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S1. Experimental
S1.1. Materials 
  BEK and microfibrillated cellulose with the approximate solid content of 14.65 wt% and 25 wt%, respectively, were supplied by Australian Paper, Maryvale, Australia and DAICEL Chemical Industries Limited, Japan (grade Celish KY-100G), respectively. Cellulose samples were stored at 4°C. Tetraethoxysilane (TEOS, 100%), (3-aminopropyl)triethoxysilane (APTES, 99%), sodium hydroxide (NaOH, pellet, ≥ 98%), copper(II) acetate (Cu(CO2CH3)2, 98%), lead(II) acetate trihydrate (Pb(CO2CH3)2, 99.999%), MB (> 95%), MY (70%), polyethylene glycol (PEG, 20 kDa), and cetylmethylammonium bromide (CTAB, ≥ 98%) were supplied by Sigma-Aldrich. The Inductively Coupled Plasma (ICP) multi-element standard solution IV (including 1000 mg L-1 of Pb and Cu elements) was purchased from Supelco, Germany. Ethanol (EtOH, 96%) and hydrochloric acid (HCl, 32% v/v) were provided from Univar, Australia. PAE (33%, w/w solid content) was acquired from Nopcobond Paper Technology, Australia. Experiments were performed using deionized water. The ImageJ analysis software (Bethesda, USA) measured the median size of particles and fibers.
S1.2. Characterization 
[bookmark: _Hlk86270079][bookmark: _Hlk86270286][bookmark: _Hlk79777985]  Zeta potential of 0.5 wt% suspensions of different samples was measured by Nanobrook Omni from Brookhaven Instrument, Holtsville, NY, USA. Nitrogen adsorption-desorption isotherm analysis was conducted using Micromeritics analyzers, TriStar II 3020 and 3Flex 3500 (Norcross, GA, USA). Brunauer–Emmett–Teller (BET) and Barrett-Joyner-Halenda (BJH) algorithms were calculated via the Micromeritics software, Norcross, GA, USA. Nitrogen adsorption-desorption isotherms were carried out using Micromeritics 3Flex 3500 for N2 at 77 K. Degassing samples was performed for 12 h at 105°C before inserting them in the instrument. Due to the low BET Specific surface area (SBET) of the cellulose sample, SBET of composite samples were normalized by the MSN amount in specimens (SBET,MSN).  The SBET measurement was also conducted for the MS produced after the calcination of the B1 and B2 composites, which are named MS-B1 and MS-B2 samples (Table 2). An L & W Micrometre, Stockholm, Sweden, was used to determine the thickness of the BEK-MS composite membrane. The morphology of samples was monitored via scanning electron microscopy (SEM) with FEI NOVA NanoSEM 450, Hillsboro, OR, USA, through the accelerating voltage of 5 kV and equipped with a field emission source. Sample preparation for SEM analysis was conducted as outlined in our previous report [1]. An optical profilometer (Olympus LEXT OLS5000 Laser Confocal Microscope, Japan) was used to evaluate the surface topography of NFC and BEK-MS sides of double-layer membranes at the microscale (10 × magnification). The skeletal density () of samples was measured using the helium gas pycnometer, Micromeritics AccuPyc 1330 pycnometer, Norcross, GA, USA. The porosity (εof composite films was calculated as described in previous reports [1]. The X-ray photoelectron spectroscopy (XPS) analysis was carried out using Thermo Scientific NEXSA Surface Analysis System, Thermo Fisher Scientific, USA, equipped with a hemispherical analyzer. The calculation of embodied energy for the NFC production included manufacturing and treatment (bleaching) of BEK. In addition, refining pre-treatment, disintegration at 15000 revolutions in a Messmer disintegrator (model MK III C, Netherlands), and homogenization methods (5 passes) of microfibrillated cellulose were used to calculate the overall embodied energy of NFC production. The embodied energy of the BEK production was estimated for the production and treatment (bleaching) of BEK. The data for the calculation of embodied energies of different methods and materials to produce  BEK and NFC on them were obtained from the Ecoinvent database (version 3.8) and other reports [2, 3]. The baseline scenario assumptions to estimate the embodied energy of cellulose fiber production are displayed in Table S6, Supporting Information. 
  The incident radiation was monochromatic Al Kα X-rays (1486.6 eV) at 72 W (6 mA and 12 kV, 400 × 800 μm2 spot). Survey (wide) and high-resolution (narrow) scans were recorded at analyzer pass energies of 150 and 50 eV and step sizes of 1.0 eV and 0.1 eV, respectively. The base pressure in the analysis chamber was less than 5.0 × 10−9 mbar. A low-energy dual-beam (ion and electron) flood gun was used to compensate for surface charging. Data processing was carried out using Avantage software (version 5.9925), and the energy calibration was referenced to the main line of C 1s at 284.8 eV. The B1-PA1.5 sample in Table S1 was obtained by separating the B1 layer of the NFC-PA-340PA1.5 membrane.
S1.3. Aerogel preparation of NFC-MSN composites 
  The aerogel production procedure was followed, as explained in our previous research, using freeze-drying [4]. The reported wt% in this article is the solid content of BEK alone. The composite samples with a solid content of 3% were prepared.
S1.4. Preparation of composite samples by adding APTES and PEI during the in-situ reaction and their metal adsorption 
  To produce B1-PE0.4 and B1-PE0.6 samples (Table S1). BEK (6 g dry) and CTAB (6 g) were mixed in a suspension with pH adjusted to 11.4 at 40-50°C (section 2.3). Afterwards, 0.4 g (or 0.6 g) PEI was added to the reaction medium. Next, 30 ml TEOS was added dropwise under vigorous stirring for 2 h. The rinsing procedure and CTAB removal were followed as outlined in section 2.3.
  To produce the NFC-B1-340-AP1.2, BEK (6 g) in 3000 ml deionized water was mixed with 6 g CTAB under stirring at 40-50°C. The pH was adjusted to 11.4 with 2 mol L-1 NaOH. Next, 30 ml TEOS and 1.2 ml APTES as added dropwise to the suspension. The reaction medium was stirred for 2 h at 40-50°C. Removing CTAB was performed via the same procedure outlined in section 2.3. NFC-B1-340-AP0.4 and NFC-B1-340-AP0.6 samples were synthesized according to the method outlined above. The amounts of reagents were tabulated in Table S1. Metal adsorption was performed as described in section 2.7.
S1.5. Standard curves of dye solutions
  Different initial concentrations of MB and MY were prepared to create their standard curves using UV-Vis spectroscopy at 664 and 450 nm, respectively. MB and MY solutions were also prepared by the acidic solution (0.5 M HCl in 1 L of H2O: EtOH 1:1) to provide their standard curves for desorption tests according to the method outlined above. 
S1.6. Adsorption kinetics
  Non-linear-pseudo-first-order (Eq. 1) and pseudo-second-order (Eq. 2) were fitted to the adsorption result of some membranes to investigate the adsorption mechanism:
ln(Qe – Qt)  = lnQe – k1t                                                                                                         (1)                                                                                                                                                                                         
t/Qt = 1/(k2Qe2) – t/Qe                                                                                                            (2)                                                                                                                                                            
where Qe,exp is the SAC value obtained by the experimental adsorption test, Qe (mg g-1) is the equilibrium adsorption amount calculated by fitting equations, Qt (mg g-1) is the experimental adsorption capacity at a specific time interval, and k1 (min-1) and k2 (g mg-1 min-1) are pseudo-first-order and second-order adsorption rate constants. 
S1.7. Adsorption isotherms
  The adsorption isotherm experiments for the NFC-B1-340-PA0.5 membrane was as follows. The membrane was inserted at the bottom of the dead-end cell and 400 ml of MB at concentrations of 5–30 mg L-1 was added. The filtrate concentration was monitored using the procedure described in section 2.7. Freundlich model formula for adsorption isotherm investigation was used using formula (3):
                                                                                                                           (3)
where n and kf are the Freundlich coefficients estimated from the slopes and intercepts. The Langmuir formula is as follows:
Qe = qmax*(KL*Ce)/(1+KL*Ce)                                                                                                 (4)

[image: ]Fig. S1. Schematic of the DMB sample application in the adsorption test.

S1.8. Size exclusion
  The size exclusion test of membranes toward polyethylene glycol (PEG, 20 kDa) was performed via the same procedure outlined in our previous report [1].
S1.9. Solid content measurement
  The solid content of all samples (BEK, NFC, BEK-MS, etc.) was determined by weighing a specific amount of sample before () and after () drying in an oven at 105°C for at least 5 h. The wt% of BEK-MS samples refers to the amount of cellulose in samples.
Solid content (%) = ()  
  In addition, the weight of the NFC-B1-340 membrane was measured after filtration and its subsequent drying in an oven at 105°C to measure its weight loss. The weight loss measurement of the membrane was performed after five runs of filtration using the following formula:
Weight loss (%) = () 
where W1 and W2 are the weight of the NFC-B1-340 membrane before the first time of filtration and after each filtration run, respectively.

S2. Results
S2.1. Characterization and metal adsorption of modified samples with PEI and APTES
  APTES has been used to functionalize mesoporous silica for heavy metal removal [5, 6]. Hence, we added APTES during the in-situ precipitation of the BEK-MS to evaluate the metal adsorption of BEK-MS composites modified with APTES (section S1.3). The MS wt% of B1-AP0.4 and B1-AP0.6 specimens were 39.3% and 56.0%, respectively. In addition, higher detachment of particles in B1-AP0.4 and B1-AP0.6 specimens (Fig. S4) are observable in SEM micrographs compared to B3 and B1 samples (Fig. 2) due to high MS content in their structure. The detached particles from BEK fibers led to the high specific surface area of the B1-340-AP0.6 film. This can be associated with the lack of BEK surface area for retention of the high content of MS. Therefore, BEK fibers did not cover MS pores of the B1-340-AP0.6 sample.
  The long drainage time of the B1-340-AP1.2 composite for the NFC-B1-340-AP1.2 membrane formation limited its application as a membrane significantly. Subsequently, membranes without modification and modified by PAE, PEI, and APTES  were formed and investigated for metal adsorption due to their shorter drainage time than the B1-340-AP1.2 membrane for film formation. 
Table S1. The list of composites and their membranes modified by adding APTES and PEI during the in-situ reaction
	Entry
	Composite samples
	a Membrane Sample
	
	BEK layer  
	
	
	
	Adsorption

	
	
	
	TEOS (ml)
	CTAB (g)
	BEK (g)
	APTES (ml)
	PEI (g)
	

	1
	B1-AP1.2
	NFC-B1-340-AP1.2
	30
	6
	6
	1.2
	-
	-

	2
	B1-AP0.6
	NFC-B1-340-AP0.6
	30
	6
	6
	0.6
	-
	58

	3
	B1-AP0.4
	NFC-B1-340-AP0.4
	30
	6
	6
	0.4
	-
	40

	4
	B1-PE0.4
	NFC-B1-340-PE0.4
	30
	6
	6
	-
	0.4
	92

	5
	B1-PE0.6
	NFC-B1-340-PE0.6
	30
	6
	6
	-
	0.6
	96



S2.2. XPS
  Fig. S2 (a) illustrates the XPS survey scan of Si 2p, C 1s, and O 1s peaks. The C 1s and Si 2p auto-scaled overlay spectrum of B1, BEK, and B1-PA1.5 specimens are displayed in Fig. S2 (b) and S2 (c), respectively. Tables S2 and S3 provide at.% of elements in the XPS survey and the at.% of chemical bonds in deconvoluted regions of XPS high-resolution scans, respectively. The C 1s peaks of B1 and B1-PA1.5 samples are observable at 287.79 eV and 287.70 eV, respectively (Fig. S2 (b)). The at.% of Si 2p signals in XPS survey scans of B1 and B1-PA1.5 specimens at binding energies of 105.08 and 105.26 eV were 16.72% and 20.80%, respectively (Fig. S2 (C)). The at.% of C-C in the deconvoluted C 1s signal of the B1-PA1.5 sample was 5% higher than that of the B1 sample at 285.20 eV attributable to the presence of PAE molecules in the B1-PA1.5 sample (Fig S2 (d) and Table S3). 
  The at.% of the Si-O-C bond in Si 2p, C 1s, and O 1s regions [7] at 103.75 eV, 287.89 eV, and 531.53 eV of the B1 composite was 29.11%, 16.26%, and 1.28%, respectively (Table S3). These results suggested the Si-O-C covalent bond formation between BEK fibers and MS particles via the in-situ precipitation [1]. 


Fig. S2 (a). XPS survey, (b) C 1s overlay spectrum of B1, B1-PA1.5, and MSN samples, (c) Si 2p overlay spectrum of B1, B1-PA1.5, and BEK samples, (d) C 1s, (e) O 1s, and (f) Si 2p high-resolution scan of the B1 composite.
Table S2. Atomic concentration (at.%) obtained from the XPS survey scans of different samples
	Sample
	Element
	Peak position
	Area
	at.% concentration

	B1-PA1.5
	C1s
	287.70
	
	25.79

	
	Si2p
	105.28
	
	20.80

	
	O1s
	534.50
	
	53.41

	
	
	
	
	

	B1
	C1s
	287.79
	
	31.16

	
	Si2p
	105.08
	
	16.72

	
	N1s
	404.25
	
	0.58

	
	O1s
	534.27
	
	51.53

	
	
	
	
	

	NFC
	C1s
	287.37
	
	59.07

	
	O1s
	534.00
	
	38.82

	MSN
	Si2p
	104.86
	
	31.46



Table S3. Deconvolution of different elements from XPS high-resolution scans
	Sample
	Element
	Chemical state
	Peak (eV)
	aFWHM (eV)
	at.% concentration

	B1-PA1.5
	C1s
	C-C
	285.20
	1.78
	26.26

	
	
	C-O-C
	286.68
	1.74
	57.60

	
	
	C-O-Si
	287.99
	1.31
	12.03

	
	
	O-C-O
	289.07
	1.38
	4.11

	
	Si2p
	Si-O
	104.16
	2.35
	99.65

	
	
	Si-O-C
	101.62
	0.48
	0.35

	
	N1s
	NH
	400.12
	1.69
	24.60

	
	
	N-C
	403.35
	2.64
	75.40

	
	O 1s
	Si-O-C
	531.37
	0.49
	0.13

	
	
	Si-O
	533.29
	1.90
	74.17

	
	
	O-C
	534.52
	2.21
	25.69

	
	
	
	
	
	

	B1
	C1s
	C-C
	285.20
	1.42
	24.97

	
	
	C-O-C
	286.81
	1.50
	47.53

	
	
	C-O-Si
	287.89
	1.43
	16.26

	
	
	O-C-O
	288.90
	1.71
	11.23

	
	Si2p
	Si-O
	104.47
	1.82
	70.89

	
	
	Si-O-C
	103.75
	1.41
	29.11

	
	N1s
	NH
	400.38
	2.14
	51.15

	
	
	N-C
	403.44
	2.10
	48.85

	
	O1s
	Si-O-C
	531.53
	0.79
	1.28

	
	
	Si-O
	533.34
	1.69
	80.06

	
	
	O-C-O
	534.39
	1.86
	18.67

	
	
	
	
	
	

	N3
	C1s
	C-C
	285.14
	1.45
	18.29

	
	
	C-O-C
	286.77
	1.24
	58.25

	
	
	C-O-Si
	287.89
	1.66
	15.44

	
	
	O-C-O
	288.36
	1.32
	8.02

	
	Si2p
	Si-O
	103.74
	1.77
	96.57

	
	
	Si-O-C
	102
	1.44
	3.43

	
	N1s
	NH
	400.05
	1.72
	73.88

	
	
	N-C
	402.99
	2.08
	26.12

	
	O1s
	Si-O-C
	531.53
	1.65
	5.17

	
	
	Si-O
	532.96
	1.53
	75.21

	
	
	O-C-O
	533.41
	1.58
	19.62


a FWHM is full width at half maximum

S2.3. SEM micrographs and images of samples
[image: ][image: ]a
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Fig. S3. SEM micrographs of the BEK fibers in the B2 sample.

[image: ]
Fig. S4. SEM micrographs of the BEK fibers in B1-AP0.4 (a-c) and B1-AP0.6 samples (d).

[image: \\ad.monash.edu\home\User045\smir0005\Desktop\BEK article\DMB samples.tif]
Fig. S5. Images of the top side of the B1 layer (the NFC top layer was removed) (a) and NFC layer (b) of the NFC-PA-B1-340PA1.5 membrane toward 5 ppm MB solution.
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Fig. S6. Images of the B1 layer of the NFC-B1-340PA0.5 membrane (a) from the bottom side (after removing the NFC layer) and the top side (b).
S2.4. Parameters of adsorption kinetics and isotherm

Table S4. Fitted parameters of non-linear pseudo-first-order and non-linear pseudo-second-order kinetic models for MB adsorption of membranes.
	[bookmark: _Hlk82427145]
	
	First-order
	
	
	Second-order
	
	

	aSample
	Qe,exp (mg/g)
	k1
	R2
	Qe1 (mg/g)
	k2
	R2
	Qe2 (mg/g)

	B3 (5)
	0.4
	8.0E-02
	0.9848
	37.9
	3.4E-02
	0.9811
	9.5

	NFC-B3-370 (5)
	1.2
	7.9E-01
	0.9705
	1.2
	8.4E-01
	0.9370
	1.2

	NFC-B3-340 (5)
	2.5
	3.7E-04
	0.9923
	61.9
	8.6E-06
	0.9913
	52.1

	NFC-B1-340 (10)
	7.9
	1.9E-01
	0.9978
	7.8
	1.7E-02
	0.9984
	10.3

	NFC-B1-340 (20)
	13.3
	1.2E-02
	0.9042
	20.7
	1.0E-03
	0.8919
	18.2

	NFC-N3-18
	5.1
	9.9E-02
	0.9997
	5.5
	1.3E-02
	0.9997
	7.3


a Numbers in parenthesis are the initial MB concentration (mg L−1).
Table S5. Fitted parameters of MB adsorption isotherm models.
	Isotherm
	Isotherm constant
	Isotherm constant values

	Non-linear Freundlich
	kf
n
	0.4
0.83

	
	R2
	0.9941

	Non-linear Langmuir
	qmax
Kl
	28
0.06

	
	R2
	0.7762



S2.5. Specific surface area
  The BJH pore size distribution and N2 adsorption-desorption isotherms are presented in Fig. S7, while the measured structural characteristics are given in Table S6. Since isotherms displayed the hysteresis loop and a sharp capillary condensation step at high relative pressure, the isotherm of composite samples is type IV attributed to mesoporous materials (Fig. S7 (b)). B2 and B3 aerogels and MS-B1 and MS-B2 samples were prepared for comparing their SBET with related samples (section S1.3). The capillary condensation of the MS-B2 sample is higher than other samples, including cellulose, which is consistent with its higher mesoporosity. The B3 aerogel sample exhibited lower SBET and pore volume (Vp) than B2 due to the lower amount of MS in its structure (entries 1-2, Table S6). The specific surface area of the B2 aerogel is lower than that of the MS-B2 sample due to the increase in the total aerogel weight by the presence of BEK (entry 4, Table S6). The lower SBET of the oven-dried B2 and NFC-B1-340 samples (60 and 93 m²/g, respectively) compared to the B2 aerogel is attributable to the coverage of MS pores by BEK fibers because of the packed structure and lower porosity of film specimens (entry 3, Table S6). 
  The BJH pore size distributions of specimens are displayed in Fig. S7 (a), which are correlated to the Vp of BEK-MS samples provided in Table S6. The B2 aerogel and MS-B2 samples exhibited narrower pores-size distribution < 30 Å than other samples. The similar pore size distribution of the B2 aerogel and MSN-B2 specimens suggests the MS mesoporosity in the B2 aerogel structure is not changed significantly by BEK fibers, suggesting MS in the composite form of BEK-MS retained its structural characteristics. The substantial decrease of the SBET and Vp of the NFC-N3-18 membrane sample compared to other BEK film samples (entry 8, Table S6) is related to the significant impact of the NFC layer on reducing the mesoporosity of MSN in the N3 layer. This suggests the MS mesoporous structure can be maintained in the NFC-B1-340 and NFC-B1-340PA0.5 membranes, since the higher gsm of the BEK-MS layer prevented the MS pore blocking by the NFC layer. This structural characteristic can be effective in providing MS accessible pores in the BEK-MS sample for adsorption processes. 
Table S6. Structural characteristics of varied compounds.
	Entry
	Sample
	Drying Process
	SBET (m²/g)
	aSBET,MS (m²/g)
	bdp (Å)
	cVp (cm3/g)
	aVp,MS (cm3/g)

	1
	B3 aerogel
	Freeze-dried
	46 
	374
	87
	0.085 
	0.68

	2
	B2 aerogel
	Freeze-dried
	166 
	723
	50
	0.21 
	0.91

	3
	B2 powder
	Oven-dried
	93 
	405
	80
	0.19 
	0.84

	4
	MS-B2 powder
	Calcined
	543
	543
	60
	0.62
	0.62

	5
	MS-B1 powder
	Calcined
	534
	534
	60
	0.74
	0.74

	d6
	NFC-B1-340 film
	Automatic sheet dryer
	60 
	302
	203
	0.18 
	0.90

	7
	B1-340PA0.5 film
	Automatic sheet dryer
	59
	170
	20
	0.29
	0.83

	8
	NFC-N3-18 [2] 
	Automatic sheet dryer
	1.9 
	42
	134
	Trace
	0.07


aSBET and Vp normalized by the weight of MS, b adsorption average pore diameter (4V/A by BJH), single-point adsorption total Vp, and d film sample. 



Fig. S7. (a) BJH pore size distribution and (b) isotherm linear plot of different samples.
S2.6. Embodied energy
Table S7. Assumptions in calculating embodied energy of producing composites for the Baseline Scenario.
	Process
	Assumptions (Baseline Scenario)

	Materials
	1. The kraft pulp to produce NFC was assumed to be the same as used

	
	By Arvidsson et al. [3] with an embodied energy of 43 MJ/kg. The pre-treatment (bleaching) requires MJ/kg of cellulose pulp requires 8 MJ/kg.
MJ/kg, while its pre-treatment (bleaching) requires 8 MJ/kg.

	
	2. The embodied energy of water required in composite production is negligible. 

	
	3. The embodied energy for silica produced separately was used to estimate the mesoporous silica produced in-situ.

	Production
	1. The water consumption for composite production per kg of cellulose is 50:1.

	
	2. The source of electricity is a mix of 80% fossil fuel via hard coal and 20% renewable resources in Australia.

	
	

	
	3. To produce 1 kg of MS could be produced from 2.12 kg of NFC suspension or 2.85 kg BEK (based on the MS loading on BEK and NFC composites.



 loading .
 of BEK pulp.

	
	4. NFC sample was produced via 5 passes in a homogenizer.
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