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Abstract 

For nanocellulose to function effectively as a nanofiller in polymers, its interfacial properties are 

often modified to enhance the dispersion of nanocellulose in the polymer matrix. However, the effect of 

different surface modification strategies on the persistence of nanocellulose in the environment is unclear. 

In this study, we have examined the effect of three different hydrophobic silanization reagents on the 

structure, dispersion properties, and biodegradability of cellulose nanofibrils (CNFs). Specifically, we 

modified CNFs with hydrophobic alkoxysilanes containing methyl, propyl, or aminopropyl functional 

groups to form silane-modified CNFs (Si-CNFs). Using a combination of analytical techniques that 

included ATR-IR, XPS, and solid state NMR, we demonstrated that silanization coated the CNFs with a 

nanometer-scale siloxane layer, the extent of which could be controlled by varying the amount of silane 

added to the CNFs. The stability of Si-CNFs in chloroform-based casting solutions improved compared to 

untreated CNFs, and scaled with extent and hydrophobicity of the siloxane coating as quantified via a mass 

recovery settling test. Improvements in stability in casting solutions translated into improved Si-CNF 

dispersion in solution-blended polyhydroxyalkanoates composites as determined with optical microscopy 

and SEM. Conversely, the biodegradability of Si-CNFs, assessed by tracking sample mineralization in a 

mixed microbial culture from an anaerobic sludge digester, was inversely related to both the degree and 

hydrophobicity of CNF surface modification. As mineralization of nanocellulose is rapid and facile, 

tracking this property served as a proportional measure of  overall biodegradability. In the most extensively 

silanized samples, no mineralization of Si-CNFs was observed, demonstrating that a < 2 nm thick siloxane 

coating was sufficiently dense and uniform to prevent microbial access to the easily mineralized 

nanocellulose substrate. This study highlights the important and contrasting effects that changes to surface 

chemistry can have on the material and environmentally relevant properties of nanocellulose.  
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Introduction 

Cellulose is a naturally abundant, biodegradable, and non-toxic covalently-linked homopolymer 

that consists of 2,000 to 27,000 β(1➝4) linked D-glucose residues. Each glucose residue contains three 

hydroxyl groups which are located on the second, third, and sixth carbons. The cellulose homopolymer 

exists in four main allomorphs: cellulose I, II, III, and IV. Cellulose I (CI) is the native form present in 

plants, and of the four is the most commonly used in the fabrication of polymer composites1. Due to the 

superior mechanical and physical properties offered at the nano-scale, native cellulose is often converted to 

nanocellulose in the form of cellulose nanocrystals or nanofibrils (CNCs or CNFs, respectively). Both 

CNCs and CNFs are classified as nanomaterials due to their nano-scale widths, but they differ in their size, 

shape, and crystallinity.1-2 Because of the attractive nano-derived properties of CNFs and CNCs, 

nanocellulose has been utilized for both traditional applications in the paper and textile industries,3-5 as well 

as applications in biodegradable packaging,6 in vivo medical devices,7 and green building materials.8 While 

both forms of nanocellulose are used as fillers to structurally reinforce composite materials, research often 

focuses on CNFs due to the improved mechanical properties afforded by their larger aspect ratio and high 

degree of fibril entanglement, leading to higher tensile strength and elastic modulus in polymer 

nanocomposites compared to CNCs.9-10  

CNFs can be extracted from cellulosic starting material (i.e., plant matter, tunicates) via acid 

digestion,11 sonication,12-14 mechanical milling,15 or enzyme-assisted methods.16 The cheap and abundant 

precursor to CNFs (i.e., cellulose) also makes them attractive compared to other carbon-based nanofillers 

(e.g., carbon nanotubes (CNTs),17 carbon fibers,18 and glass fibers19). Unlike other potentially hazardous 

carbon-based nanofillers,20-22 once CNFs enter the environment, they typically undergo rapid and complete 

mineralization23 as a result of microbial biodegradation to yield biogas, limiting their persistence and 

environmental impact.24-25 This combination of beneficial properties make CNFs attractive, 

environmentally friendly alternatives to synthetic nanofillers in a range of commercial applications.  
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Due to the limited thermal stability of nanocellulose, which can thermally decompose at 

temperatures as low as 120 C, 26-27 polymer nanocomposites containing nanocellulose are often prepared 

through solvent casting rather than melt mixing. Solvent casting is a technique requiring the formation of a 

polymer-nanoparticle suspension (i.e., the casting solution), most typically in a volatile organic solvent,28-

29 although aqueous solvent casting systems do exist.30 The stability of the nanoparticle in the casting 

solution is an important factor, as the nanofiller’s dispersion in the polymer plays a pivotal role in 

determining the extent to which the desirable attributes of the filler are conferred to the  nanocomposite.31-

36 However, CNFs do not disperse well in most organic solvents due to their extensive hydrogen bonding 

and hydrophilic nature; consequently, solvent casting well-dispersed hydrophobic polymer-CNF 

nanocomposite materials remains challenging. To improve CNF dispersibility in these types of polymer 

nanocomposites, nanocellulose has previously been chemically modified to increase its hydrophobicity 

through covalent functionalization with hydrophobic moieties,37-38 the grafting of hydrophobic polymers or 

thiols,39-40 and physically adsorbing hydrophobic surfactants onto its surface.41  

While surface modification of CNF enables the production of well-dispersed polymer 

nanocomposites with improved material properties, the effect of these hydrophobic modifications on the 

persistence of nanocellulose in the environment (as measured here by its propensity to be mineralized) has 

received little attention. The implicit assumption appears to be that the facile mineralization of 

nanocellulose is not significantly impacted by these surface modifications,39, 42-43 or is unimportant, possibly 

because ionic functionalizations have been shown to have little effect on its biodegradability.44 Considering 

the growth projected for the nanocellulose commercial market,45-46 an increasing quantity of modified CNFs 

can be expected to enter the environment during the production, transportation, use, and disposal of 

nanocomposite products. Consequently, the effect of common surface modification strategies on the 

environmental persistence of nanocellulose must be evaluated and understood.  

Silanes are frequently used as modification reagents to improve the dispersion and interfacial 

adhesion between polymers and fillers—including nanocellulose—in composites. The improved dispersion 
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and interfacial properties offered by silanization37 leads to more efficient transfer of mechanical properties 

from nanofiller to material. Silanization and silylation47  of cellulose and nanocellulose has been used to 

improve the  mechanical properties of polymer composites by improving the dispersion of filler in the 

polymer matrix (shown with optical microscopy48 and scanning electron microscopy10, 49-51), and therefore 

facilitating the interfacial melding between the filler and polymer.10, 37, 52-55 For example, Kargarzadeh et 

al., demonstrated that cellulose nanocrystals modified with N-(β-aminoethyl)-γ-

aminopropyltrimethoxysilane displayed improved tensile strength and modulus reinforcement of 

unsaturated polyester resin at 2 wt% compared to unmodified nanocrystals.53 Similarly, cellulose  

nanofibers modified with 3-aminopropyl triethoxysilane increased the strain to fracture resistance of 

poly(lactic acid) by 27% at 0.5 wt% loading, compared to a 18% decrease at the same loading of unmodified 

fibers.52 The well-documented capability and utilization of silanized CNFs to improve the properties of 

polymeric materials motivated us to assess these materials for their biodegradability compared to 

unmodified CNFs. Specifically, we modified CNFs to different degrees with three common alkoxysilane 

reagents of varied functionality: methyl trimethoxysilane (MTMS), propyl trimethoxysilane (PTMS), and 

aminopropyl trimethoxysilane (APTMS). By virtue of the alkyl character of their R-groups, MTMS, PTMS, 

and APTMS have been shown to both increase the hydrophobicity of nanocellulose, and improve interfacial 

adhesion between the nanocellulose and surrounding polymer matrices as a result of improved dispersion.37, 

48  

The principal objectives of the present study were to determine (1) the effect of hydrophobic 

silanization on the structure of CNFs and their dispersion properties in organic solvents and polymers, and 

(2) the effect of the same modifications on the mineralization of nanocellulose under anoxic conditions by 

anaerobic bacteria as a means of assessing their biodegradability. Scanning electron microscopy (SEM), 

attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron 

spectroscopy (XPS), and solid-state 13C- and 29Si-nuclear magnetic resonance spectroscopy (13C-NMR and 

29Si-NMR) were used to identify the nature of the Si-CNFs and the ability to control the extent of 
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silanization. The effect of silane modification on CNF stability in organic solvent casting solution was 

quantitatively assessed by evaluating its suspended mass as a function of settling behavior in chloroform 

(an organic solvent commonly employed in solvent casting) after silanization. The relation between 

improved CNF stability in solvent-casting media and dispersion in solution-blended polymer 

nanocomposite materials was assessed using polyhydroxyalkanoates (PHA) composites. Finally, the effect 

that the extent and nature of each silane modification had on the biodegradability of nanocellulose was  

determined using biomethane potential tests56 to assess the impact silane modification has on the anaerobic 

biotransformation of CNFs. As nanocellulose is nearly fully mineralized during anaerobic biodegradation,23 

tracking the biogas evolved from a sample is a reliable measure of its overall biodegradability. 

Experimental 

Materials Preparation 

In this section, principal procedures are outlined, with a more detailed description of materials and methods 

in the supporting information (SI). Each chemical was used as received. Freeze-dried cellulose nanofibrils 

(CNFs) (mechanically milled) were purchased from the University of Maine Process Development Center. 

CNFs were modified with MTMS, PTMS, or APTMS in ethanol-water (80:20 v/v) following procedures 

described in the literature.57 In brief, silane reagents were first hydrolyzed at 0.1, 1, 5, or 10 wt% (with 

respect to the ethanol solution) for 2 h before CNFs (0.02 g CNF mLEtOH
-1) were added. After the solvent 

was removed, the silane-modified CNFs were annealed under vacuum at 110 °C (to drive condensation 

reactions), washed with acetone (to remove any unreacted silane reagent), and dried at 60 °C (to remove 

residual acetone). The final samples were then milled to a powder with a FlackTek Speed Mixer (DAC 150) 

using 2 mm yttrium-stabilized zirconium milling beads. In this report, it should be understood that “x wt%” 

of silane modification refers to the proportion of silane added to the reaction mixture (e.g. CNF modified 

with 5 wt% MTMS refers to the mass of silane reagent added to the functionalization mixture, not with 

respect to the nanocellulose). Self-condensed siloxane polymers were also prepared in the absence of CNF 
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under the same conditions used for CNF modification. All samples were milled to a similar consistency 

before evaluating their mineralization or dispersion characteristics. 

Throughout this manuscript, Si-CNFs are referred to first by a number that reflects the amount of 

silane (wt% with respect to the reaction solution) used during CNF modification, followed by: ‘Me’, ‘P’, 

or ‘A’ referring to methyl-(Me), propyl-(P), and aminopropyl-(A) trimethoxysilane, respectively. For 

example, ‘5Me-CNF’ refers to CNFs treated with a reaction solution containing 5 wt% methyl 

trimethoxysilane. Similarly, self-condensed siloxane polymers are labeled ‘Me-self’, ‘P-self’, and ‘A-self’ 

for methyl-, propyl-, and aminopropyl- trimethoxysilane self-condensed polymers, respectively. 

Materials Characterization 

Succinct descriptions of techniques used in the characterization of samples are provided below, 

while full details of characterization methods are found in the SI. In brief, the morphology of CNFs before 

and after silane modification was analyzed using scanning electron microscopy (SEM); the functional 

groups in the unmodified CNF and in each of the Si-CNFs were identified using attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR); the bonding and concentrations of C, O, N, and Si at 

the surface of the unmodified CNF and Si-CNFs was assessed using X-ray photoelectron spectroscopy 

(XPS); the carbon structure of the nanocellulose before and after modification and the form of the silane 

reagents after CNF modification and self-condensation were identified via solid-state 13C- and 29Si- nuclear 

magnetic resonance spectroscopy (NMR); the amount of Si in the Si-CNFs was quantified with energy 

dispersive X-ray spectroscopy (EDS); and the dispersion of CNFs in solvent-cast polymer nanocomposites 

was assessed using optical microscopy (OM), SEM, and EDS. 

Supernatant Mass Recovery Tests 

The effect that silane modification had on CNF stability in an organic solvent casting solution was 

investigated via mass recovery analysis performed on the supernatant of chloroform solutions containing 

unmodified and silane-modified CNFs. In these experiments, CNFs were sonicated in chloroform for 5 h 
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to form a suspension at a concentration representative of those used in solvent casting syntheses58 (0.5 mg 

CNF∙mLsolvent -1). At select time-points (settling times) after the suspension had been formed, 10 mL aliquots 

of supernatant were removed from the suspension, collected, dried on a 60 °C hotplate, and then weighed 

to determine the CNF concentration in the supernatant. Triplicate samples of the unmodified CNFs were 

run to determine the precision of this method. The baseline for detectable suspended concentration was 

determined through a blank control sample of chloroform run without any nanocellulose, prepared 

identically to the CNF samples and tracked over 100 h. Results from this study revealed that the baseline 

level for CNF detection is roughly 7% of the initial CNF concentration. The nonzero concentration value 

detected is due to contaminant species from sonication (i.e., silica) being present in suspension at low 

concentrations (< 1 mg∙10 mLEtOH -1). 

Synthesis of Hydrophobic Solvent Cast Polymer Nanocomposites 

To relate changes in the stability of CNFs in chloroform after silanization to their dispersion in a 

hydrophobic material, polymer nanocomposites were synthesized via a solution casting process where 

chloroform was used as the solvent. CNFs were suspended in chloroform via sonication at the same 

concentration used in the dispersion studies (equivalent to 5 wt% in polymer) before polyhydroxyalkanoates 

(PHA) were added at a concentration of 10 mg∙mLsolvent
-1, and sonicated for an additional 2 h. The PHA 

used in these experiments was a co-polymer of poly-3-hydroxybutyrate (P3HB) and poly-4-

hydroxybutyrate (P4HB), purchased from Yield10Bioscience (formerly Metabolix Inc., Woburn, MA) 

Aliquots of this casting solution (5 mL) were poured in ~40 mm diameter aluminum dishes and dried to 

evaporate the chloroform, leaving behind a solvent-cast thin film composite of 5 wt% CNF in PHA. This 

procedure was performed with both unmodified CNFs and 5Me-CNFs, the latter used as a representative 

Si-CNF. CNF dispersion in both composites was determined using OM and SEM images of the 

nanocomposite surfaces.  

Biogas Production Tests 
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The mineralization of unmodified CNFs and Si-CNFs was assessed using biomethane potential 

(BMP) tests to track biogas production when the samples were exposed to an anaerobic mixed microbial 

culture. In brief, a bacterial media was prepared using nutrient and buffers as outlined in Angelidaki, et al.59 

The media was heated at 100 °C for 30 min to achieve anoxic conditions before it was inoculated with a 

culture sourced from anaerobic digester sludge (obtained from Back River Waste Water Treatment Plant, 

Baltimore, MD) at a concentration of 10% v/v. The BMP media was then adjusted to a pH of 7.2 and kept 

anoxic via continuous purging with N2 gas throughout the preparation. CNF samples were combined with 

the N2-purged anaerobic bacterial media in septum-sealed bottles (in triplicate) and reacted at mesophilic 

temperature (35 °C). As CNFs and Si-CNFs underwent mineralization, the evolution of biogas produced a 

positive pressure within the sealed system which was tracked via volume measurements using a glass 

syringe. In this way, the volume of biogas measured provided a direct quantification of the pressure increase 

within the bottles stemming from the evolved biogas. Triplicate samples of blank anaerobic media were 

also prepared to determine the biogas produced from residual native organic matter in the sludge. Values 

from these blanks (typically < 3 mL per time point) were subtracted from each nanocellulose sample to 

determine the volume of biogas produced due to each CNF alone. Gas composition was also assessed. The 

rate, magnitude, and change in composition of biogas evolution were determined by measuring the biogas 

produced at various time points ranging from 3 to 120 days. 

Exact sample mass added to each bottle was adjusted to ensure the same amount of biodegradable 

material (i.e., ~150 mg of nanocellulose) was available in each sample regardless of the silanization. This 

was accomplished by estimating the overall degree of silanization in each sample based on the atomic % Si 

determined by EDS (Table S1). For example, based on EDS data, 0.1Me-CNF contained approximately 

one equivalent of silicon-containing reagent for each cellobiose unit (disaccharide composed of two β-

glucose residues linked by a β(1➝4) bond). As a result, roughly 163 mg of 0.1Me-CNF was added to each 

bottle based on the assumption that each silicon atom represented the addition of one (MeSiO3) unit to the 

cellulose structure. In addition to controlling the mass of each sample that went into the bioreactors, the 
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volume of CH4/CO2 produced by each sample was benchmarked to the maximum biogas produced by an 

unmodified CNF control exposed to the same bacterial culture. 

 

Results 

Characterization of CNFs and Si-CNFs 

CNF samples were modified with one of three trialkoxysilane reagents (MTMS, PTMS, or 

APTMS). The amount of silane used in each modification reaction was varied (i.e., 0.1 – 10 wt%) to obtain 

three series of silane-modified CNFs for characterization. In addition, each silane reagent was self-

condensed in the absence of CNF to form siloxane polymers (Me-self, P-self, A-self) for comparison. 

Samples were analyzed with a combination of SEM, ATR-FTIR, solid-state 13C- and 29Si-NMR, and 

XPS/EDS to determine the nature of the silane modification. 

 
 
Figure 1.  Scanning electron microscopy (SEM) images of (a) unmodified cellulose nanofibrils (CNF) 
and (b) CNFs modified with 10 wt% propyl trimethoxysilane (10P-CNF). SEM images were taken at 
10 kV. 

b)a)
5 μm
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The morphology of the unmodified and silane-modified CNFs was characterized with SEM 

(representative images in Figure 1). The identification of cellulose nanofibrils was confirmed via the 

nanometer-scale widths (101 +/- 17 nm) and micron-scale lengths that were observed.60 The persistence of 

these characteristic aspect ratios after silanization indicates that the nanocellulose maintained its nanofibril 

structure after silane treatment. 

Infrared spectra of the 5Me-CNF, 5P-CNF, 5A-CNF, and unmodified CNF powders are presented 

in Figure 2a. For unmodified CNF, the principal peaks for cellulose were observed (i.e., C–O stretching at 

1035 cm-1, C–H stretching region at 2900 cm-1, and broad O-H stretching centered at 3350 cm-1).61 In 

addition to the characteristic cellulosic peaks, Si-CNFs also displayed new IR peaks which are unique to 

each respective silane reagent; specifically, Si–CH3 symmetrical deformation at 766 cm-1 and 1270 cm-1 for 

MTMS-modified CNF;62-63 methylene stretching peaks at 2880 cm-1 and 2950 cm-1 for PTMS-modified  

 
 
Figure 2. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) of (a) 
cellulose nanofibrils (CNFs) modified with 5 wt% methyl(Me)-, propyl(P)-, or aminopropyl(A)- 
trimethoxysilane, and (b) CNFs modified with increasing amount of methyl trimethoxysilane (0 through 
10 wt%) compared to the methyl trimethoxysilane self-condensate (Me-self). Relevant silane peaks in 
Figure 2a are marked with an *. Silane peaks in Figure 2b annotated with red dotted line. All spectra 

were normalized to the cellulose peak at 1035 cm
-1

 to facilitate direct comparison.  
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CNF;64-65 and methylene stretching modes at 2920 cm-1 and 2860 cm-1, as well as N–H scissoring at 1580 

cm-1 and symmetric deformation of NH3+ at 1480 cm-1 for APTMS-modified CNF.66-67 The ATR-FTIR data 

also revealed that the intensity of each silane peak increases systematically with the degree of silanization. 

For example, ATR-FTIR data of MTMS-modified CNF in Figure 2b show a clear increase of the peaks at 

766 cm-1 and 1270 cm-1 with an increasing degree of silane modification. 

XPS was used to characterize the elemental composition and bonding environment of atoms in the 

near surface region (≲ 2-3 nm) of the unmodified and Si-CNFs (Figures 3 and S1). Figure 3a shows the 

high-resolution C(1s), O(1s), and Si(2p) photoelectron peaks obtained from CNFs modified with MTMS. 

The C(1s) envelope of the unmodified CNF is comprised of three components and is consistent with 

previous measurements of nanocellulose.68 The envelope consisted of a dominant peak at 286.6 eV due to 

the presence of C–O bonding, a higher binding energy O–C–O peak at 288.3 eV due to the acetal linkage 

in nanocellulose, and a peak at 284.8 eV likely due to adventitious carbon. Figure 3a shows that the intensity 

of the photoelectron transition at 284.8 eV (due to C–C or C-Si bonding)68 in MTMS-modified CNF 

increased systematically with silane loading due to the introduction of Si–C carbon atoms. In contrast, the 

 

 
Figure 3. X-ray photoelectron spectroscopy (XPS) of (a) C(1s), O(1s), and Si(2p) regions for cellulose 
nanofibrils (CNFs) modified with different wt% methyl trimethoxysilane, and (b) C(1s) region for CNFs 
modified with 5 wt% methyl(Me)-, propyl(P)-, or aminopropyl(A)- trimethoxysilane. 
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C–O and O–C–O peaks decreased in intensity as silanization increased. Additionally, as the degree of 

silanization increased, the concentration of Si generally increased in both XPS (Figure 3a) and EDS (Table 

S1). Figure 3b compares the C(1s) regions for unmodified CNFs as well as 5Me-, 5P-, and 5A-CNF. 

Although the C(1s) envelopes contain the same three peaks, the C–C/C–Si peak intensity in 5A-CNF and 

5P-CNF is larger than in 5Me-CNF due to the greater number of carbon atoms in the side chain of APTMS 

and PTMS reagents compared to MTMS. Consistent with expectations, nitrogen was observed only in the 

APTMS-modified CNFs (data not shown), and steadily increased in concentration as the amount of APTMS 

used in modifying the CNFs increased. 

To further characterize the nature of the CNFs before and after silanization, solid-state 29Si- and 

13C-NMR were performed on the unmodified, 5Me-, 5P-, and 5A-CNFs as well as the self-condensed 

polymers (Me-self, P-self, and A-self). The 13C-NMR spectrum of untreated nanocellulose with peak 

assignments is shown in Figure 4a along with the spectra of the three self-condensed and three Si-CNF 

samples. The peaks between 50 and 150 ppm in the CNF-containing spectra reflect carbons C-1 through C-

6 (labeled in Figure S2) of cellulose in both amorphous and crystalline forms. Peaks corresponding to 

crystalline and amorphous forms of cellulose in the unmodified CNF spectrum were assigned based on 

known chemical shifts.69 In this cellulosic region, the spectra of unmodified CNFs and Si-CNFs were 

similar, as evinced by the peak shifts in Table S2. The peaks between 0 and 50 ppm in the 13C-NMR 

spectrum arose from the R1 alkyl side chains (methyl, propyl, and aminopropyl) from the silanization 

reagents, and are comparable between the self-condensed and Si-CNF spectra. The methylene carbons in 

the aminopropyl side chain produced peak shifts at 11.7, 24.6 and 43.6 ppm; this reflected the different 

chemical environments of the three side chain carbons. The methylene and methyl carbons of the propyl 

side chain produced peak shifts at 15.9 and 16.9 ppm, with a visible shoulder around 17.8 ppm. The methyl 
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side chain produced a large, single peak between 0 and 1 ppm.  The 29Si-NMR spectra of both the self-

condensates and Si-CNFs is shown in Figure 4b with relevant chemical shifts in Table S3. The Ti notation 

used herein indicates that each silicon atom in the silane coupling agents can have three (T) Si–O–R bonds 

and one bond to a sidechain group (Si–R1; the R1 sidechains are methyl, propyl, or aminopropyl in these 

experiments). The i denotes the number of Si–O–R bonds that bridge to another silicon atom (Si–O–Si).70 

 

Figure 4. Solid-state 
13

C-NMR spectra (a) of cellulose nanofibrils (CNF) modified with 5 wt% 
aminopropyl (5A-CNF), propyl (5P-CNF), or methyl (5Me-CNF) trimethoxysilane (Si-CNFs) compared 
to self-condensed silane reagents (A-self, P-self, Me-self). In unmodified CNF, characteristic peaks are 
designated by amorphous (‘A’, purple), crystalline (‘C’, dark red), or peaks where the amorphous and 
crystalline regions are convoluted (black) labels. Shown on the right is solid state 

29
Si-NMR spectra (b) of 

Si-CNFs modified with 5 wt% aminopropyl (5A-CNF), propyl (5P-CNF), or methyl (5Me-CNF) 
trimethoxysilane compared to self-condensed silane reagents (A-self, P-self, Me-self).  
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The remaining Si–O–R bonds bridge to either H, CH3, or cellulose in these experiments. Hence, in addition 

to the R1 sidechain, a T1 silicon atom has one siloxane (Si–O–Si) bridge and two Si–O–R bridges; a T2 

silicon atom has two Si–O–Si bridges and one S–O–R bridge; and a T3 silicon atom has three Si–O–Si 

bridges and zero Si–O–R bridges. The T1 silicon atoms produce 29Si peak shifts between –44 and –49 ppm; 

T2 silicon atoms result in peaks around –53 to –57 ppm; and T3 silicon atoms present peak shifts near –68 

ppm.70-73  

In the Si-CNFs and the self-condensed siloxane polymers (i.e., with no CNF present), the 29Si-

NMR showed no chemical shifts near –40 ppm, where T0 and nonhydrolyzed silicon atoms would be 

detected.70, 72, 74 This indicates that the methoxy groups of the trimethoxysilane reagents underwent 

complete hydrolysis and subsequent self-condensation to produce peak shifts reflecting T1, T2, and T3 

silicon atoms.  

The 29Si-NMR spectra of the self-condensed and Si-CNF samples are comparable as each are 

dominated by the presence of T2 and T3 silane species (Figure 4b). For the self-condensed materials, the 

more downfield peaks are centered between about –53 and –62 ppm (T2 forms), and the peaks upfield of 

this are between approximately –62 and –68 ppm (T3 forms), with variations in position reflecting the 

influence of the electron donating character of the R1 side chains (methyl, propyl, aminopropyl).75-77 This 

effect is exhibited by both the self-condensates and the Si-CNFs: the chemical shifts for each type of silicon 

atom (i.e., Ti designation) are lowest for the aminopropyl trimethoxysilane reagent, followed by the propyl 

and then the methyl trimethoxysilanes (Table S3). For the Si-CNF materials, the T2 peaks are between about 

–59 and –63 ppm, and the T3 peaks are between approximately –68 and –72 ppm. 

A much smaller, but detectable T1 silicon peak was present (between –44 to –48 ppm) in the spectra 

of the self-condensates of only the propyl and methyl trimethoxysilanes, and not in those of the aminopropyl 

self-condensate sample. A smaller T1 peak was apparent in all Si-CNF spectra, estimated between –44 and 

–53 ppm. The general observation of T2 and T3 peaks dominating the spectra with little T1 signal is 

consistent with previous reports for silane-treated cellulose.72, 78 In summary, the 29Si-NMR spectra are 
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comparable between the self-condensates and silane-treated cellulose samples, although, as expected, the 

chemical shifts and peak ratios varied.  

Stability of Si-CNFs in Solvent Casting Media 

 
 
Figure 5. Stability of cellulose nanofibrils (CNFs) in chloroform, including (a) mass recovery analysis 
for CNFs modified with 0.1 (black squares), 1 (black circles), 5 (white diamonds), or 10 (crosses) wt% 
methyl trimethoxysilane compared to unmodified CNFs (white circles). Data are plotted in terms of 
percent CNF concentration remaining in the supernatant (C

t
/C

0
) as a function of settling time. The 

baseline concentration that could be determined via control studies is denoted by the dashed line (see text 
for details). Also shown are digital images of chloroform solutions containing (b) unmodified CNF, (c) 
0.1Me-CNF, and (d) 10Me-CNF after 100 h settling. 
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Mass recovery analysis was used as a quantitative means to assess the stability of chloroform 

suspensions made with unmodified CNFs and Si-CNFs. This technique involved dispersing each type of 

CNF in chloroform and measuring the CNF/Si-CNF concentration remaining in suspension as a function 

of settling time. Results of mass recovery analyses for CNFs before and after silanization are presented in 

Figure 5 and Figure S3.  

In each test, the largest decrease in CNF concentration occurred within the first 12 h of settling, 

followed by a relatively stable suspended concentration for the remaining 88 h. Most of the unmodified 

CNFs (~70%) sedimented out of suspension during the initial 12 h, which approached the baseline level of 

detection (Figure 5a). As the extent of silanization increased, CNF stability in chloroform generally 

increased. All of the Si-CNFs were present at a higher concentration in the supernatant after 100 h of settling 

compared to unmodified CNF. 5Me-CNF and 10Me-CNF were the most stable in chloroform; ~80% of the 

initial 10Me-CNF concentration remained in suspension after 100 h. In contrast, < 20% of the unmodified 

CNFs remained in suspension during the same time period. In the unmodified CNF and 0.1Me-CNF (Figure 

5b and 5c), a significant quantity of nanocellulose was observed at the bottom of the flask. The improved 

stability of 10Me-CNF, in contrast, is demonstrated visually in photographs of representative CNF 

suspensions after 100 h of settling (shown in Figure 5d) via the lack of settled material. The 10Me-CNF 

solution featured a suspended layer of gel which appeared translucent with no visible particles at the bottom. 

The presence of 10Me-CNF siloxane in this gel layer was confirmed after 100 h of settling using 

transmission infrared spectroscopy (data not shown).  Furthermore, the hydrophobicity of the silanization 

strategy (Me, P, or A) appeared to impact CNF stability. Thus, while 5A-CNF displayed improved stability 

compared to unmodified CNF, it was less stable than CNFs treated with the more hydrophobic reagents 

(5Me-CNF or 5P-CNF) as shown in Figure S3.  
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Dispersion of Si-CNFs in Polyhydroxyalkanoates (PHA) 

Polymer nanocomposites were prepared through a solution blending of polyhydroxyalkanoates 

(PHA)—a hydrophobic polymer—and CNFs in chloroform followed by solvent casting thin films. Figure 

6 shows images of representative films containing unmodified CNF and 5Me-CNF nanofillers. 

Nanocomposites made with unmodified CNF showed extensive aggregation, visible as areas of white 

patches throughout the film in Figure 6a. Optical microscopy of these areas (Figure 6a, top inset) confirmed 

that these aggregates were not seen in virgin PHA films (Figure 6c). Upon closer inspection with the optical 

microscope, these aggregates appeared to be white, fluffy particles indicative of poorly dispersed CNF. In 

contrast, PHA films prepared with 5Me-CNF (Figure 6b) displayed no visible white aggregates. These 

differences are even more apparent in the corresponding SEM images (Fig 6 bottom and Fig S4).  The SEM 

images of PHA and PHA filled with Si-CNF were flat and largely featureless. In contrast, the PHA loaded 

 
 
Figure 6. (Top) Digital and optical microscopy (OM, inset) images of polyhydroxyalkanoates (PHA) 
nanocomposites containing (a) unmodified cellulose nanofibrils (CNF), (b) CNFs modified with 5 wt% 
methyl trimethoxysilane (5Me-CNF), and (c) pure PHA. In each digital image, a red box highlights the 

region scanned with OM shown in the 1 mm
2
 inset images. (Bottom) Comparative SEM images of the 

nanocomposite surface (10 kV, 1000x) corresponding to each sample. 
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with native CNF exhibited a rough surface with many micron sized pores. Closer investigation of the 

brighter features on the surface revealed the presence of fibril-like features which were distinct and detached 

(Fig S5) from the surrounding polymer matrix. EDS mapping (example shown in Fig S6) consistently 

showed that these structures possessed a higher concentration of oxygen than the surrounding PHA 

(C4O2H6), as would be expected by an oxygen-rich nanocellulose fibril (C6O5H10). In summary, the OM 

and SEM images both support the idea that Si-CNFs disperse far more uniformly in hydrophobic PHA 

polymer than unmodified CNFs. Moreover, in the absence of silanization, the addition of CNFs severely 

impacts the structural integrity of the hydrophobic polymer matrix.  

Biodegradability of Si-CNFs Assessed via Mineralization 

While unmodified CNFs completely and rapidly mineralize, the properties of fibrils treated with 

hydrophobic surface modifiers could differ.79 Biomethane potential (BMP) tests measure the rate and extent 

of biogas production as a result of sample mineralization during anaerobic biodegradation, and therefore 

provide a quantitative method to evaluate how different silane modifications impact the extent and ease of 

CNF mineralization.59 The results of BMP tests performed on unmodified and silane-modified CNFs are 

presented in Figure 7 and 8. All plots were normalized to the maximum volume produced by the unmodified 

CNF sample in each set, to account for any differences in bacterial culture obtained from separate visits to 

the waste water treatment plant.  The biogas produced from each Si-CNF relative to unmodified CNFs as a 

function of inoculation time is shown in Figure 7. The biogas production curves typically displayed a 

sinusoidal shape. These curves provided information on both the rate and extent of each sample’s 

mineralization, the latter expressed by the plateau point in biogas production. For CNFs modified with the 

lowest amount of silane reagent (i.e., 0.1Me-, 0.1P-, 0.1A-CNF), the extent of mineralization was similar 
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to that for the unmodified CNF, and each Si-CNF completely mineralized within ~20 d. However, as the 

extent of silane modification increased beyond this point, the inhibition of biogas production began. This 

 
Figure 7. Relative biogas production for unmodified cellulose nanofibrils (white circles, CNFs) and 
CNFs modified with aminopropyl- (top), methyl- (middle), or propyl- (bottom) trimethoxysilane. Each 
plot displays CNFs modified with 0.1 (black squares), 1 (black circles), 5 (white diamonds), or 10 
(crosses) wt% of the respective silane. Values are normalized to the biogas produced from the 
unmodified CNF sample under the same experimental conditions. 
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effect was first observed in 1Me-, 1P-, and 1A-CNF as the total volume of biogas produced decreased as 

compared to the unmodified CNF. For 5Me-CNF, 5P-CNF, and 5A-CNF, a delay in the onset of biogas 

production was observed along with a further decrease in the total amount of biogas produced. Specifically, 

29%, 0%, and 42% of the biogas produced by the unmodified CNF sample was observed for 5Me-CNF, 

5P-CNF, and 5A-CNF, respectively. The suppression of biogas production was still more apparent for 

10Me-, 10P-, and 10A-CNF, where there was essentially no biogas produced. Separate control studies 

performed to assess the mineralization of the self-condensed siloxane polymers (Figure S7) each yielded 

no biogas over 80 days of inoculation. Gas chromatography analysis of biogas produced across all samples 

showed a decrease in N2 content (used to backfill anaerobic samples at the start of test) as biodegradation 

proceeded, while the carbon dioxide and methane components grew in intensity (data not shown). This 

trend was exhibited by all CNF samples as they were mineralized, regardless of the specific silanization. 

Additionally, the extent and rate of CNF mineralization were impacted by the nature of the silane reagent 

as shown in Figure 8, although this effect was less pronounced than the influence of the extent of 

silanization. Specifically, for the same amount of added silane (here 5 wt%), the extent and rate of CNF 

mineralization followed the trend: unmodified CNF > 5A-CNF > 5Me-CNF > 5P-CNF.  

 

 
Figure 8. Relative biogas production for unmodified cellulose nanofibrils (CNF, white circles) and 
CNFs modified with 5 wt% aminopropyl- (squares), methyl- (black circles), or propyl- (crosses) 
trimethoxysilane. Values are normalized to the biogas produced by an unmodified CNF sample under 
the same experimental conditions. 
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Discussion 

Characterization of Si-CNFs 

After extensive silane modification, representative SEM images (Figure 1b) coupled with ATR and 

13C-NMR spectra (Figure 2a and 4a, respectively) of 5Me-CNF revealed that the nano-scale fibril structure 

and bonding of the CNFs was maintained. The 13C-NMR spectra of the unmodified CNFs and the Si-CNFs 

(Figure 4a) additionally demonstrated that the nanocellulose samples contained characteristic peaks of both 

amorphous and crystalline cellulosic regions before and after treatment with the silane coupling reagents 

(Table S4). Based on averages of all the carbons shown in Table S4, it was concluded that the amorphous 

character of the CNFs was only slightly changed after silanization for each Si-CNF. This is important to 

establish, as differences in crystallinity are known to affect relative biodegradability between samples80-81. 

Infrared and XPS data demonstrate our ability to control the degree of silanization by tuning the 

amount of silane added to the reaction mixture. Thus, vibrational features associated with the silane in the 

ATR-FTIR spectra of MTMS-modified CNFs grew in intensity as more silane was added to the reaction 

mixture (Figure 2b). Additionally, increasing the degree of silanization led to an increase in the Si signal 

and C–C/C–Si peak intensity measured by XPS (Figure 3a), and the Si signal measured by EDS (Table S1).  

The ATR-FTIR spectra of the Si-CNFs contained peaks associated with both the unmodified CNF 

and the respective self-condensed siloxane polymer (Figures 2a and S8). This suggested that the chemical 

bonding in the silane layer was similar to that of the self-condensed polymer. The solid-state 29Si-NMR 

experiments supported this interpretation of the ATR-FTIR data, and provided insight into whether the 

silanes may be solely covalently bound to cellulose, or exist as self-condensed polymers. Specifically, the 

29Si-NMR spectra of all Si-CNFs (Figure 4b) indicated that considerable self-condensation of the silane 

reagents occurred as evidenced by the preponderance of T2 and T3 silicon atoms in the samples.  
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T3 silanes are unavailable to undergo reaction with nanocellulose while T1 or T2 silicon atoms in 

the Si-CNFs may covalently bond to the nanocellulose through the formation of Si–O–cellulose bonds. 

Within the T1 or T2 peak shifts for the Si-CNFs, we could not directly discern whether the Si-O-R bonds 

were a Si–O–H bridge or a Si–O–cellulose bond formed after reaction with an O–H group in the CNFs. 

However, some degree of covalent bonding between the silane and CNF is likely as the T1 peaks of the 

propyl and methyl trimethoxysilane-treated Si-CNFs and T2 peaks of the propyl trimethoxysilane treated 

 a) 

 
 b) 

 
 
Figure 9. Schematics of approximate structures for 0.1Me-CNF (a) and 10Me-CNF (b). For both 0.1Me-
CNF and 10Me-CNF, the siloxane coatings (blue) are attached to the CNFs (green) through a small 
number of covalent bonds. At a low degree of silanization (0.1Me-CNF), a small portion of the CNFs is 
covered by siloxane. As the degree of silanization increases, the CNFs are essentially coated with 
siloxane (10Me-CNF). The schematics display a single CNF coated with siloxane to more easily 
illustrate the silanization, when in reality multiple fibrils were closely associated regardless of the 
amount of siloxane coating adhered to them. Additionally, in (b), the blue chain around the fibril should 
be assumed to be repeat SiO2(OH)(CH3) siloxane units. Shorthand was used to facilitate interpretation 
of the schematic. 
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Si-CNFs were broadened relative to those of the corresponding self-condensation products (Table S5).  Any 

covalent attachment between the siloxane coating and nanocellulose was sparse, however, as evidenced by 

the relatively small T1 peaks in 29Si-spectra, the concomitant lack of significant changes in the crystalline 

and amorphous regions in 13C-spectra, and the subtle differences in the cellulose region between the spectra 

of self-condensed, silane-treated, and untreated (13C only) materials. This assertion is consistent with the 

results of previous NMR investigations of silanized nanocellulose.82-83 The proposed approximate nature of 

the silanized CNFs is illustrated in Figure 9, where representative MTMS-modified Si-CNFs with relatively 

low and high coverages of siloxane coating are shown as an example. XPS indicated that as the degree of 

silanization increased, the fraction of coated CNFs also increased. Thus, in 0.1Me-CNF, only a small 

portion of the fibrils have a siloxane coating (Figure 9a), while the majority of the sample surface is still 

unmodified CNF. Increased silanization as in 10Me-CNF leads to most, if not all fibrils being coated in 

siloxane, with minimal nanocellulose exposed (Figure 9b). The thickness of this coating in 10Me-CNF was 

calculated to be ~0.4 nm as determined by the decrease in the cellulosic C–O peak intensity at 286.6 eV 

between the unmodified CNFs and 10Me-CNF (see Figure 3a).84 

 

Dispersion Properties of Si-CNFs  

The siloxane coated structure of the Si-CNFs described in Figure 9 served as the basis to explain 

their dispersion properties. The instability of unmodified CNF in chloroform is a consequence of the 

unfavorable intermolecular forces that exist between the hydrophilic surface of the nanocellulose and the 

hydrophobic solvent compared to the favorable interactions between adjacent nanofibrils. Silanization with 

MTMS improved the hydrophobicity of CNF, as 0.1Me-, 1Me-, 5Me-, and 10Me-CNF all displayed higher 

stability in chloroform compared to unmodified CNF. We ascribe this increase in CNF stability to the 

formation of an extensive and adherent hydrophobic siloxane coating, which led to improved hydrophobic 

intermolecular interactions between the Si-CNFs and chloroform. The net result was a stable dispersion 

which manifested as a suspended gel-like layer in solution for 5Me-CNF and 10Me-CNF. In 0.1Me-CNF 
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and 1Me-CNF, the degree of silanization was lessened, which resulted in a smaller fraction of the sample 

suspended in chloroform due to lacking a sufficient siloxane coating.  

Differences in the relative stability of CNFs coated with each type of siloxane can also be 

rationalized based on differences in the relative hydrophobicity of the coating. The high degree of stability 

for MTMS- and PTMS-modified CNFs can be attributed to the hydrophobic alkyl chains in the silane R1-

groups. In contrast, the polar terminal amino group in APTMS rendered this siloxane coating more 

hydrophilic relative to MTMS and PTMS modifications, and therefore less effective at improving the 

stability of CNF. We note that APTMS-modified CNFs still disperse more effectively than unmodified 

CNF, most likely due to the hydrophobic nature of both the Si–O linkages and the alkyl R1 side chain. 

The prolonged suspension of Si-CNFs in chloroform—a common solvent used in solvent casting—

translated into improved CNF dispersion in polymer nanocomposites synthesized through solution blending 

with polyhydroxyalkanoates (PHA). The evaporation of solvent during the synthesis of these 

nanocomposites usually occurred over 1-2 h, which underlined the importance of CNF stability in the 

casting solution over this time span. In the case of unmodified CNF in the mass recovery tests, only 40% 

of the initial concentration remained in suspension over the first 2 h of settling in chloroform. Consequently, 

unmodified CNFs dispersed poorly in PHA as evidenced by the formation of aggregated patches of 

nanocellulose identified visually and with optical and electron microscopies (Figure 6).  

The improved stability of silane-modified CNFs in chloroform translated into improved Si-CNF 

dispersion in CNF/PHA nanocomposites. This improvement can be understood when related to the mass 

recovery analyses of 5Me-CNF in chloroform, which retained 80% of its initial concentration in suspension 

after the first 2 h, and roughly maintained this concentration for the remainder of the 100 h. The relative 

uniformity of Si-CNF in PHA compared to unmodified CNF can reasonably be expected to lead to greater 

improvements in the material properties of PHA as compared to unmodified CNF, as demonstrated by 

previous studies.10, 37, 52-55 As shown by these studies, uniform dispersion of nanofiller in polymer 

nanocomposites is a necessary condition to realize a sufficiently reinforced material. The presented data 

Page 25 of 36

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26 
 

shows the direct relation between improved stability in solvent casting media and improved dispersion in 

polymer nanocomposites offered by CNF silanization, marking the materials described in this paper as 

representative of commercially utilized Si-CNFs.  

 

Mineralization of Si-CNFs 

We assessed the impact of silanization on the anaerobic mineralization of nanocellulose using 

biomethane potential tests to quantify the volume of biogas evolved.56, 59 Efficient anaerobic mineralization 

involves a sequence of biodegradation steps which are initiated by the adsorption of a bacterial cell or 

multiprotein complex of enzymes onto the substrate. Complete conversion of cellulose to biogas requires 

exposure to a mixed culture of bacteria, as different bacterial species are required for each distinct step of 

mineralization in the absence of oxygen.23 To meet this requirement, CNFs were exposed to anaerobic 

mixed cultures of microorganisms obtained from the digested sludge of a wastewater treatment plant. Here, 

it is important to make the distinction between whether a sample undergoes complete biodegradation, or 

mineralization. Complete biodegradation can be thought of as the total loss of sample mass due to bacterial 

metabolism. This includes both the portion of sample which is mineralized into biogas, and the portion that 

is broken down into nonvolatile small molecular species or water. In the case of anaerobic biodegradation 

by a mixed culture, cellulose is expected to be efficiently mineralized into biogas (i.e., carbon dioxide and 

methane) almost entirely, with little to no nonvolatile species being evolved.23 Unmodified CNF rapidly 

mineralizes, as expected,85 because bacteria and relevant enzymes are able to quickly access and adsorb 

onto the surface of the CNFs. After the bacteria adsorb, primary biodegradation begins with the enzymatic 

cleavage of glycosidic linkages in the biopolymer chain to yield cellobiose and glucose molecules.23, 86 In 

anoxic environments, the complete biodegradation of these intermediate species can be concluded through 

mineralization into biogas consisting of methane and carbon dioxide. Due to the near complete conversion 

of cellulose into biogas, tracking the mineralization of nanocellulose samples is a reliable measure of their 

overall biodegradability. 

Page 26 of 36

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27 
 

Our data indicated that Si-CNF mineralization was either inhibited or completely ceased compared 

to unmodified CNF, depending on the degree of silanization as seen in Figure 7. These marked and 

systematic decreases in the rate and extent of CNF mineralization were ascribed to changes in the CNF 

surface chemistry due to the siloxane coatings. Figure 7 shows that as CNFs were increasingly coated with 

siloxane, the nanocellulose became systematically less susceptible to mineralization. We concluded that 

this effect occurred at high siloxane loadings because all fibril surfaces were completely and uniformly 

coated with a siloxane layer (ca. 0.4 nm as determined by XPS), rendering the nanocellulose (i.e., glycosidic 

linkages) inaccessible to bacteria and enzymes, and therefore non-biodegradable during the 4-month 

evaluation period. This interpretation also explains the intermediate degree of mineralization of CNFs 

modified with 1 and 5 wt% silane; in these instances, an incomplete coating of the fibrils with siloxane was 

achieved, which allowed for mineralization to occur, albeit to a lesser extent than in unmodified CNFs.  

In addition to the relationship between the degree of silanization and CNF mineralization, samples 

treated with 5 wt% silane exhibited noticeable delays in the onset of degradation. In each 5 wt% silanized 

CNF, a steep rise in biogas production occurred around day 10 or later, while in less silanized samples, this 

rise took place at day 3. We concluded that for the 5Me-, 5A-, and 5P-CNF samples, the delay in biogas 

production was a result of hindered bacterial access to the nanocellulose due to a critical level of siloxane 

coating. This extent of coating disallowed primary biodegradation from proceeding (i.e., cleavage of 

glycosidic linkages) until the uncoated regions were accessed. Once this foothold was established, further 

mineralization of the primary biodegradation byproducts was enabled, resulting in the typical sinusoidal 

biogas production displayed in Figure 7.  

Our data also suggest that the extent of CNF mineralization decreased as more highly hydrophobic 

silanization reagents were used (Figure 8). This trend could possibly be explained through the formation of 

a superhydrophobic coating on the CNF via the polymerization of PTMS87 and MTMS.88 In contrast, 

APTMS alone cannot impart superhydrophobicity due to its polar amino group, and would require the 

grafting of other reagents to achieve this effect.89 As superhydrophobic surfaces have been shown to exhibit 
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decreased bacterial attachment relative to moderately hydrophobic surfaces,90 we would indeed expect 

PTMS- and MTMS-coated CNFs to be less prone to mineralization than the moderately hydrophobic 

APTMS-coated CNFs.  

 These findings also provide a means to help better understand previous studies involving the 

biodegradation of composites containing silanized cellulosic materials. Although the number of such 

studies is limited, composites that contain silanized cellulosic materials are generally less biodegradable 

than those which contain the unmodified cellulosic materials.91-94 However, the magnitude of inhibition 

varies. For example, Way et al. indicated that PLA composites filled with silanized wood fibers displayed 

comparable or slightly improved biodegradation compared to PLA impregnated with the unmodified 

fibers.91 Conversely, Jandas et al. observed that PLA loaded with silanized banana fibers biodegraded to a 

lesser degree than PLA loaded with unmodified banana fibers.92 Results from our studies suggest that these 

differences are at least in part a reflection of differences in the extent of silanization, which is not typically 

measured. Furthermore, these previous studies do not address the fate of the modified nanocellulose filler 

after polymer degradation, which our data suggests will most likely persist as a result of the silanization. 

In summary, our data demonstrate that while silane modification indeed improves the dispersion 

of nanocellulose in solvent cast polymer composites, it negatively impacts CNF mineralization. The 

magnitude of both effects scaled with the extent and hydrophobicity of siloxane coating. When completely 

covered in a siloxane coating, nanocellulose remained stable in solvent casting media over the course of 

100 h, which led to an improved dispersion of these Si-CNFs in hydrophobic polymer composites. This is 

important, as uniform nanofiller dispersion is crucial for efficient transfer of CNF properties to the 

nanocomposite.31-33. While this improved material reinforcement is desired commercially, nanocellulose 

heavily modified with siloxane coatings is shown to be much more resistant to mineralization relative to 

the native CNF, thus increasing its environmental persistence. Therefore, in cases where materials featuring 

an environmentally transient nanofiller is desirable, such as in biomedical materials or products with 

transient use phases (e.g., packaging materials), nanocellulose extensively modified with silanes should be 
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avoided. Conversely, in applications where non-biodegradable nanofillers are desired (e.g., in pipes or 

building materials), silane-modified nanocellulose could be used as an inexpensive, low weight nanofiller 

compared to other carbon-based options (i.e., CNTs, carbon fibers).  

To avoid the issue of balancing the dispersion and biodegradability of nanocellulose, one potential 

solution is to covalently functionalize CNFs with small hydrophobic molecular species (e.g., esters).38, 95 

These molecular functionalization strategies could improve dispersion of nanocellulose in hydrophobic 

media without impacting its biodegradability by avoiding the formation of an inhibitory coating.  

 

Conclusions 

Cellulose nanofibrils were modified with three alkoxysilane reagents (MTMS, PTMS, APTMS) to 

determine the effect of hydrophobic silane modification on the dispersion and mineralization properties of 

nanocellulose. Silanization of CNFs resulted in the formation of a siloxane coating on the fibrils, the extent 

of which could be controlled based on the ratio of silane added to CNFs. Silanization did not change the 

cellulosic structure, crystallinity, or bonding in the CNFs, but improved CNF stability in chloroform by 

coating the hydrophilic nanocellulose surface with a hydrophobic siloxane layer. Improved stability of 

silanized CNFs in chloroform translated into improved dispersion of Si-CNFs in a hydrophobic polymer 

nanocomposite relative to unmodified CNFs, which instead aggregated extensively. Conversely, the extent 

to which silanized CNFs were mineralized decreased compared to unmodified CNFs, an effect attributable 

to the blocking of enzymatic cleavage sites by the siloxane coating. Indeed, no mineralization was observed 

for fully coated CNFs, indicating that such fillers and the materials featuring them would likely persist in 

the environment for increased periods of time when they are discarded at the end of consumer life. This 

study demonstrates the ability to control the biodegradability of nanocellulose as a function of its degree of 

silanization, while also highlighting the inverse relationship between dispersion and biodegradability and 

thus the need to determine the effect of surface modification strategies on environmentally relevant 
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properties of CNFs in addition to their dispersion properties before commercial use and widespread 

implementation. 
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Silanization of cellulose nanofibrils improves the dispersion of the nanofibrils in polymer matrices but 
reduces the inherent biodegradability of the nanocellulose. 
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