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A B S T R A C T

Nanofiltration (NF) offers a promising low-energy approach for producing decaffeinated instant coffee, while 
requires membranes that balance caffeine removal, water permeance, and retention of key coffee matrix com
pounds. Here, graphene oxide membranes (GOMs) were modified by sodium alginate (SA) intercalation, Ca2+

crosslinking, and their combined strategy to tune nanochannel structure and separation performance. The results 
show that membrane modification does not follow a simple monotonic trend; instead, small structural and 
chemical changes generate competing effects on permeance and selectivity through coupled transport, adsorp
tion, and confinement mechanisms. To identify the most suitable membrane, a multi-criteria evaluation 
framework (MCEF) combining entropy weighting and TOPSIS was established using five key performance in
dicators: caffeine removal, flavour-related marker retention index, choline retention, water permeance, and 
concentration increase. This framework identified CGSM-1 as the best-performing flat membrane, which also 
showed promising performance in hollow-fibre form. In coffee filtration tests, CGSM-1 reduced caffeine con
centration from 24.64 to 12.95 μg/mg, corresponding to a 47.4% reduction, while retaining measurable levels of 
HMF, trigonelline, NMP, and choline. These findings demonstrate the potential of engineered GOMs for selective 
caffeine reduction in coffee liquor and provide a practical evaluation strategy for membrane-based 
decaffeination.

1. Introduction

Decaffeinated coffee has attracted market attention as many con
sumers seek to limit their daily caffeine intake while still enjoying cof
fee. The decaffeination process aims to remove caffeine from coffee 
while retaining as many flavour compounds as possible. Recent decaf
feination mainly focuses on treating unroasted green coffee beans, using 
organic solvent extraction, supercritical carbon dioxide extraction, or 
water extraction [1]. Although these methods are mature, they may 
involve organic solvents, high-pressure operation, long processing 
times, or high energy consumption [2]. Nanofiltration is a highly 
promising separation technique for decaffeination, yet its potential has 
not been extensively explored [3–5]. The industrial production of 
instant coffee typically involves water extraction and drying [1,6]. 
Therefore, applying nanofiltration directly to extracted coffee liquor 
may provide a mild and solvent-free route for caffeine reduction [7,8]. 

In this context, the practical value of membrane-based decaffeination 
should be considered not only from separation performance, but also 
from its treated stream, operating condition, solvent use and process 
burden compared with established decaffeination methods [9,10].

In general, coffee liquor is a complex liquid mixture containing many 
molecules with varying sizes, molecular weights and charges. Precisely 
identifying and separating caffeine from this mixture while retaining as 
many other compounds as possible is challenging and therefore places 
high demands on the selectivity and tunability of membranes. Graphene 
oxide (GO) laminar membranes are superior next-generation nano
filtration (NF) membranes for precise molecular sieving [11–13]. GO is a 
hydrophilic two-dimensional (2D) material with abundant oxygen 
functional groups decorated on the graphene backbone. Through layer 
stacking, a graphene oxide membrane (GOM) can be fabricated, in 
which well-defined, ordered interlayer spacing between GO laminates 
serves as 2D nanochannels for selective mass transport [14–16]. These 
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nanochannels with sub-nanometre-scale dimensions enable various 
mechanisms for molecular sieving, including size exclusion and the 
Donnan effect. Moreover, the functional groups on the GO surface 
enable high chemical tunability of the nanochannels, allowing multiple 
effective modification strategies, such as cation crosslinking and poly
mer intercalation [17–24].

Although interlayer engineering of GO membranes has been widely 
investigated for ion and molecule separation, most previous studies have 
focused on water purification, desalination, organic solvent nano
filtration, or single-solute model systems. In contrast, membrane-based 
decaffeination requires selective caffeine transport in a complex coffee 
matrix containing chemically similar compounds. This creates a 
different separation requirement from conventional nanofiltration, 
where the permeate is usually collected as the purified product. In the 
present work, caffeine is designed to preferentially permeate through 
the membrane, while key coffee matrix compounds are retained in the 
feed, thereby converting the feed solution into a decaffeinated coffee 
product. This reversed product-collection strategy requires balanced 
membrane performance rather than simply maximising rejection.

In this work, we systematically investigate the influence of mem
brane parameters on the decaffeination performance. We fabricated a 
series of GO-based NF membranes [25], including GOM, 
Ca2+-crosslinked GOM (CGM), sodium alginate-intercalated GOMs 
(GSMs) and Ca-crosslinked sodium alginate-intercalated GOMs (CGSMs) 
and examined their decaffeination performance. Unlike conventional NF 
processes, where the permeate is usually collected as the purified 
product, our membranes allow caffeine to pass into the permeate while 
retaining the coffee matrix compounds in the feed, thereby transforming 
the feed into a decaffeinated coffee solution. We applied various char
acterisation techniques to analyse the chemical composition, surface 
charge, and nanochannel size of the membranes, and to elucidate the 
structure-performance relationship. To avoid relying on a single per
formance indicator, we established a multi-criteria evaluation frame
work that combines the entropy weighting (MCEF) method and the 
TOPSIS (Technique for Order of Preference by Similarity to Ideal Solu
tion) model to evaluate membrane performance more comprehensively 
using caffeine removal, flavour-related marker retention, choline 
retention, water permeance, and concentration increase as key criteria. 
We further extended our membranes from flat membranes to 
hollow-fibre membranes to verify their consistency, robustness, and 
scale-up potential for future large-scale, real-world industrial produc
tion and decaffeination.

2. Methods

2.1. Materials

We used commercial freeze-dried instant coffee granules (Moccona 
Classic, medium roast, strength 5, Jacobs Douwe Egberts, Netherlands). 
Caffeine, calcium chloride (CaCl2) and sodium alginate (SA) were pur
chased from Merck Millipore Ltd. Graphene oxide (GO) stock suspension 
(1.5 wt%, 500 nm flake size) was supplied by NiSiNa Materials Japan. 
Polyvinylidene fluoride (PVDF) substrate membranes (200 nm pore size, 
47 mm diameter) were purchased from the Sterlitech Co. Analytical 
standard caffeine (≥99% purity) and sodium acetate trihydrate (SAT, 
99.86% purity) used in quantitative nuclear magnetic resonance 
(qNMR) measurements were provided by UNSW NMR Facility. Deute
rium oxide (D2O, ≥99.9 atomic% D) was obtained from Cambridge 
Isotope Laboratories, Inc.

2.2. Preparation of GO-based membranes

The GO stock suspension was first diluted to 0.5 mg/ml with 
deionised (DI) water. Then 1 ml of diluted GO suspension was added in 
50 ml of DI water, followed by 10 min of ultrasonication. GO is depos
ited on the substrate membrane to prepare GOM via vacuum filtration. 

The Ca2-crosslinked GO membranes (CGMs) were prepared by soaking 
as prepared GOMs in CaCl2 solution (0.5 M) for 4 h, followed by drying 
in air. For the preparation of SA-intercalated GO membranes (GSMs). 
First, 1 ml of GO diluted suspension was mixed with 100 μl (GSM-1), 
200 μl (GSM-2), 300 μl (GSM-3), and 400 μl (GSM-4) of SA solution 
(0.5 mg/ml) and diluted to 50 ml with DI water, respectively. After 4 h 
of agitation, the mixture was filtered on substrate membrane. Ca2+- 
crosslinked sodium alginate-intercalated GOMs (CGSMs) were prepared 
by soaking GSMs in CaCl2 solutions (0.5 M) for 4 h. They were then dried 
and denoted as CGSM-1, CGSM-2, CGSM-3 and CGSM-4 respectively, 
according to the addition amount of SA.

The preparation of GO-based hollow fibre (HF) membranes was 
performed by vacuum filtration. One hollow fibre setup consists of 23 
PVDF hollow fibres with an effective area of 0.00629 m2. For the 
preparation of GO hollow fibre membrane (HF-GOM), 5 mL of GO stock 
solution (0.5 mg/ml) was diluted to 250 ml with DI water. After 10 min 
of ultrasonication at room temperature, the GO solution was added to 
the hollow fibre setup and filtered under ~0.9 bar pressure. For the 
preparation of CGSM-1 hollow fibre membrane (HF-CGSM-1). First, 5 ml 
of GO stock solution was mixed with 500 μl of SA solution (0.5 mg/ml) 
and then diluted to 250 ml with DI water for 4 h of agitation. The 
mixture was filtered on PVDF hollow fibres, then soaked in CaCl2 so
lution (0.5 M) for 4h.

2.3. Membrane characterizations

The morphology of the membranes was observed by field-emission 
scanning electron microscopy (FE-SEM, FEI Nova NanoSEM 450), and 
the elemental mapping was obtained by energy-dispersive X-ray spec
troscopy (EDS). The lateral-size-related distribution of GO nanosheets 
was evaluated by dynamic light scattering (DLS) using Malvern Zeta
sizer Ultra. The hydrophilicity of the membrane surface was evaluated 
by the Ossila contact angle goniometer. The chemical composition of the 
membranes was analyzed by the X-ray photoelectron spectroscopy 
(XPS) and the Fourier transform infrared spectroscopy (FT-IR, Perki
nElmer Spectrum Two spectrometer) under the universal attenuated 
total reflectance (ATR) mode. The X-ray diffraction (PANalytical 
Empyrean IV Thin-Film XRD) was used to analyse the membrane 
physical structure at 45 kV 40 mA with Cu Kα radiation (λ = 0.154 nm). 
Zeta potential of membrane was determined by streaming potential 
measurements using a SurPASS electrokinetic analyzer (Anton Paar 
GmbH, Austria).

2.4. Membrane transport performance

Membrane performance was evaluated via vacuum filtration at room 
temperature. The effective membrane surface area is 12.57 cm2. During 
membrane performance evaluation, 100 ml of coffee solution (1 mg/ml) 
was used as feed solution. After 24 h of membrane filtration, the 
retention was collected, and the volumes were measured for coffee 
permeance calculation. The collected retention was then freeze-dried. 
The freeze-dried coffee sample was weighed to determine the residual 
coffee solid mass and therefore the concentration can be calculated, and 
the enrichment of the membrane process can be evaluated. Experiments 
were repeated three times to verify reliability and reproducibility. The 
long-term performance of the membrane was investigated using a 
vacuum-filtration-based hollow-fibre (HF) setup, similar to that used in 
our previous studies [25–27]. This filtration experiment was operated in 
semi-batch mode to simulate continuous industrial operation using 
1 mg/ml coffee solution. Fresh feed was continuously added using a 
peristaltic pump to maintain a constant system volume (60 ml), while 
the feed solution was periodically refreshed every 24 h. Retention was 
collected at 24 h intervals (24, 48, 72, and 96 h). The digital photo
graphs of the membranes and the filtration set ups are shown in the 
supplementary note. 1.

The water permeance during coffee filtration is calculated using the 
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following equation, 

J =
Vf − Vr

APΔt
(1) 

J is the water permeance during filtration, expressed in L m− 2 h− 1 

bar− 1 (LMH/bar). Vf is the volume of the feed solution (L). Vr is the 
volume of the retentate (L). A is the effective membrane surface area, 
which is 0.001257 m2 for a flat membrane and 0.00629 m2 for a hollow 
fibre membrane. P and Δt are the applied pressure (bar) and the filtration 
time (h), respectively.

The treated coffee concentration was calculated as in equation (2), 
and the concentration increase is calculated according to equation (3). 

Ct =
md

Vr
(2) 

ΔC =
Ct − Cf

Cf
⋅100% (3) 

Ct is treated with coffee concentration (mg/ml). md is the mass of 
dried residue. Vr is the volume of the retention solution. ΔC the con
centration increase rate (%). Cf is the concentration of feed solution 
(mg/ml).

2.5. Quantitative determination of flavour compounds in coffee

The quantitative determination of flavour compounds in coffee was 
performed based on 1H qNMR [28,29]. For each measurement, 10 mg of 
freeze-dried coffee powders were dispersed in 800 μl of D2O containing 
0.03% w/v sodium acetate trihydrate as an internal standard. Subse
quently, the samples were ultrasonicated for 30 min, and then centri
fuged at 6000 rpm for 10 min. The supernatant was collected for NMR 
measurement.

The qNMR measurements were performed by a 400 MHz Bruker 
Avance III HD NMR system fitted with a Prodigy CryoProbe. A spectral 
width of 15.98 ppm was applied. For each spectrum, 8 scans are accu
mulated. The acquisition time was 5.12 s. The relaxation delay (D1) 
exceeded the longest longitudinal relaxation time of the analytical nu
cleus (D1 > 5T1max) by 5 times and was set to 60 s to ensure complete 
relaxation and accurate quantification [30,31]. All experiments were 
performed at a controlled temperature of 298 K.

2.6. Coffee compound quantification and separation performance

The 1H NMR spectrum of coffee samples is shown in Fig. 1. Bruker 
Topspin software was used for the data process and analysis. The spectra 
were treated with exponential apodization in Bruker TopSpin using a 
line-broadening factor of 0.1 Hz before Fourier transformation to 128K 
real points. This was followed by phase correction for pure absorption, 
as well as baseline correction. Subsequently, the signal peaks of each 
compound were identified and integrated by the comparison of refer
ences and caffeine standard [28,29,32]. In this work, the qNMR analysis 
was focused on caffeine and four representative coffee matrix com
pounds with distinguishable and well-resolved proton signals, including 
5-hydroxymethylfurfural, trigonelline, N-methylpyridinium, and 
choline. These compounds were selected because they are closely 
related to coffee roasting, thermal transformation, and coffee matrix 
composition, and their independent NMR peaks enable reliable 
quantification.

It should be noted that tannic acid or total polyphenol removal was 
not quantified in this work. The main phenolic compounds in coffee are 
chlorogenic acid and its derivatives rather than tannic acid as a single 
defined model compound. In addition, commercial tannic acid is 
compositionally heterogeneous, and polyphenols generally show com
plex and overlapping 1H NMR signals in the coffee matrix, which makes 
accurate quantification difficult without a dedicated analytical method. 
Therefore, the qNMR results in this study are used to evaluate caffeine 
separation and the retention trend of selected non-caffeine coffee 
markers, however should not be interpreted as a direct measurement of 
tannic acid or total polyphenol retention.

The mass of each compound was calculated according to equation 
(4), and the concentration of each compound in the freeze-dried coffee 
sample was calculated by equation (5). 

mi,n =

(
Ii,n⋅N0

I0⋅Ni,n

)

⋅
(

m0⋅P0

M0

)

⋅Mi,n (4) 

Ci,n =
mi,n

mcof
⋅1000 (5) 

mi,n is the mass of the compounds (mg). Ii,n and I0 represent the integral 
area of the compound and the internal standard, respectively. Ni,n and 
N0 represent the number of protons of the compound and the internal 

Fig. 1. 1H NMR spectrum of coffee sample. The characteristic peaks corresponding to a specific hydrogen atom in a determined molecule are marked as red, and the 
marked peaks are used for qNMR determination. The inset with red frame is the magnified spectrum of NMP (1,5) peaks.
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standard, respectively. m0 represents the mass of the internal standard 
(mg). It is the product of the concentration of the internal standard and 
the volume of the deuterated reagent used. P0 is the purity of the internal 
standard. M0 is the molar mass of the internal standard (g/mol), and Mi,n 
is the molar mass of the tested compound (g/mol). Ci,n is the concen
tration of each compound in the freeze-dried coffee sample (μg/mg), and 
mcof is the mass of the corresponding coffee sample (mg). It should be 
noted that, the subscript i represents the abbreviation of different 
compounds (Caf for caffeine; Trig for trigonelline; HMF for 5-hydroxy
methylfurfural; NMP for n-methylpyridinium and Cho for choline), 
while n denotes the sample state. n = f and n = t represents the feed and 
treated samples, respectively.

The caffeine removal (Rem, unit in %) after 24h of membrane 
treatment was calculated as: 

Rem =
CCaf ,f − CCaf ,t

CCaf ,f
⋅100% (6) 

The other compound retentions (Ri, unit in %) after 24 h of filtration 
were calculated as: 

Ri =
Ci,t

Ci,f
⋅100% (7) 

3. Results and discussion

3.1. GO-based membranes for decaffeination

The schematic illustration of the fabrication of Ca2+-crosslinked SA- 
intercalated GOM (CGSM) is shown in Fig. 2a. GO was first mixed with 
SA in a dispersion and followed by vacuum filtration. The prepared GO- 
SA membrane was then soaked in a CaCl2 solution for crosslinking. The 
highly hydrophilic SA polymer matrix is intercalated not only to 
improve the hydrophilicity of the membranes but also to tune the 
interlayer spacing of the GO laminates, thereby enhancing water per
meance while maintaining caffeine selectivity. Ca ions can facilitate 
cross-linking both within the SA polymer matrix and across the GO-SA 

interface. The introduction of Ca ions is intended to increase mem
brane stability and tune the charge of the nanochannels in the 
membranes.

The cross-sectional morphology of GOM and CGSM was observed via 
SEM. GOM demonstrates a typical laminated morphology (Fig. 2b). In 
contrast, CGSM-1 shows a denser cross-section with fewer laminated 
features (Fig. 2c), indicating that the GO-SA membrane becomes more 
compact after Ca-crosslinking. The presence of Ca ions in CGSM-1 is 
further confirmed via SEM-EDS (Fig. 2d). The surface morphology of the 
membranes was further analyzed as discussed in the Supplementary 
Note. 2 (Fig. S2). The results show that Ca2+ crosslinking and SA 
intercalation reduce surface wrinkles and smooth the membrane sur
face. In addition to chemical modification, the lateral size of GO nano
sheets is also an important structural parameter since it can influence 
membrane stacking, interflake boundaries, tortuosity, and interlayer 
transport pathways [33]. The GO nanosheets used in this work show an 
average size of approximately 600 nm according to DLS analysis (Sup
plementary Note. 3, Fig. S3). Since the same GO source was used for all 
membranes, the performance differences among GOM, CGM, GSMs and 
CGSMs are mainly attributed to SA intercalation, Ca2+ crosslinking, and 
their combined effects rather than differences in GO nanosheet size.

3.2. Characterizations of GO-based membranes

The surface hydrophilicity of GOM and the modified GO-based 
membranes was examined using contact angle measurements 
(Fig. 3a). The detailed results are summarized in Table S2 in Supple
mentary Note 3. GOM shows a contact angle of 44.2◦, which increases to 
50.6◦ after Ca-crosslinking (CGM). This increase can be attributed to the 
interaction between Ca ions and oxygen-containing functional groups, 
which consumes some hydrophilic groups and slightly reduces hydro
philicity. SA is a highly hydrophilic polymer with a contact angle of 
34.8◦ [34,35]. After Ca-crosslinking, the contact angle of Ca-SA de
creases to 25.4◦ (Table S1). The contact angles of CGSMs gradually in
crease from 38.3◦ for CGSM-1 to 50.8◦ for CGSM-4. For CGSM-1 and 
CGSM-2, because of the low SA content, Ca ions mainly help disperse 

Fig. 2. (a) Schematic illustration showing the synthesis process of Ca2+-crosslinked sodium alginate-intercalated graphene oxide membranes. (b-c) Cross-sectional 
scanning electron microscope (SEM) images of GOM (b) and CGSM-1 (c) showing the membrane morphology (d) Energy dispersive spectroscopy (EDS) elemental 
images based on (c) of carbon, oxygen and calcium.
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and anchor the SA polymer chains onto the GO nanosheets. The high 
hydrophilicity of SA-Ca dominates the membrane properties, giving 
contact angles lower than that of GOM. For CGSM-3 and CGSM-4, as the 
SA content further increases, a dense network forms during 
Ca-crosslinking. This highly cross-linked structure not only encapsulates 
the GO nanosheets but also creates additional nanoscale wrinkles on the 
membrane surface. As a result, the contact angles become higher than 
that of GOM, which is consistent with the SEM observations.

The surface charge of the membranes was determined by solid- 
surface zeta potential measurements via streaming potential over the 
pH range 2.5 to 9, as shown in Fig. 3b. GOM and GSM-1 exhibit a 
negatively charged surface due to their abundant oxygen functional 
groups, and the deprotonation of oxygen functional groups under basic 
conditions leads to more negative zeta potentials [36]. For CGM and 
CGSM-1, upon the introduction of Ca2+ ions, the zeta potential becomes 

more positive; at pH below 5, both membranes exhibit positive zeta 
potentials.

The chemical composition of the samples and the crosslinking pro
cess were analyzed via FTIR, as shown in Fig. 3c and discussed in 
Supplementary Note 5. A typical broad GOM peak is observed at 
~3375 cm− 1, originating from hydroxyl groups and adsorbed water 
[37]. With the introduction of Ca ions (CGM) and SA (GSM-1), this peak 
weakens, reflecting the disruption of the original hydration state of GOM 
and reducing the free water in the membranes. Another observation is 
that after Ca-crosslinking (Ca-SA), the 3375 cm− 1 SA peaks decrease, 
indicating that Ca-crosslinking results in a more compact polymer ma
trix structure and therefore limits free water in the matrix. Compared 
with the other samples, CGSM-1 exhibits a deep, broad absorbance peak. 
This provides important evidence that, in the Ca-SA-GO ternary system, 
GO and SA are not isolated from each other; instead, they form an 

Fig. 3. Chemical composition and material structure characterizations of the membranes. (a) Contact angle measurements of GOM, CGM and CGSM membranes. (b) 
Surface zetapotential of GOM, CGM, CGSM and GSM membranes in the pH range of 2-9. (c) FT-IR spectra of GOM, CGM, SA GSM, Ca-SA and CGSM membranes. (d-f) 
XPS wide survey (d) with high resolution C1s (e) and O1s (f) spectra of GOM, GSM-1, CGSM-1. (g) XRD patterns of GOM, CGM, GSM and CGSM membranes in dry, 
ambient and wet states. (h) The d-spacing values of GOM, CGM, GSM, and CGSM membranes in dry, ambient, and wet states. (i) The d-spacing difference of GOM, 
CGM, and CGSM membranes between the ambient/wet state and the dry state.
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enhanced intermolecular hydrogen-bonding network throughout the 
system due to Ca-crosslinking.

The enhanced hydrogen-bonding network in CGSM-1 is further 
supported by a strong FTIR absorption peak at approximately 
3190 cm− 1. This peak is associated with O–H stretching vibrations [38]. 
According to the harmonic oscillator model derived from Hooke's law 
[39], the stretching wavenumber is directly related to the force constant 
of the vibrating bond:

ν̃ = 1
2πc

̅̅̅
k
m

√

where ̃ν is the wavenumber, k is the bond force constant, 
m is the reduced mass, and c is the speed of light. Since the reduced mass 
remains essentially unchanged for O–H vibrations, any shift in wave
number mainly reflects a change in the effective force constant of the 
O–H bond.

Stronger hydrogen bonding partially weakens and elongates the O–H 
covalent bond. This reduces the effective force constant of the O–H vi
bration, shifting the stretching band to a lower wavenumber. Therefore, 
the prominent peak at 3190 cm− 1 indicates stronger hydrogen-bonding 
interactions and supports the formation of an enhanced hydrogen- 
bonding network in CGSM-1.

In the 1800–1200 cm− 1 region, the peak near 1720 cm− 1 is assigned 
to the C––O stretching vibration of protonated carboxyl groups [40]. 
This peak is observed in GOM, CGM and GSM-1, but becomes absent or 
strongly weakened in SA, Ca-SA and CGSM-1. This suggests that the 
carboxyl groups in the GO–SA system are mainly present as carboxylate 
species after SA intercalation and Ca2+ crosslinking. The peaks near 
1600 and 1415 cm− 1 are attributed to asymmetric and symmetric COO−

stretching vibrations, respectively [41–43]. The shifts of these bands 
after Ca2+ treatment support coordination between Ca2+ ions and 
carboxylate groups, confirming the formation of Ca2+-mediated 
carboxylate interactions in the alginate-containing membranes.

In the fingerprint region, the peak around 1060 cm− 1 is associated 
with C–O-related groups in GO-containing samples [37], while the sharp 
peak around 1025 cm− 1 arises from C–O–C and C–O vibrations of the SA 
backbone [44]. After Ca2+ crosslinking, changes in these bands indicate 
that the local conformation of alginate chains and the oxygen-containing 
environment of GO are altered. In CGSM-1, the GO-related and 
SA-related C–O bands merge into a broader feature, suggesting a more 
complex local chemical environment within the GO–SA–Ca2+ nano
channels. Taken together, the FTIR results suggest that SA intercalation 
and Ca2+ crosslinking change the local chemical environment of the 
GO-based membranes. The changes in carboxylate-related bands sup
port Ca2+ coordination with carboxyl groups, while the broad O–H re
gion indicates possible changes in hydrogen-bonding environments. 
However, FTIR alone cannot directly confirm a fully integrated 
Ca–SA–GO network.

XPS was further used to analyse the surface chemical states of GOM, 
GSM-1 and CGSM-1 (Fig. 3d–f). The wide survey spectra (Fig. 3d) show 
the main C1s and O1s signals for all GO-based membranes, while the 
Ca2p signal appears in CGSM-1, confirming the successful introduction 
of Ca2+ after crosslinking. The high-resolution C1s spectra (Fig. 3e) can 
be deconvoluted into C–C/C––C, C–O and C––O components, corre
sponding to the graphitic carbon framework and oxygen-containing 
groups of GO and SA [45]. Compared with GOM and GSM-1, CGSM-1 
shows lower relative C–O and C––O contributions. This decrease should 
not be interpreted as direct cleavage or loss of oxygen-containing 
groups. Instead, it suggests that these oxygen-containing groups may 
involve in new chemical environments after SA intercalation and Ca2+

crosslinking [46]. The lower C––O contribution is consistent with 
deprotonation and Ca2+ coordination of carboxyl groups, while the 
lower C–O contribution may be related to hydrogen bonding, Ca2+ co
ordination, or partial shielding by the crosslinked SA–Ca network. The 
O1s spectra (Fig. 3f) show a similar change in oxygen-containing com
ponents, further supporting the redistribution of oxygen chemical states 
in CGSM-1. Therefore, the XPS results support the FTIR interpretation 
that SA intercalation and Ca2+ crosslinking modify the local 

oxygen-containing chemical environment of the GO–SA system, rather 
than independently proving a complete Ca–SA–GO network.

Since FTIR and XPS mainly reflect local chemical environments, XRD 
was further used to examine whether these chemical changes are 
accompanied by changes in interlayer spacing, hydration behaviour and 
swelling stability. Fig. 3g shows the XRD patterns of GOM, CGM, GSM-1 
and CGSM-1 in the dry, ambient and wet states, with the corresponding 
d-spacing values summarized in Fig. 3h. The diffraction peak reflects the 
average interlayer spacing of the laminar GO nanochannels [47]; 
therefore, a shift to a lower 2θ value indicates an increase in d-spacing. 
In the dry state, pristine GOM exhibits a characteristic GO diffraction 
peak at approximately 12.4◦, corresponding to a d-spacing of 7.15 Å. 
After Ca2+ crosslinking, CGM shows only a slight change in dry-state 
d-spacing, indicating that Ca2+ mainly coordinates with 
oxygen-containing groups rather than strongly expanding the GO 
laminate. In contrast, introducing sodium alginate, especially after Ca2+

crosslinking, leads to a much larger interlayer spacing in the CGSM se
ries, confirming that the Ca–SA network is successfully intercalated into 
the GO nanochannels. This is also confirmed by the XRD patterns of 
other CGSM membranes, as shown in Supplementary Note 6 (Fig. S5).

The swelling behaviour under different hydration states further re
veals structural difference between these membranes. For GOM, the 
diffraction peak shifts progressively to lower 2θ values from the dry state 
to the ambient state and further to the wet state, showing continuous 
water-induced swelling of the GO interlayer channels [48,49]. GSM-1 
shows a similar trend, indicating that the introduction of SA alone im
proves hydrophilicity but does not effectively suppress swelling in 
water. By comparison, the CGSM membranes show different behaviour: 
their d-spacing increases significantly from the dry to the ambient state, 
but changes only slightly from the ambient to the wet state. This trend is 
more clearly shown in Fig. 3i, where the difference between dwet − ddry 
and dambient − ddry is small for the CGSM series. This indicates that the 
CGSM membranes readily absorb water under ambient humidity and 
rapidly approach a hydrated, or hygroscopic, saturation state; however, 
once hydrated, their interlayer spacing remains relatively stable even 
under wet conditions [50].

In addition, the broader diffraction peaks of CGSM-1 indicate a wider 
distribution of interlayer spacings and reduced long-range order in the 
laminar structure [51,52]. This suggests that the Ca–SA network does 
not simply expand the GO layers uniformly but introduces a more het
erogeneous interlayer architecture. Therefore, the XRD results demon
strate that Ca2+-crosslinked SA intercalation simultaneously increases 
hydrated nanochannel size, enhances water affinity, and suppresses 
further wet-state swelling. Combined with the FTIR results, this suggests 
that the CGSM membranes possess locally stabilised Ca–SA–GO in
teractions while maintaining a more heterogeneous laminar stacking 
structure at the long-range scale.

Overall, the low water contact angle, the positive zeta potential at 
pH < 5, and the changes in d-spacing upon entering the wet state in the 
XRD data fully demonstrate that CGS exhibit a hydrophilic, positively 
charged surface, hygroscopic saturation, and anti-swelling properties. At 
the same time, FTIR results show that calcium ions improve the order of 
the local chemical environment through coordination with carboxyl 
groups, but the increase in XRD peak FWHM indicates that the long- 
range ordering of the layered structure is reduced. It can be recog
nised that the structure of CGS exhibits the coexistence of a locally or
dered structure and an overall layered, disordered stacking.

3.3. Flat membrane decaffeination evaluations

The decaffeination performance of membranes was evaluated using a 
vacuum filtration apparatus at ~0.9 bar with 100 mL of coffee brew feed 
(1 mg/mL) for 24 h. The relevant performance indicators include 
caffeine removal (Rem), water permeance (J), concentration increase 
(ΔC), flavour-related marker retention index (FRI), and choline retention 
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(Rcho), as detailed in Supplementary Note 7. Freeze-drying did not alter 
the composition of the evaluation index, as verified in Table S3 (Sup
plementary Note 8).

We first evaluated the membrane selectivity and permeability. Five 
representative compounds in coffee with various molecular weights 
were selected for measurement (Fig. 4a), including n-methylpyridinium 
(NMP, 94.1 Da), choline (Cho, 104.2 Da), 5-hydroxymethylfurfural 
(HMF, 126.1 Da), trigonelline (Trig, 137.1 Da), and caffeine (Caf, 
194.2 Da). Herein, Trig is an alkaloid and important coffee flavour 
precursor that undergoes degradation during roasting [53]. NMP is a 
characteristic roasting product formed from trigonelline degradation 
[32,54], and 5-HMF is a chemical marker commonly used to reflect 
roasting-induced chemical changes in coffee and other foods [53,55,56]. 
Generally, across all the GO-based membranes, choline has the highest 
rejection rate, while caffeine has the lowest. Notably, although caffeine 
has the largest molecular weight, its rejection rate is the lowest. This 
result indicates that membrane selectivity is not controlled by size 
exclusion alone. In nanofiltration, solute rejection can be influenced by 
coupled steric effects, Donnan exclusion, dielectric exclusion, mem
brane charge, hydration state and solute–membrane affinity [57–59]. In 
the present GO–SA–Ca2+ nanochannels, choline has a smaller molecular 
weight than caffeine, but it is permanently charged and highly hydro
philic. Therefore, it can interact more strongly with GO oxygen groups, 
alginate chains and Ca2+-related hydrated sites through electrostatic 
interaction, hydration interaction and hydrogen bonding, leading to 
higher retention. In contrast, caffeine is larger but less ionised under the 
present aqueous condition, so it is less strongly retained by 
charge-related interactions. Although caffeine may interact with 
graphitic GO domains through π–π interaction and hydrogen bonding, 
these interactions can be dynamic and may allow 
adsorption–desorption-assisted transport through hydrated 

nanochannels [60,61]. Therefore, the preferential permeation of 
caffeine is attributed to the combined effects of molecular confinement, 
molecular charge, hydration state, surface affinity and confined trans
port, rather than molecular size alone.

Based on this coupled transport mechanism, CGSM-1 was further 
selected to examine whether its low caffeine rejection can translate into 
effective caffeine reduction in the retained coffee product while main
taining key non-caffeine compounds. The concentrations of represen
tative coffee compounds in the original coffee, CGSM-1-treated coffee, 
and commercial decaf coffee were measured using quantitative nuclear 
magnetic resonance (qNMR) [28–32]. The results are summarized in 
Table 1. Different from conventional NF processes, where the permeate 
is usually collected as the purified product, the desired product in this 
work is the retained feed solution: caffeine preferentially permeates 
through the CGSM-1 membrane, while the main coffee matrix com
pounds are retained in the feed, thereby producing a decaffeinated 
coffee solution. Compared with the original coffee, the CGSM-1-treated 
coffee shows a clear reduction in caffeine concentration from 24.64 to 
12.95 μg/mg, confirming its decaffeination ability. Importantly, the 
main coffee matrix compounds, including HMF, trigonelline, NMP and 
choline, are still retained at measurable levels, indicating that CGSM-1 
can reduce caffeine while maintaining key non-caffeine compounds in 
the coffee matrix. Compared with the original coffee, commercial decaf 
coffee shows a substantially lower caffeine concentration, while some 
key non-caffeine compounds remain at relatively high levels. This may 
be related to differences in coffee source and processing conditions and 
may also reflect the possible addition or adjustment of flavour-related 
compounds after industrial decaffeination.

The water permeance was also monitored during the filtration pro
cess (Fig. 4b). Compared with pure GOM, introducing Ca ions (CGM) 
lowers the water permeance. Intercalating hydrophilic SA polymer 

Fig. 4. Decaffeination performance of various membranes with 100 ml of coffee brew feed (1 mg/ml) for 24 h. (a) Rejection rate of five representative compounds in 
coffee of various synthesized membranes. The representative compounds with different molecular weight include n-methylpyridinium (NMP, 94.1 Da), choline (Cho, 
104.2 Da), 5-hydroxymethylfurfural (HMF, 126.1 Da), trigonelline (Trig, 137.1 Da) and caffeine (Caf, 194.2 Da). (b) Water permeance of various synthesized 
membranes. The error bars indicate the standard deviation of three repeated measurements. (c-f) The performance evaluation in radar map of five criterions of 
various membranes including GOM (c), CGM (d), GSM-1 (e), and CGSM-1 (f). The five criterions include Caffeine removal (Rem, unit in %), Flavour-related marker 
retention index (FRI, unit in %), choline retention (RCho, unit in %), Water permeance (J, unit in LMH/bar) and concentration increase (ΔC, unit in %).
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chains significantly increases the water permeance, and GSM-4, with the 
highest SA intercalation, exhibits the highest water permeance of 1.36 
LMH/bar. After Ca-crosslinking, CGSMs show a water permeance of 
around 0.6 to 0.7 LMH/bar, with a slight decrease as the SA intercalation 
amount increases. Comparing GSMs with CGSMs, Ca-crosslinking sta
bilises the membrane structure, resulting in less fluctuation in water 
permeance, but the highly crosslinked structure also leads to a lower 
water permeance. It should be noted that these values are apparent 
permeance measured during real coffee filtration, not intrinsic pure- 
water permeance. The modest permeance is likely caused by the com
bined resistance of the PVDF support, GO-based selective layer, compact 
Ca–SA–GO structure, and coffee-derived adsorption or fouling. There
fore, permeance is evaluated together with caffeine removal, flavour- 
marker retention, choline retention and concentration increase, rather 
than as the only performance criterion. To more comprehensively 
evaluate the decaffeination efficiency of the membranes, we distilled 
five parameters mentioned above and plotted radar maps (Fig. 4c–f). 
GOM, CGM and GSM-1 exhibit similar performance with high flavour 
and choline retention, while other indicators are relatively weak. 
However, the performance of CGSM-1 has changed significantly, 
emphasising improved caffeine removal and increased concentration 
while maintaining flavour, choline retention, and water permeance. The 
overall performance of CGSM-1 is more balanced, and the highest 
caffeine removal is more favourable for decaffeination.

In membrane-based decaffeination, the performance of the mem
branes cannot be assessed by a single indicator. Although the radar maps 
shown above can provide visualized evaluations, they are not suffi
ciently quantitative. Therefore, we established a multi-indicator evalu
ation framework (MCEF) combining the entropy weight method and the 
TOPSIS model to quantitatively and comprehensively compare the 
overall performance of different membranes [62,63]. We presented 
detailed data process methods in the multi-criteria performance evalu
ation section in Supplementary Note 7. Briefly, because the units of the 
performance indicators differ, we first normalise the indicators to 
eliminate the influence of units and value ranges and then determine the 
weight of each indicator using the entropy weight method. The idea of 
the entropy weight method is that if an indicator differs more signifi
cantly between membranes, it is better able to distinguish membrane 
performance and therefore should be given higher weight. It should be 
noted that the weights obtained by the entropy weight method is not 
assigned manually; rather, they are objectively calculated from the 
experimental data. After determining the weight for each indicator, the 
normalised data is multiplied by the corresponding weight to obtain a 
weighted normalisation matrix. Here, each indicator is not only nor
malised for evaluation in the same unit but also reflects its relative 
importance in the overall evaluation. The TOPSIS model is introduced to 
comprehensively rank the performance of the membranes. The principle 
of TOPSIS is that the optimal membrane should be as close as possible to 
the positive ideal membrane, while being as far as possible from the 
negative ideal membrane. Here, the positive ideal membrane is defined 
as the reference membrane with the highest value across all five in
dicators, whereas the negative ideal membrane is defined as the refer
ence membrane with the lowest values across these indicators. The 
distances between each tested membrane and these two reference 
membranes are then calculated and used as the basis for the 

comprehensive performance ranking.
It should be noted that the MCEF used here is not limited to ranking 

the prepared membranes. In the present work, the positive and negative 
ideal solutions are generated from the experimental dataset to identify 
the best-performing membrane among the tested samples. However, the 
same framework can also be inverted for target-guided membrane 
design. For example, practical requirements such as a minimum caffeine 
removal, acceptable water permeance, flavour-related compound 
retention, and concentration increase can be defined first as target 
ranges. These targets can then be linked back to membrane properties, 
including interlayer spacing, surface charge, hydrophilicity, and 
swelling stability. Therefore, MCEF may provide not only a post- 
fabrication ranking method, but also a useful route for the a priori 
design of GO-based membranes for decaffeination and other complex 
separation processes.

The weighted normalisation matrix heatmap (Fig. 5a) demonstrates 
the contribution of each criterion to the overall evaluation. The detailed 
results are summarized in Table S4 (Supplementary Note 9). The 
weighted normalised values in the matrix are coupled by normalisation 
and weighting. The maximum value in each column represents the 
weight of the corresponding indicator [64]. Meanwhile, for a given 
column, the sample with the maximum value is the best-performing 
sample for that indicator. We first note that Rem and ΔC are assigned 
higher weights, since the evaluated membranes exhibit the greatest 
dispersion in these two performance indicators, and they will be sig
nificant in the performance ranking. On the other hand, FRI and Rcho 
have less weight and thus have less impact on the ranking. Here, we can 
easily figure out that CGSM-1 and CGSM-3 have the highest Rem and ΔC 
performance. Although they show relatively low performance on FRI 
and Rcho, they will still have a decisive advantage in the rankings.

We further developed a distance matrix (Fig. 5b) using Euclidean 
distances based on the weighted normalised values to perform a multi
dimensional similarity analysis to assess modification-performance 
relevance. In the distance matrix, a lower distance indicates higher 
similarity between two membranes across the five evaluation criteria, 
and the diagonal line shows that the distance between any membrane 
and itself is 0. The matrix can be divided into three groups. The first 
group consists of CGSM-1 and CGSM-3. These two samples demonstrate 
the highest Rem and ΔC performance, as shown above, and also exhibit 
high overall performance similarity. The second group includes GSM-3, 
GSM-4, and CGSM-4, with CGSM-4 having relatively independent per
formance characteristics. The third group comprises the remaining 
samples. We find that performance similarity is not strictly related to the 
modification, and different modification paths may achieve similar 
performance. This finding reveals that the influences of SA-intercalation 
and Ca-crosslinking on GOM are not monotonic, and multiple mecha
nisms may affect performance through coupling.

We performed the performance ranking using the TOPSIS model and 
calculated the closeness coefficient accordingly (Fig. 5c). CGSM-1 and 
CGSM-3 show the highest closeness coefficient, indicating their superior 
overall performance and their closeness to the ideal optimal membrane. 
Moreover, 60% of the samples show a higher closeness coefficient than 
that of GOM. The effectiveness of the modification strategy combining 
SA-intercalation and Ca-crosslinking for GOM can therefore be verified. 
However, we can also realize that modifying the membranes with 

Table 1 
Mean concentration of coffee compounds (M) and corresponding standard deviations (SD) of original coffee, CGSM-1 filtrated coffee and commercial decaf-coffee.

Sample name Coffee compounds (μg/mg of freeze-dried coffee powder)

Caf HMF Trig NMP Cho

M SD M SD M SD M SD M SD

Original coffee 24.64 0.66 1.85 0.04 3.21 0.08 1.29 0.05 0.85 0.01
CGSM-1 12.95 0.98 1.11 0.15 1.86 0.07 0.81 0.02 0.48 0.06
Decaf-coffee 0.52 0.03 0.48 0.01 3.52 0.02 0.66 0.01 0.70 0.03
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specific parameters does not necessarily improve their performance. For 
example, compared to GOM, CGM, GSM-2, and CGSM-2 have lower 
closeness coefficients and overall performance. Trade-offs among 
various performance indicators are always present in membrane eval
uation, such that an increase in one property may lead to a decrease in 

one or more other properties. When considering a single indicator, we 
often overlook the decline in other indicators due to the trade-off effect. 
However, in practical applications, we often need a more balanced 
product. Therefore, it is necessary to evaluate the membranes, the 
effectiveness of the modifications, and their detailed parameters from a 

Fig. 5. (a) The entropy-weighted normalisation matrix heat map showing the contribution of five criterions to the overall evaluation of various membranes. Five 
criterions include Caffeine removal (Rem), Flavour-related marker retention index (FRI), choline retention (RCho), Water permeance (J) and concentration increase 
(ΔC) are shown in the X axis of the matrix and various type of membranes are shown in the Y axis. (b) Euclidean distances matrix of various membranes across the 
five evaluation criterions. The high Euclidean distances are shown in blue and low distances are shown in red. (c) The bar chart of closeness coefficient presenting the 
overall performance of various membranes via TOPSIS model calculations. The blue bar chart indicates the membranes have a closeness coefficient larger than GOM, 
and the red bar chart shows one lower than GOM. (d) The relative closeness coefficient between CGSM-1 and GOM.
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more comprehensive perspective. Our established MCEF exhibits its 
superiority in the comprehensive evaluation of membrane performance. 
Compared to intuitive radar maps, the MCEF provides a more quanti
tative and objective model for converting multiple product selection 
criteria into a single straightforward coefficient that can assist in the 
quick and precise sieving of optimal membranes from a wide range of 
products [65].

With the assistance of MCEF, we determined that CGSM-1 is the 
optimal membrane for decaffeination in this work. We further compared 
CGSM-1 with GOM (Fig. 5d) to clarify performance contributions and 
assess the influence of modifications. CGSM-1 is superior to GOM in 
three indicators, ΔC, Rem and J, and this superiority is largely attribut
able to its significantly higher ΔC and Rem. Since a higher Rem repre
sents lower caffeine rejection, CGSM-1 exhibits lower rejection rates for 
the five selected compounds than GOM, while achieving a higher con
centration increase. This indicates that CGSM-1 has a sharper molecular 
sieving cut-off, which lowers the rejection of small molecules and in
creases the rejection of large molecules. As discussed in the membrane 

characterisation section, CGSM-1 has a larger interlayer spacing and a 
more neutral charge. Therefore, the increased J can be explained by the 
expanded nanochannels due to SA-intercalation [41,66]. Meanwhile, 
the introduction of Ca2+ shifts the membrane surface charge to a more 
positive or neutral state, which can weaken the Donnan exclusion effect 
for positively charged coffee compounds [67]. As discussed, SA inter
calation and Ca2+ crosslinking introduces additional oxygen-containing 
and carboxylate-related sites, which may contribute to hydrogen 
bonding and adsorption interactions with polar coffee molecules. For 
caffeine, its aromatic structure may also interact with graphitic GO 
domains through π–π interactions [60,61]. Therefore, the improved 
caffeine removal and retained coffee matrix compounds in CGSM-1 are 
attributed to the coupled effects of enlarged hydrated nanochannels, 
tuned surface charge, molecular affinity, adsorption/desorption and 
confined transport [17,23]. To examine the scale-up potential of 
CGSM-1, we fabricated hollow fibre membranes and used GOM as a 
comparison.

Fig. 6. (a) Digital photographs and scanning electron microscope (SEM) images of CGSA-coated GO-hollow fibre (HF) membranes (HF-CGSM-1) showing cross- 
section and in detail surface morphology. (b-f) The measured performance including caffeine removal (b), choline retention (c), flavour-related marker retention 
index (FRI) (d), concentration increase (e) and water permeance (f) of HF-CGSM-1. (g-h) The TOPSIS model calculated performances comparing GOM/HF-GOM (g) 
and CGSM/HF-CGSM-1 (h), indicating the differences between flat membranes and HF membranes.
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3.4. Hollow fibre membrane filtration-based decaffeination

Hollow fibre (HF) membranes of GOM and CGSM-1 were fabricated 
via vacuum filtration [25], denoted as HF-GOM and HF-CGSM-1, 
respectively. During vacuum filtration, GO or GO–SA nanosheets are 
deposited onto the PVDF hollow-fibre surface to form a laminar selective 
coating. For HF-CGSM-1, SA intercalation and hydrogen bonding help 
organise the GO–SA layer, while Ca2+ crosslinking further stabilises the 
coating through carboxylate coordination. This combined deposition 
and crosslinking process helps maintain the modified nanochannel 
structure on the hollow-fibre support. The digital photos and SEM im
ages of HF-CGSM-1 are shown in Fig. 6a, demonstrating a highly 
consistent morphology compared with CGSM-1. The HF membrane 
filtration-based decaffeination processes were carried out for 96 h with a 
sample interval of 24 h. We first compare performance over the first 24 h 
of operation between flat and HF membranes. During the first 24 h, the 
Rem and ΔC values of flat membranes are higher than those of HF 
membranes (Fig. 6b–e); in contrast, HF membranes exhibit higher Rcho 
and J values than flat membranes (Fig. 6c–f). For FRI, the values of HF 
membranes are close to those of flat membranes (Fig. 6d). We observe 
that, for both Rem and J, the performance difference between HF 
membranes and flat membranes remains at a similar level. On the other 
hand, for Rcho and ΔC, the difference between HF-CGSM-1 and CGSM-1 
is larger than that between HF-GOM and GOM. The comprehensive 
comparison of the five selected indicators between HF membranes and 
flat membranes is shown in the radar maps (Fig. 6g for GOM and Fig. 6h 
for CGSM-1). We can intuitively see that the filtration behaviours be
tween HF membranes and flat membranes are, to some extent, different 
[27,68], and the difference between HF-CGSM-1 and CGSM-1 is more 
significant. Compared with flat CGSM-1, HF-CGSM-1 more strongly 
highlights Rcho and J. The relatively higher Rem and Rcho, along with 
retained FRI, indicate that HF-CGSM-1 has a stronger rejection capa
bility towards the five selected compounds than flat CGSM-1. The 
reduced ΔC can be attributed to enhanced adsorption of other coffee 
compounds on the membrane surface due to the increased membrane 
surface area. The comparison between HF membranes and flat mem
branes provides critical information that, for membranes with different 
chemical compositions and structures, the migration from flat mem
branes to HF membranes may not always achieve high consistency. 
Changes in macrostructure can also lead to changes in microstructure, 
thus altering filtration behaviours. Therefore, for membrane investiga
tion and development aimed at industrial production, data obtained 
from flat membrane measurements cannot directly reflect their perfor
mance in HF membranes. Direct fabrication and performance evaluation 
of HF membranes are also essential.

The long-term (96 h) continuous operation examines the stability of 
the HF membranes. The Rem values of HF-CGSM-1 and HF-GOM fluc
tuate within the ranges 37%-45% and 15%-22%, respectively (Fig. 6b). 
Both the HF membranes exhibit relatively stable Rem performance over 
96 h. For Rcho and FRI, the HF membranes experience a significant 
decrease from 72 h to the 96 h (Fig. 6c and d), except for the Rcho per
formance of HF-GOM. HF-CGSM-1 shows a continuous increase of ΔC 
(Fig. 6e). The ΔC of HF-GOM remains constant for the first 72 h and then 
increases between 72 h and 96 h. The J value of HF-CGSM-1 shows a 
continuous downward trend (Fig. 6f), with the decline slowing down 
between 72 h and 96 h. This permeance decline indicates that fouling 
occurred during long-term coffee filtration. This is reasonable because 
coffee is a complex organic mixture, and organic compounds may adsorb 
or deposit on the membrane surface and within near-surface nano
channels, thereby increasing transport resistance. This also confirms 
that the current hollow-fibre membrane is not yet optimised for high- 
throughput operation. The hollow-fibre result should therefore be 
viewed as an initial validation of geometry transferability and operating 
stability, rather than a fully optimised industrial module.

To further examine the membrane surface after operation, post- 
filtration SEM and EDS characterization were conducted for the best- 

performing CGSM-1 membrane, as shown in Fig. S6 (Supplementary 
Note 10). Compared with the pristine CGSM-1 surface, the used mem
brane shows surface deposits after coffee filtration. In addition, EDS 
analysis reveals the appearance of a nitrogen signal after filtration. Since 
the pristine membrane does not contain nitrogen as a major component, 
this nitrogen signal suggests the adsorption or deposition of nitrogen- 
containing coffee compounds on the membrane surface, providing 
direct evidence of organic fouling. On the other hand, the J value of 
GOM declines more sharply but shows a slight rebound between 72 h 
and 96 h. By combining the filtration performance data above, we can 
see that 72 h of continuous operation can lead to fouling of the HF 
membranes. Fouling can decrease both rejection rates and water per
meance [69,70]. However, we observe that HF-CGSM-1 and HF-GOM 
exhibit similar filtration behaviours: both are fouled after long-term 
operation, but HF-CGSM-1 still outperforms HF-GOM. It should also 
be noted that a systematic cleaning and reuse study was not conducted 
in this work. Therefore, an optimum cleaning protocol cannot yet be 
proposed. Future work should evaluate mild hydraulic rinsing and weak 
alkaline cleaning strategies by comparing permeance recovery, 
caffeine-removal performance, retention of coffee matrix compounds, 
and membrane structural stability after repeated filtration–cleaning 
cycles. The superiority of HF-CGSM-1 not only confirms the effective
ness of the modification combining SA-intercalation and Ca-crosslinking 
but also demonstrates its robustness and scalability, as selected via our 
established MCEF.

To further place this membrane process in a practical context, 
representative industrial decaffeination methods are compared in 
Table S5 (Supplementary note. 11). Conventional organic solvent 
extraction, supercritical CO2 extraction and Swiss Water-type processes 
mainly treat green coffee beans before roasting, and usually involve 
wetting or steaming, extraction, solvent or adsorbent management, and 
drying [2,3,71–73]. In contrast, the present GO-based membrane pro
cess directly treats instant-coffee aqueous solution at room temperature 
and low pressure, without adding organic extraction solvents during 
membrane treatment. This suggests its potential as a mild, water-based 
and modular route for liquid coffee streams. However, it is noted that 
this study remains at laboratory scale, which further work is required to 
evaluate permeance improvement, fouling control, cleaning, membrane 
lifetime, product recovery and process-level energy analysis.

4. Conclusion

This work demonstrates the potential of rationally modified GO- 
based membranes for membrane-based decaffeination, where caffeine 
removal, coffee compound retention, water permeance and membrane 
stability need to be balanced. In this study, SA intercalation, Ca2+

crosslinking and their combined modification were used to tune the GO 
nanochannel environment. The results show that these modifications do 
not lead to a simple monotonic improvement. Instead, the changes in 
interlayer spacing, surface chemistry, hydrophilicity, surface charge and 
swelling behaviour are coupled together, resulting in different trade-offs 
between permeance and selectivity.

To evaluate the membrane performance more comprehensively, five 
key indicators, including caffeine removal, flavour-related marker 
retention, choline retention, water permeance and concentration in
crease, were integrated into a multi-criteria evaluation framework 
combining entropy weighting and TOPSIS. Based on this framework, 
CGSM-1 was identified as the best-performing membrane among the 
tested GO-based membranes. This result shows that MCEF can provide a 
quantitative way to compare membranes with competing performance 
requirements and connect membrane modification with practical 
decaffeination performance.

Beyond ranking the prepared membranes, the MCEF may also pro
vide a useful strategy for future target-guided membrane design. Prac
tical targets, such as required caffeine removal, acceptable water 
permeance, flavour-related compound retention and concentration 
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increase, can be defined first and then linked back to membrane prop
erties, including nanochannel size, surface charge, hydrophilicity and 
swelling stability. Therefore, the framework may be further developed 
from a post-fabrication evaluation method into a design tool for GO- 
based membranes in decaffeination and other complex liquid 
separations.

It should also be noted that this study is still an early-stage demon
stration rather than an industrially optimised process. The present per
meance remains modest under real-coffee filtration conditions. Further 
work is needed to improve permeance, reduce fouling, establish clean
ing and reuse protocols, evaluate membrane lifetime, and assess process- 
level energy use and product recovery. Overall, this work identifies 
CGSM-1 as a promising membrane for selective caffeine reduction and 
highlights the value of multi-criteria evaluation for membrane systems 
with coupled structural changes and performance trade-offs.
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