference from previous filtration
runs and to ensure experimental reproducibility, a new membrane sample was used for each
experiment. Detailed membrane characteristics, including membrane material, MWCO,
manufacturer specifications, and operating limits, are summarised in Table 2.
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Table 2. Main Characteristics of the UF and NF membranes tested.

Characteristic GR80PP GR90PP GR40PP GR61PP HFM140 NF DL DK

Manufacturer Alfa Laval Koch Alfa
Laval Suez

Material Polyethersulphone
PES

Polysulphone
PSU PVDF Thin film membranes

MWCO 10 kDa 5 kDa 100 kDa 20 kDa 70 kDa 150–300

Operating temperature
(◦C) 5–75 5–60 60 80

Operating pH range 1–13 2–10 3–10 2–10

Maximum pressure
(bar) 1–10 2–8 55 40

2.3. Operating Conditions and Screening Procedure

A systematic screening approach was applied to evaluate membrane performance
under controlled conditions. Experiments were conducted at temperatures between 40
and 60 ◦C. Transmembrane pressure ranged from 2 to 8 bar for UF, and different feed con-
centrations and up to 30 bar for NF. Cross-flow velocity was maintained at approximately
3.6 L·min−1 to minimise concentration polarisation. Table 3 presents the specific operating
conditions for each membrane type.

Table 3. Operating conditions for the single screening test.

Ultrafiltration

Temperature (◦C) 40 and 60
Pressure (bar) 2 and 8

Feed Concentration (◦Brix) 20 and 30

Nanofiltration

Temperature (◦C) 40 and 60
Pressure (bar) 30

Feed Concentration (◦Brix) 15 and 20

At the start of each experiment, approximately 2 L of prepared feed solution was
introduced into the system and equilibrated for 15 min. Baseline measurements (pH, con-
ductivity, ◦Brix, and colour) were recorded. Filtration was performed with continuous
retentate recirculation, and the permeate was collected gravimetrically. Experiments were
terminated at ~70% recovery to ensure comparability across membranes. Between experi-
ments, the system was rinsed with deionised water. Pure water flux (PWF) was measured
before and after each run to assess membrane performance and fouling.

2.4. Analytical Method

Process performance was evaluated using standard analytical techniques. Colour was
determined spectrophotometrically at 420 nm using a UV/Vis spectrophotometer (Shi-
madzu UV-1800, Shimadzu Corporation, Kyoto, Japan) following ICUMSA methodology,
with results expressed in ICUMSA Units (IU) [29].

Total dissolved solids were measured as ◦Brix using a digital refractometer (KRÜSS
DR6200-T, A. KRÜSS Optronic GmbH, Hamburg, Germany) [30]. Carbohydrate com-
position (glucose, maltose, maltotriose, and higher oligosaccharides) was analysed by
high-performance liquid chromatography (HPLC) with refractive index detection. Addi-
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tional size exclusion chromatography (SEC) analyses were performed to assess molecular
weight distribution.

To ensure process stability, pH and conductivity levels in both the permeate and feed
were continuously monitored using a multiparameter (VWR pHenomenal® MU 6100 H,
VWR International, Vienna, Austria). All these critical parameters were measured every
20 min, with specific analyses conducted as needed throughout the trials, ensuring the
accuracy and reliability of the collected data.

2.5. Performance Evaluation

Membrane performance was assessed using standard indicators. Solute rejection (R)
was calculated as the relative reduction in solute concentration between feed and permeate.
Where R is the Rejection coefficient (%), representing the membrane’s ability to retain
a given solute; Cp is the solute concentration in the permeate (solution that has passed
through the membrane); Cf is the solute concentration in the feed (solution before filtration).

R =

(
1 −

Cp

C f

)
∗ 100% (1)

Permeate flux (J) was determined as the permeate mass per membrane area and
time, where mp is the permeate mass, A is the effective membrane area, and t is the
collection time. Flux data provided insight into hydraulic performance and the influence of
operating conditions.

J =
mp

A ∗ t
(2)

Pure water flux (PWF), representing the baseline water-permeability performance of
the membrane, was established by measuring the flux of deionised water under defined
operating conditions. PWF was recorded both before and after filtration runs to serve as
a reference for fouling and cleaning assessments. Where PWF (kg/m2·h) is calculated
according to Equation (3), indicating the rate at which deionised water permeates through
the membrane; m (kg) is the mass of permeate water collected during the test; A (m2) is the
effective membrane area; t (h) is the time of collection.

PWF =
m

A ∗ t
(3)

2.6. Membrane Selection and Semi-Quantitative Performance Assessment

To facilitate the comparison of membrane performance and support the final mem-
brane selection, a semi-quantitative key performance indicator (KPI) approach was applied.
The evaluated performance criteria included permeate flux, colour removal, sugar loss,
further purification potential (salt and low-molecular-weight impurity removal), and flux
reduction as an indicator of fouling propensity. For each criterion, membrane perfor-
mance was classified into qualitative categories (Very Low, Low, Moderate, High, and
Very High) based on the relative performance observed during the screening experiments.
These categories were subsequently converted into numerical scores ranging from 1 to 5,
where higher scores represented more favourable performance. The individual scores were
summed to obtain an overall membrane performance score, which was used as a support-
ing tool for membrane selection. The final membrane choice was based not only on the
total score but also on practical considerations, including membrane availability, suitability
for food applications, preservation of the DE40 carbohydrate profile, and potential for
industrial implementation.
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2.7. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) to
evaluate differences between membranes and operating conditions. A significance level of
p < 0.05 (95% confidence interval) was applied. Calculated parameters, including rejection,
flux, and fouling indicators, were treated as dependent variables. All statistical analyses
were performed in Microsoft Excel.

3. Results and Discussion
3.1. Ultrafiltration Screening

The ultrafiltration (UF) screening systematically evaluated five flat-sheet UF mem-
branes under two temperatures (40 and 60 ◦C) and two transmembrane pressures (2 and
8 bar) to compare their permeate fluxes, rejection performance, and fouling. The resulting
trends in total permeate flux are summarised in Figure 2.

Figure 2. Influence of operating conditions (temperature and pressure) on total permeate fluxes
during UF processes. Different lowercase letters indicate groups that differ significantly (p < 0.05)
based on Tukey’s HSD post hoc test; bars sharing the same letter are not significantly different.

As expected for a pressure-driven membrane process, increasing transmembrane
pressure (TMP) generally enhanced permeate flux by increasing the hydraulic driving force
across the membrane. At low TMP, the flux increase was approximately proportional to
pressure, indicating that hydraulic resistance dominated the transport behaviour. At higher
TMP, however, the increase became less pronounced, suggesting the onset of concentration
polarisation and fouling, which introduce additional resistance and progressively limit
further flux enhancement. Similar behaviour has been described for UF systems treating
sugar-rich streams, where high pressure may improve productivity but can also intensify
fouling and increase operating costs if applied beyond the optimal range [1,8,31]. While
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Hamachi et al. [11] likewise reported that permeate flux increases with TMP and cross-flow
velocity, it decreases with decreasing pore size.

Temperature also had a pronounced effect on UF performance. Raising the temper-
ature from 40 to 60 ◦C consistently increased permeate flux, mainly due to reduced feed
viscosity and improved mass transfer. This effect was particularly evident for the tighter
membranes, where viscosity-related resistance constitutes a larger fraction of the total resis-
tance. Similar temperature-dependent flux enhancement has been reported previously for
carbohydrate-rich solutions [7,11,32]. In practical terms, operating at lower temperatures
would require substantially larger membrane areas to achieve the same throughput, which
is generally unfavourable for industrial application [8,33].

Marked differences among the membranes were observed depending on molecu-
lar weight cut-off (MWCO) and membrane material. The looser membranes, HFM140
(70 kDa) and GR40PP (100 kDa), exhibited the highest permeate fluxes, ranging from 118
to 184 kg·m−2·h−1, consistent with their lower intrinsic transport resistance. In contrast,
the tighter membranes (20, 10, and 5 kDa) showed lower fluxes overall. However, the flux
trend did not strictly follow nominal MWCO, indicating that membrane chemistry and
fouling propensity also played an important role. The 5 and 10 kDa membranes, both based
on polyethersulfone (PES), outperformed the 20 kDa polysulfone (PSU) membrane despite
their lower nominal MWCO. This behaviour may be attributed to the more hydrophilic
character commonly associated with PES membranes, which improves wetting and reduces
adsorption fouling relative to PSU [34,35]. By contrast, the PVDF-based HFM140 membrane
exhibited distinct behaviour that likely reflected stronger hydrophobic interactions and
different boundary-layer formation tendencies, as has been reported for PVDF membranes
in aqueous filtration systems [36].

The corresponding rejection behaviour for sugars, salts, and colour compounds is
shown in Figure 3. In this study, decolourisation refers to the rejection of coloured com-
pounds, mainly Maillard-derived melanoidins, while sugar permeability refers to the
transport of reducing sugars into the permeate, which constitutes the desired product
stream in the UF stage. The overall objective of the UF screening was therefore to identify
membranes and conditions that maximise sugar passage while retaining a meaningful
fraction of colour-causing impurities.

Temperature had a measurable effect on solute rejection across the tested membranes.
Increasing temperature generally reduced sugar rejection, which is consistent with lower
feed viscosity, faster solute diffusion, and increased molecular mobility at elevated tem-
peratures [37]. Tsuru et al. [38] additionally reported that the hydration layer at the pore
wall may decrease with increasing temperature, effectively enlarging pore size and further
facilitating solute passage. This effect was most evident for the tighter membranes, where
steric hindrance and viscosity-related limitations are more pronounced. In contrast, the
looser membranes showed only a limited temperature effect on sugar rejection because
their pore structures already permitted substantial solute permeation. A similar trend has
been reported for sugar-rich systems, where higher temperatures increase flux but often
reduce retention of neutral solutes [7].
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Figure 3. Influence of operating conditions (temperature and pressure) on specific rejection coeffi-
cients (Sugar, Salt, and Colour) during UF processes. Different lowercase letters indicate groups that
differ significantly (p < 0.05) based on Tukey’s HSD post hoc test; bars sharing the same letter are not
significantly different.

Colour rejection, however, was less consistently affected by temperature. Most mem-
branes showed only minor changes in decolourisation performance between 40 and 60 ◦C,
in agreement with previous observations that colour removal in UF is often influenced
by the retention of high-molecular-weight colour compounds, particularly melanoidins,
rather than by thermal effects [11]. However, the coloured fraction of starch hydrolysates
is chemically complex and may also contain caramelization products, polyphenolic com-
pounds, protein-sugar complexes, and other coloured macromolecular species. Therefore,
decolourisation is likely governed by a combination of steric exclusion, adsorption onto
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the membrane surface or within membrane pores, hydrophobic interactions, electrostatic
effects, and the retention of colloidal aggregates, rather than by pore-size effects alone.
Nevertheless, some membranes, particularly the GR61PP 20 kDa membrane, achieved
higher colour rejection at 40 ◦C, reaching a maximum of approximately 53%. This suggests
that lower temperatures may favour retention of pigment aggregates by reducing their
diffusivity and mobility, a behaviour also observed by [1]. Overall, the results indicate
that while membrane pore size remains an important factor governing decolourisation,
colour rejection in starch hydrolysate systems is likely controlled by multiple interacting
physicochemical mechanisms rather than by size exclusion alone.

Pressure exerted a more limited and solute-dependent effect on rejection. In several
cases, increasing TMP slightly increased sugar rejection, likely because higher convective
solvent flow promoted steric hindrance under conditions of increased concentration po-
larisation. However, colour rejection remained relatively insensitive to pressure for most
membranes, again indicating that colour retention was governed mainly by membrane pore
structure rather than by hydrodynamic changes. Salt rejection was generally low or even
negative, as expected for UF membranes, which are not designed to retain monovalent ions.
An exception was the HFM140 70 kDa membrane, which exhibited an unexpectedly high
salt rejection of approximately 50% at 40 ◦C. This behaviour may reflect membrane-specific
charge effects or complex interactions between ions and the carbohydrate matrix. In con-
centrated sugar systems, electrostatic interactions, partial pore obstruction by large sugar
molecules, competitive adsorption, viscosity-induced diffusion limitations, and osmotic
effects can all contribute to atypical ion transport behaviour [7,39].

The apparent fouling tendency, assessed through flux reduction measurements before
and after filtration during UF screening, is presented in Figure 4. Overall, flux reduction
tended to be lower at higher temperatures and pressures, suggesting that reduced viscosity
and enhanced mass transfer may have contributed to lower foulant deposition and im-
proved hydraulic performance during filtration. However, this trend was not universal.
The GR80PP 10 kDa membrane and the GR61PP 20 kDa membrane exhibited the highest
flux reductions, reaching 38% and 59%, respectively, under certain conditions. For the
10 kDa membrane, the lowest flux reduction was observed either at low pressure and
high temperature or at high pressure and low temperature, indicating a strong interaction
between hydrodynamic and thermal effects. By contrast, the 20 kDa membrane consistently
performed better at 40 ◦C, suggesting that its apparent fouling tendency may have been
influenced by temperature-dependent transport phenomena rather than pressure alone.

The HFM140 70 kDa, GR90PP 5 kDa, and GR40PP 100 kDa membranes showed lower
flux reduction tendencies, especially at elevated temperature and pressure, with minimum
flux reductions of 8%, 11%, and 15%, respectively. Higher temperatures likely improved
foulant solubility and reduced residence time in the concentration-polarisation layer, while
higher TMP enhanced permeation and reduced the opportunity for surface deposition [7].
It should be noted that these observations provide a qualitative indication of membrane
fouling propensity under the tested conditions rather than a direct characterisation of
fouling mechanisms.

Among all UF membranes, HFM140 showed the lowest flux decline overall, indicat-
ing the lowest apparent fouling propensity among the membranes evaluated. However,
because this membrane is no longer commercially available, it was excluded from further
evaluation despite its promising performance. Overall, the UF results show that membrane
performance cannot be explained by MWCO alone; rather, permeability, rejection, and
apparent fouling tendency were jointly determined by membrane chemistry, pore structure,
operating conditions, and feed–membrane interactions.
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Figure 4. Influence of operating conditions (temperature and pressure) on membrane fouling and
flux reduction during UF screening. Dark blue bars represent pure water flux before filtration
(PWF before), light blue bars represent pure water flux after filtration (PWF after), and the green
line indicates flux reduction (%). Results at 60 ◦C are shown on the left side of each graph, while
results at 40 ◦C are shown on the right side. Different lowercase letters indicate groups that differ
significantly (p < 0.05) based on Tukey’s HSD post hoc test; bars sharing the same letter are not
significantly different.

3.2. Nanofiltration Screening

The nanofiltration (NF) screening aimed to identify membranes suitable for the final
purification and concentration of starch hydrolysates. Three NF membranes were evaluated
at 40 and 60 ◦C and at two feed concentrations (15 and 20 ◦Brix), while pressure was fixed
at 30 bar. The resulting total permeate fluxes are shown in Figure 5.

Across all NF membranes, increasing temperature generally increased permeate flux.
This behaviour is consistent with the reduction in feed viscosity and the increase in solvent
mobility at elevated temperatures, both of which favour solvent transport through the
denser active layer of NF membranes [38,40]. Unlike in UF, however, the magnitude of this
flux increase was shaped more strongly by membrane structure, free-volume pathways,
and charge-based selectivity. Solute fluxes increased much less than water flux, indicating
that temperature influenced solvent transport more strongly than solute passage.

https://doi.org/10.3390/membranes16070251
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Figure 5. Influence of operating conditions (temperature and feed concentration) on total permeate
fluxes during NF processes. Different lowercase letters indicate groups that differ significantly
(p < 0.05) based on Tukey’s HSD post hoc test; bars sharing the same letter are not
significantly different.

Feed concentration had a clear effect on water flux. Lower feed concentration (15 ◦Brix)
consistently resulted in higher permeate fluxes, whereas increasing the concentration to
20 ◦Brix reduced water transport due to higher osmotic pressure and viscosity. This be-
haviour is typical for NF treating carbohydrate-rich streams, where the effective driv-
ing force is given by the difference between applied pressure and osmotic pressure
(∆P − ∆π) [41,42]. By contrast, sugar and salt fluxes changed only modestly with con-
centration, indicating that solute transport remained governed primarily by membrane
selectivity rather than by osmotic effects. Because pressure was fixed at 30 bar, the observed
differences can be attributed mainly to concentration- and temperature-related effects
rather than TMP variation. This operating pressure was selected because it is sufficiently
high to maintain practical fluxes in sugary feeds without introducing excessive membrane
compaction [43].

The three NF membranes displayed clearly different behaviours. The DL-Suez mem-
brane behaved as the loosest membrane, showing the highest sugar and salt fluxes and the
lowest rejection. This is consistent with its higher nominal permeability and lower MgSO4

retention specified by the manufacturer. In contrast, DK-Suez and the Alfa Laval mem-
brane exhibited tighter separation behaviour, with stronger retention of sugars, salts, and
colour compounds, consistent with their denser thin-film composite structures and higher
nominal ion rejection. These membrane-specific differences confirm that manufacturer
specifications can explain the broad performance ranking, although the actual behaviour in
starch hydrolysate systems is also influenced by complex feed–membrane interactions.

The rejection behaviour of the NF membranes is shown in Figure 6. In the NF stage,
the retentate represents the desired product stream; consequently, the objective differed
from that of the UF stage. Here, high sugar retention was desirable, while colour and
low-molecular-weight impurity passage to the permeate could be advantageous depending
on the intended process configuration.

https://doi.org/10.3390/membranes16070251
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Figure 6. Influence of feed concentration and temperature on specific rejection coefficients (sugar,
salt, and colour) for the NF membranes tested. Different lowercase letters indicate groups that differ
significantly (p < 0.05) according to Tukey’s HSD post hoc test; bars sharing the same letter are not
significantly different.

Sugar rejection remained high for the tighter membranes and was only weakly af-
fected by feed concentration. This is consistent with steric exclusion being the dominant
mechanism governing the retention of neutral sugars in NF systems. Similar observations
have been reported for sucrose- and reducing-sugar-containing solutions, where dilution
has little effect on sugar retention [7,44]. In contrast, ion rejection was much more sensi-
tive to feed concentration. For example, the Alfa Laval membrane showed a decline in
ion rejection from an average of 70.5% at 15 ◦Brix to 44.3% at 20 ◦Brix, while DL-Suez
decreased from 37.1% to 25.7%, respectively. This behaviour can be explained by increased
osmotic pressure, higher viscosity, weaker back-diffusion, and charge shielding at higher
sugar concentrations, all of which reduce effective Donnan exclusion and promote ion
passage [44].

Temperature had relatively little effect on rejection for most NF membranes, although
membrane-specific deviations were observed. DK-Suez showed the clearest sensitivity:
at 15 ◦Brix and 60 ◦C, it exhibited its lowest sugar and ion rejections, 83.1% and 39.8%,
respectively, whereas under the remaining conditions, sugar rejection remained around
94.1% and ion rejection around 66.8%. This behaviour is consistent with the tendency of
elevated temperature to reduce solute retention by increasing diffusion and weakening
electrostatic exclusion [38]. In contrast, the Alfa Laval membrane showed increased ion
rejection at higher temperature and concentration, possibly because reduced concentration
polarisation or thermally induced structural changes improved selectivity, as also suggested
by Guo et al. [7]. These results indicate that the effect of temperature on NF rejection is
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membrane-specific and depends on the interplay among membrane structure, charge
effects, and concentration polarisation.

Among the membranes, DL-Suez achieved the greatest colour permeation and there-
fore the most pronounced decolourisation effect in the permeate. However, this came at
the expense of substantial sugar loss, indicating limited selectivity between colour-forming
compounds and carbohydrates. Consequently, although DL-Suez may be suitable in
processes where the permeate is the desired stream, it is less appropriate for the present ap-
plication, where the retentate is intended as the purified product. By comparison, DK-Suez
and the Alfa Laval membrane showed much better sugar retention and are therefore more
suitable for downstream concentration and polishing. In particular, the selected Dk-Suez
membrane achieved a sugar rejection of up to 95.4%, allowing effective concentration of the
starch hydrolysate while maintaining the desired carbohydrate composition. This supports
the interpretation that NF is not an efficient stand-alone decolourisation step for starch
hydrolysates, as colour rejection was generally accompanied by similar sugar rejection
behaviour. Instead, NF appears more appropriately suited as a complementary polishing
and concentration step following upstream clarification or partial decolourisation by UF.
Similar integrated concepts have been proposed for carbohydrate-rich streams such as cane
molasses, where UF is combined with NF to reduce the load on downstream polishing
steps [7,45].

The differences observed between the DK-Suez and DL-Suez membranes are con-
sistent with previous studies on sugar and oligosaccharide separations. Although both
membranes are classified as NF membranes, the DL membrane is generally considered a
looser NF membrane, whereas the DK membrane exhibits tighter separation characteristics.
Consequently, DK membranes typically provide higher carbohydrate retention and con-
centration efficiency, while DL membranes allow greater permeation of both sugars and
low-molecular-weight compounds [7,18]. The higher sugar losses observed for DL-Suez
in the present study therefore agree with its lower selectivity and confirm that, for starch
hydrolysate purification where the retentate is the target product, DK-Suez represents the
more suitable option.

NF flux reduction behaviour and apparent fouling tendencies are summarised in
Figure 7. Unlike in UF, no clear and consistent relationship was observed between operating
conditions and flux reduction tendency. Instead, flux reduction depended more strongly on
membrane type than on temperature or concentration alone. The highest flux decline was
observed for DL-Suez, which reached 25% at 20 ◦Brix and 60 ◦C. The Alfa Laval membrane
showed intermediate flux reduction behaviour, with a maximum reduction of 16%, whereas
DK-Suez consistently exhibited the lowest flux decline, reaching only 2% under its best
conditions. These results indicate that the observed differences in flux reduction may
be associated with a combination of membrane tightness, surface chemistry, adsorption
phenomena, concentration polarisation, and osmotic effects rather than with operating
parameters alone. However, since fouling was assessed indirectly through changes in pure
water flux before and after filtration, these observations should be interpreted as qualitative
indicators of apparent fouling propensity rather than direct evidence of specific fouling
mechanisms. This interpretation is consistent with the general view that fouling in pressure-
driven membrane processes is multifactorial and strongly membrane-specific [46–48].
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Figure 7. Influence of operating conditions (temperature and concentration) on membrane fouling
and flux reduction during NF screening. Dark blue bars represent the pure water flux before filtration
(PWF before), light blue bars represent the pure water flux after filtration (PWF after), and the green
line indicates the flux reduction (%). Results obtained at 60 ◦C are shown on the left side of each
graph, while results obtained at 40 ◦C are shown on the right side. Different lowercase letters indicate
groups that differ significantly (p < 0.05) based on Tukey’s HSD post hoc test; bars sharing the same
letter are not significantly different.

3.3. Selection of Optimal Membranes and Operating Conditions

The screening results showed that no single membrane could simultaneously maximise
colour removal, minimise sugar loss, maintain high flux, and fully suppress fouling. Instead,
membrane selection required balancing these competing criteria. To support this decision,
the overall performance of all membranes was compared using a semi-quantitative KPI-
based evaluation that considered flux, colour removal, sugar loss, further purification
potential, and fouling propensity. The resulting comparison is summarised in Table 4.

Among the loose UF membranes, HFM140 (70 kDa) showed the best experimental
performance, achieving approximately 27% colour removal, low sugar loss, and low flux
decline at 60 ◦C and 8 bar. However, because this membrane is no longer commercially
available, it was not considered suitable for further development. GR40PP (100 kDa) was
therefore selected as the loose UF membrane. Although its colour removal was lower, it
combined high flux, very low sugar loss, and acceptable fouling resistance, making it a
robust pretreatment option.

Among the tighter UF membranes, GR90PP (5 kDa) was selected because it provided
the best overall compromise between colour removal, sugar recovery, and fouling resis-
tance. It achieved the highest colour removal among the selected candidates, approximately
32.3%, together with relatively low flux decline and stable operation under elevated tem-
perature and pressure. Its PES-based active layer is also advantageous from a practical
perspective because it is food-grade and resistant to hydrolytic degradation under warm
aqueous conditions.
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Table 4. Comparative summary of UF and NF membrane screening results and final membrane
selection.

Process Membrane Flux
(kg·m−2·h−1)

Colour
Removal

(%)

Sugar Loss
(%)

Further
Purification

(%)

Flux
Reduction

(%)

Selection
Final Score

Tight
UF

GR90PP
(5 kDa) Moderate High Moderate Moderate Moderate ✓ = 16

GR80PP
(10 kDa) Low Moderate Moderate Very Low Moderate ✗ = 12

GR61PP
(20 kDa) Low Moderate Moderate Very Low Moderate ✗ = 12

Loose UF

HFM140
(70 kDa) Moderate Moderate Low Low Low ✗ = 16

GR40PP
(100 kDa) High Moderate Very Low Low Moderate ✓ = 17

NF

Alfa Laval
(<300 Da) Moderate Very Low Very Low High Low ✗ =17

DL Suez
(150–300

Da)
High Moderate High Moderate Moderate ✗ = 12

DK Suez
(150–300

Da)
Moderate Very Low Very Low High Very Low ✓ = 18

Qualitative performance indicators were converted into numerical scores using a semi-quantitative KPI approach;
only the final overall score is reported in the table for clarity. Flux reduction (%) was calculated from the difference
between the pure water flux measured before and after filtration and is used as a qualitative indicator of apparent
fouling tendency and membrane performance loss. Green highlighting (✓) indicates the membrane(s) selected for
the subsequent process based on the overall performance score. Red highlighting (✗) indicates membranes that
were not selected.

Among the NF membranes, DK-Suez was selected as the most suitable membrane.
Although its separation performance was broadly comparable to that of the Alfa Laval
membrane, it showed markedly better fouling resistance and is designed for operation at
temperatures up to 80 ◦C, which is advantageous for integration into starch hydrolysate
processing. Furthermore, Dk-Suez provided high sugar retention (85.4%), making it par-
ticularly suitable for product concentration and the removal of low-molecular-weight
impurities while preserving the desired carbohydrate profile. By contrast, DL-Suez was
excluded despite its meaningful colour permeation because this behaviour was accom-
panied by considerable sugar losses, indicating limited sugar/colour selectivity, which
makes it unsuitable for the intended application where the retentate constitutes the final
product stream. The reproducibility of the selected operating conditions was verified
through replicate experiments, the results of which are presented in Figure 8. Under the
selected conditions, the final permeate fluxes were 129.7, 83.9, and 51.5 kg·m−2·h−1 for the
loose UF (GR40PP, 100 kDa), tight UF (GR90PP, 5 kDa), and NF (DK-Suez, 150–300 Da)
membranes, respectively. The loose and tight UF steps provided partial decolourisation,
with colour removals of 18.3% and 32.0%, respectively. The NF stage did not contribute
substantially to colour removal; however, it effectively concentrated the product, achieving
a sugar rejection of 85.4% and facilitating the removal of low molecular-weight impurities.
Statistical analysis (ANOVA) showed no significant differences among replicates (p > 0.05),
demonstrating the robustness and reproducibility of the selected membrane configuration.
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Figure 8. Confirmatory performance of selected membranes under optimal conditions. Total and
specific permeate fluxes (sugar, salt, water) and rejection coefficients are shown for UF (GR40PP,
100 kDa; GR90PP, 5 kDa) and NF (DK-Suez, 150–300 Da) membranes. Values represent
mean ± standard deviation (n = 5); no significant differences were observed (p > 0.05).

The choice of elevated temperature and pressure for the UF stages was supported
not only by the screening results but also by broader process considerations. Higher
temperatures reduce viscosity, enhance mass transfer, and support hygienic operation
by limiting microbial growth, while higher pressures ensure sufficient driving force in
sugar-rich systems. These conditions are therefore particularly attractive for industrial
implementation, provided that membrane stability and fouling remain under control.

3.4. Product Quality and Carbohydrate Fractionation

To verify that membrane treatment did not adversely affect product quality, the
selected membranes were further evaluated using size exclusion chromatography (SEC)
and detailed carbohydrate profiling by HPLC. The combined results are shown in Figure 9.

For the loose UF membrane, GR40PP (100 kDa), the carbohydrate profiles of feed,
permeate, and retentate were nearly identical, indicating that no measurable fractionation
of the carbohydrate spectrum occurred. This behaviour was expected given the large pore
size of the membrane, which allowed essentially all carbohydrate fractions to pass into
the permeate.

The tight UF membrane, GR90PP (5 kDa), showed limited fractionation. Although
small differences in molecular-weight distribution were detected, the overall carbohydrate
profile remained within the specification range for DE40 syrup. The most noticeable changes
occurred in the intermediate molecular-weight region (approximately 104–105 Da), which

https://doi.org/10.3390/membranes16070251

https://doi.org/10.3390/membranes16070251


Membranes 2026, 16, 251 18 of 22

may correspond to the partial removal of residual proteins and colour-forming compounds
such as melanoidins rather than to major sugar fractionation [49]. Although protein and
amino acid concentrations were not quantified in the present study, residual proteins
are expected to be present in low concentrations following the upstream clarification
process and may contribute to membrane retention and flux reduction phenomena through
adsorption or gel-layer formation. This supports the interpretation that the membrane
achieved impurity removal without substantially altering the desired sugar composition.

Figure 9. SEC and HPLC analysis of carbohydrate composition before and after membrane filtra-
tion. (Left): SEC profiles of feed, permeate, and retentate showing molecular weight distribution.
(Right): HPLC quantification of sugar fractions (DP4+, maltotriose, maltose, glucose, fructose) and
corresponding DE values. Results illustrate membrane-induced changes in composition and confirm
compliance with DE40 specifications.
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The NF membrane, DK-Suez, induced a greater degree of fractionation, as expected
from its tighter separation range. Lower-molecular-weight sugars such as glucose and
maltose preferentially permeated the membrane, while higher-molecular-weight carbohy-
drates were enriched in the retentate. Nevertheless, the retentate remained within DE40
product specifications, indicating that NF improved concentration and impurity removal
without compromising overall product quality.

Taken together, the SEC and HPLC analyses confirm that the selected membrane
sequence—loose UF, tight UF, followed by NF—can improve starch hydrolysate quality
while preserving the essential carbohydrate composition of the product. These composi-
tional results complement the bulk performance indicators and demonstrate that gains in
decolourisation or purification were not achieved at the expense of unacceptable changes
in sugar profile.

4. Conclusions
This study systematically evaluated polymeric ultrafiltration and nanofiltration mem-

branes for the decolourisation and purification of starch hydrolysates and established a
suitable membrane sequence for further process development. Among the membranes
screened, the most promising configuration consisted of a loose UF membrane (GR40PP,
100 kDa) for initial clarification, followed by a tight UF membrane (GR90PP, 5 kDa) for
enhanced decolourisation, and a tight NF membrane (DK-Suez, 150–300 Da) as comple-
mentary concentration, and conditioning step, providing high sugar retention and enabling
further processing of carbohydrate-rich retentate stream. The most favourable operating
conditions were identified as 60 ◦C and 8 bar for UF, and 30 bar, 60 ◦C, and 15 ◦Brix for NF.

The results showed that UF was the most relevant step for colour reduction, achieving
partial decolourisation of approximately 18% with the loose UF membrane and 32% with
the tight UF membrane, while maintaining high permeate fluxes and acceptable sugar
losses. In contrast, NF contributed only limited additional decolourisation but proved
effective for sugar retention, product concentration, and further purification. The eval-
uated NF membranes generally exhibited similar sugar and colour rejection behaviour,
indicating limited sugar/colour selectivity and therefore limited suitability as a stand-alone
decolourisation technology. Instead, NF was found to be more appropriately applied
as a complementary polishing and concentration step following UF treatment. Overall,
the findings confirmed that no single membrane can simultaneously maximise colour
removal, sugar recovery, and impurity control, highlighting the importance of combining
complementary membrane stages.

Replicate experiments confirmed the reproducibility and stability of the selected
membranes under the chosen operating conditions, with no significant differences between
runs (n = 5, p > 0.05). In addition, the selected membranes exhibited low flux reduction
tendencies and sufficient thermal robustness under the investigated operating conditions,
supporting their suitability for longer-term operation and potential industrial integration.

These results provide a robust basis for the next stage of research, in which the selected
membrane configuration can be further validated and integrated into a multistep purifi-
cation strategy for improved starch hydrolysate processing. Although cleaning strategies
were not evaluated within the scope of the present screening study, subsequent long-
term investigations identified organic fouling as the predominant performance-limiting
mechanism and demonstrated that alkaline cleaning was the most effective approach for
membrane performance recovery [50]. Future research should therefore focus on optimis-
ing cleaning protocols and evaluating alternative fouling-mitigation strategies, including
enzymatic treatments and milder chemical formulations, to further improve membrane
longevity, process sustainability, and industrial applicability.
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