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ABSTRACT  
 

Hypothesis: Nanocellulose and nanochitin are both biobased materials with complementary 

structures and properties. Both exhibit pH-dependent surface charges which are opposite in sign. 

Hence, it should be possible to manipulate them to form complexed structures via ionic bond 

formation at prescribed pH conditions. 

Experiment: Nanocellulose and nanochitin were mixed after exposure to acidic or neutral 

conditions to influence their ionization state. The heat of interaction during the introduction of 

nanochitin to nanocellulose was monitored via isothermal titration calorimetry. The strength and 

gel properties of the resulting structures were characterized via rheological measurement. 

Findings: 

The resultant gel properties in the designed hybrid systems were found to depend directly on the 

charge state of the starting materials, which was dictated by pH adjustment. Different interparticle 

interactions including ionic attraction, hydrophobic associations, and physical entanglement were 

identified in the systems and the influence of each was elucidated for different conditions of pH, 

concentration, and ratio of nanochitin to nanocellulose. Hydrophobic associations between 

neutralized nanochitin particles were found to contribute strongly to increased elastic modulus 

values. Ionic complex formation was found to provide enhanced stability under broader pH 

conditions, while physical entanglement of cellulose nanofibers was a substantial thickening 

mechanism in all systems.  
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Introduction 

Biobased nanomaterials are an active and growing topic of study, with particular focus on 

nanocellulose due to its abundance and, more recently, nanochitin due to its analogous and 

complementary properties.[1] Interest in these materials is driven largely by two factors. First, 

there is a societal motivation to increase the utilization of biobased components and thereby 

decrease negative environmental impacts, such as reliance on single-use plastics, dependence on 

fossil fuels and use of harsh solvents and reagents. Second, this class of materials presents a 

number of advantages derived from their tunable surface chemistry and morphology, making them 

attractive candidates for many diverse applications. They have therefore been employed in medical 

uses[1,2], water purification,[3] emulsion stabilization,[4,5] and many other fields with great 

success.  

In nearly all these applications, an understanding of the rheological behavior is imperative to 

control the system properties and processing conditions. To this end, several rheological studies 

have been conducted on nanocellulose[6–10] and (to a much lesser extent) nanochitin,[11–14] but 

detailed studies on the rheology of systems of the two materials combined remain scarce. Such 

mixed systems are worthy of detailed study, since engineering materials that employ the assets of 

both nanoparticles can create unique advantages for different applications. For example, 

manipulating the behavior of oppositely charged materials is a useful tool to create physically 

crosslinked structures with tunable properties. This strategy has been employed in layer by layer 

assembly methods[15] and fabrication of self-assembled microfibers,[16] most often with 

oppositely charged polyelectrolytes like polydiallyldimethylammonium chloride (polyDADMAC) 

and polystyrene sulftonate (PSS). The opposite charges present on certain forms of nanocellulose 

and nanochitin make them promising candidates for this technique.[17] This strategy also aligns 



 

with the broader goal to decrease environmental impact, by mitigating or reducing the use of 

crosslinking agents. 

The conditions and properties of ionic complex formation pertaining to polyelectrolytes have 

been studied in some detail.[18] They have well-documented use in drug delivery[19] and have 

noteworthy rheological properties,[20] including the propensity to form coacervates.[21] 

Additionally, there have been several fundamental studies which make use of isothermal titration 

calorimetry (ITC) in the analysis of thermodynamics of polyelectrolyte complex (PEC) formation 

which have provided important insights.[22–26] Namely, the work by Fu and Schlenoff[23] 

detailing the enthalpy changes affiliated with ion exchange for a series of different counterion 

affinities is of significance to any thermodynamic investigation of PEC formation. Lounis et al. 

provide valuable insight about the relationship between charge density and the stoichiometry of 

complex formation, using PDADMAC/PSS as a model system.[24] Another study, by Huang and 

Lapitsky,[27] conducted an investigation to formation of colloidal particles and subsequently 

macroscopic aggregates as counterions are added to polyelectrolytes. Work by Feng et al[22] 

distinguished between complex formation of strong and weak polyelectrolytes and presented 

several important considerations regarding ionization of species at changing pH which are 

expected to be applicable in the complex formation of colloidal biobased nanomaterials. 

Despite the illuminating body of work regarding the characterization of model polyelectrolyte 

systems, fundamental understanding of the same method as it applies to biobased colloidal 

nanomaterials are less thorough. However, works dealing with complexes of polymeric cellulose, 

chitin or chitosan[28–30] can be a good starting point to understand and predict the interactions of 

the corresponding colloidal nanomaterials. Benselfelt et al. evaluated the of use anionic 

carboxylated cellulose as a substrate for multilayers of PDADMAC/PSS,[30] which is a well-



 

known PEC system. Two other studies[28,29] explored composites or blends of cellulose and 

chitin polymers, referring to benefits derived from hydrogen bonding between the two, but neither 

case mentioned the potential for ionic complex formation between charged forms. Many studies 

that contain efforts to create composites of polymeric cellulose and/or chitin have also involved 

the use of ionic liquids,[31–34] which can be avoided if the colloidal nanomaterial forms are used 

instead. 

Separate works have delved into the task of creating ionic complexes from colloidal biobased 

nanomaterials, but in many cases, these have been heavily focused on their respective applications, 

and the studied systems were often confined to aerogel or hydrogel morphologies.[11,35–38] Two 

additional works[16,39] developed fibril morphologies by complexing anionic CNF with cationic 

chitosan or PDADMAC, both with great success.  A similar principle has been employed to 

ionically crosslink alginate using calcium in electropsun mats.[40] 

Although a wide variety of hybrid biobased nanomaterial systems is emerging in the literature, 

much of the fundamental basis for creating, optimizing and tuning these materials remains 

unexplored. The objective of this study is to look closely at the interactions which drive formation 

of ionic complexes, in particular for the increasingly relevant resources of nanocellulose and 

nanochitin. Some key aspects of such behavior include the charge ratio stoichiometry, ionization 

effects in changing pH conditions, and the manifestation of the ionic interactions in the 

microstructure of the materials, which can be evaluated by studying the rheological properties. 

Using rheology to elucidate the microstructure and isothermal titration calorimetry (ITC) to 

quantify specific particle interactions, we demonstrate the importance of pH effects that must be 

thoroughly understood in order to successfully take advantage of the ionic behaviors of biobased 

nanomaterials and explain how these can be manipulated to finely tune the rheological properties 



 

of the mixed aqueous suspension. The microstructural details of composite/complex properties 

determined through rheological measurements are coordinated with the corresponding measured 

interactions of the starting materials, with a particular focus on suspensions near the gel point 

rather than hydrogels, aerogels, or fibril morphologies. Such low concentration dispersions are 

best suited for calorimetric studies and can provide a basis for understanding of interactions in 

other designed systems. In particular, we connect the ionization of the system components to the 

viscosity and gel modulus of the resulting mixture, via quantified measurements of their ionic 

complex formation. This strategy enables prediction of rheological properties based on 

nanoparticle concentration and pH conditions using data obtained from ITC experiments.  

Materials & Methods 

Materials  

CNF was prepared according to a method previously described.[4,41] Briefly, disintegrated 

birch fibers from a Finnish pulp mill were disintegrated via 6 passes of high-energy 

microfluidization (M110P, Microfluidics Int. Co., Newton MA). No enzymatic or chemical 

treatment was applied, so any surface charges present are the result of residual carboxylates.[41–

43] Figure 1 shows the morphology and surface charges of both CNF and NCh. The preparation 

of NCh was described in our previous report.[44] In brief, the sample designated as NCh-S in the 

previous study is equivalent to the NCh used in this work. Purified α-chitin (obtained from frozen 

blue crabs at a Finnish seafood market) was treated with 33 wt % NaOH solution at 90 °C for 3.5 

h, at a liquid-to-solid ratio of 25 mL/g[45]. The resulting partially deacetylated chitin was washed, 

dried, redispersed in Milli-Q water, and the pH was adjusted to 3.0 before subjecting the sample 

to mechanical defibrillation using a high-speed blender (T-25 Ultra-Turrax Digital Homogenizer, 

IKA, Germany). The resultant coarse suspension was further processed to fine suspension via 



 

ultrasonication (Sonifier 450, Branson Ultrasonics Co., Danbury, CT, U.S.A.; 40 minutes at 50% 

strength, 5 s on-2 s off). Centrifugation (5 min 10,000 rpm) was carried out after ultrasonication 

to remove remaining large particles. Concentration was adjusted by addition of MilliQ water 

followed by vortex mixing (~10 s). Adjustment of pH conditions was done by addition of dilute 

sodium hydroxide or hydrochloric acid as needed. 

 

Figure 1. Schematics (top) and TEM images (bottom) of CNF (left) and NCh (right). CNF 

particles are longer and more flexible, allowing network formation via entanglement. Carboxylate 

groups on the surface provide colloidal stability due to electrostatic repulsion between particle 

surfaces. NCh particles are shorter and more rigid, with a rodlike shape, possessing positive 

charges due to protonated amine groups. Scale bar is 200 nm. 

Methods 

Titration experiments were done using a Low Volume NanoITC isothermal titration calorimeter 

(TA Instruments, Newcastle, DE). In this technique, a suspension of aqueous NCh is incrementally 

injected to a sample cell containing aqueous CNF. The heater power required to maintain 

isothermal conditions is continuously monitored and is automatically reduced or increased to 

account for any heat absorbed or evolved by the interactions taking place in the sample cell. As 



 

such, the heat rate can be integrated to provide a quantitative indication of the heats of interaction 

between two materials. To measure the interactions between nanochitin and nanocellulose, a 0.01 

wt% NCh aqueous suspension was titrated into 0.05 wt% CNF aqueous suspension, in a series of 

25 injections of 2 μL each, with an equilibration time of 400 s between injections. These initial 

concentrations were established after previous experiments with higher NCh ratios showed the 

heat signal to be saturated after a single injection. Corresponding blank experiments were also 

performed using the same protocol to decouple competing effects and background heats. These 

included the injection of NCh into water, water into CNF, acid into CNF, neutralized NCh into 

CNF, and NCh into acidic CNF. Relevant data sets are included in Figure S1 and S2. The first 

injection is often conventionally excluded from analysis[46] due to baseline equilibration effects 

and diffusion out of the syringe during the equilibration period.  

Steady and dynamic oscillatory rheological experiments were conducted on an Anton Paar MCR 

300 rheometer with a 25 mm parallel plate geometry, using a 1 mm measuring gap. Steady shear 

viscosity measurements were done for shear rates ranging from 10-2 to 102 s-1. Frequency sweeps 

were performed at an oscillatory strain of 1%, determined to be within the linear viscoelastic 

regime according to oscillatory strain sweeps. The lower limit of frequencies for the low modulus 

sample(s) was often dictated by the transducer limit of the rheometer. Tests were repeated in 

triplicate and standard errors were < 5%. Average values are reported.  

 

Results & Discussion  

Comparison of dispersion properties for NCh, CNF and mixed system 

Figures 2a and b show the dynamic and steady shear rheological properties of NCh and CNF 

and their combinations under different conditions. In discussing this figure, we consider first the 



 

behavior of NCh at two different pH, 4 and 7; next we compare the behavior of CNF at pH 7 with 

that of NCh, and finally we examine the result obtained from a blend of NCh with CNF. At pH 4, 

NCh shows weak-gel like features with G’ becoming flat at low frequencies and larger than G’’ as 

seen for many weak gel systems.[47] This result is consistent with the viscosity versus shear rate 

plot (Figure 2b) where we see the absence of a Newtonian plateau at low shear rate indicating 

buildup of network structure. When the pH of the NCh system is adjusted from 4 to 7, the elastic 

modulus increases by about two orders of magnitude, from ~0.4 to ~30 Pa, and remains flat for all 

frequencies (Figure 2a, red and blue symbols respectively). The viscosity profile (Figure 2b) 

shows a consistent behavior, increasing by over an order of magnitude at low shear rates for pH 7, 

and having a slope of approximately -1. These results suggest formation of a stronger network at 

pH 7.  

To understand the behavior of NCh at the two different pHs, it is essential to examine the 

ionization state of NCh at different pH. Figure 1 shows the chemical structure of NCh together 

with the group susceptible to deionization under specific pH conditions. These charges are also 

responsible for the colloidal stability of the materials by maintaining electrostatic repulsion in 

aqueous suspension. NCh is colloidally stable at pH < 6 due to the protonated amine group, which 

has a pKa of 6.3.[12] At pH 6, ~65% of the amine groups are protonated as calculated by the 

Henderson Hasselbach equation[48], giving rise to a positively charged, stable colloidal system 

(ζ-potential 30 mV)[49]. At pH 5, ~95% of the groups are protonated (ζ-potential 60 mV, Figure 

S3) giving rise to even more charged (repulsive) system.  

For the NCh system at pH 4 the weak gel-like feature could be the result of attractive 

hydrophobic interactions of the acetyl groups in NCh mediated by the repulsive electrostatic 

forces. While the exact mechanism remains a subject of a future study, two possibilities exist. One 



 

scenario could be what we just surmised, the electrostatic repulsion somewhat acting against 

stronger attractive forces. In the second scenario, the hydrophobic interactions do not have to be 

superior as the repulsive electrostatic forces can also provide gel-like features by inhibiting the 

NCh particles to move past each other.[50] However, this may be less likely given the low 

concentration of the suspension. In both cases, the particles are not aggregated, as depicted 

schematically in Figure 2d. When the pH of the NCh system is 7 (above the pKa of NH3
+), the 

substantial increase in elastic modulus and viscosity (Figures 2a and b, blue symbol) can be 

attributed to aggregation of particles as the electrostatic repulsion is reduced or eliminated by the 

deprotonation of the stabilizing amine groups (NH3
+ → NH2). Attractive forces can now facilitate 

assembly of a network structure of NCh particles. Previous cases[51] have shown that such 

aggregation often favors an end-to-end configuration due to the lowest density of charge groups 

being on the particle end, resulting in an increased effective aspect ratio. This is depicted in the 

cartoon (Figure 2e). 

We next compare both NCh and CNF at their native pH based on their preparation protocols 

(i.e., ~7 for CNF and ~4 for NCh). The elastic modulus of the CNF system (~6 Pa) is approximately 

an order of magnitude higher than the NCh system (~0.4 Pa) (Figure 2a), at equivalent solids 

content (0.5 wt. %). CNF is clearly gel-like, as we see that G’ is independent of frequency and is 

higher than G” (complete data set shown in Supporting Information, Figure S4) while NCh is a 

weak gel, as previously discussed. NCh is positively charged (protonated NH3
+ groups) at this pH 

(pKa of 6.3); similarly, similarly, CNF is negatively charged at pH 7. wherein the microstructure 

of each suspension is based primarily on the morphology and aspect ratio of the colloidally stable 

nanoparticles (represented schematically in the cartoons presented with the plots). While NCh is 

positively charged (protonated NH3
+ groups) at pH 4 (pKa of 6.3), CNF is negatively charged at 



 

pH 7. CNF has a pKa ~3.6 and becomes charged for pH>4 because of the residual negative 

carboxylate groups on the fibril surfaces. Below 3.9, the COO- is protonated to COOH.[52–55] 

While complex interactions exist in these systems, including entanglement, hydrogen bonding, 

electrostatic repulsion, we expect the CNF to have a higher elastic modulus and viscosity when 

both systems are colloidally stable, by virtue of its higher aspect ratio, and the length and flexibility 

of the fibrils which promote entanglement.[56] The aspect ratio of CNF is estimated to be on the 

order of ~100 or more (Figure 1), although as previously noted,[57] quantitative measurements of 

fibril length are challenging due to entanglement and fibrils passing in and out of the field of view. 

NCh aspect ratio for the samples used here was previously quantified as ~15 by Bai et al.[5] and a 

qualitative sense of the different aspect ratios of the materials can be gleaned from microscopy 

images (Figure 1). The increased entanglement and higher number of contact points in the CNF 

network reduce the mobility of the fibrils (Figure 2c), resulting in higher viscosity and elasticity 

of the gel-like system.[56] 

Finally, we consider the rheological behavior of a mixed system formed by combining a CNF 

sample at pH ~7 with a NCh sample at pH ~4 in equal proportion. Based on our understanding of 

the aspect ratio effect, an equal mixture of shorter NCh and longer CNF in stable suspension would 

be expected to have a G’ value which falls between the values measured for each individual 

component. However, we find instead that the mixed system (pH ~5.5) at the same total solids 

content has an elastic modulus and viscosity that are slightly higher than either individual 

component (Figures 2a, b, black symbols). (note that at pH 5.5, the charge states of each 

component are similar to their native pH, so their individual properties are expected to be similar 

to the individual systems). We can attribute this increase to the attractive forces between the 

negatively charged CNF particles and positively charged NCh particles resulting in increased 



 

effective aspect ratio, ionic crosslinking, network formation (Figure 2f), and therefore increased 

viscosity and structural elasticity. We envision the extent of this synergistic effect to be a function 

of the ratio of the two components, a topic we explore in a subsequent section. 

 

Figure 2. (a) Elastic modulus (G’) as a function of frequency, and (b) shear-dependent viscosity 

of four different systems. The loss modulus (G’’) of only one sample is shown for the sake of 

clarity. Stable CNF system (green squares) exhibits higher elasticity and viscosity compared to 

stable NCh system (red circles). Elastic modulus and viscosity of aggregated NCh system (blue 

inverted triangles) and of NCh/CNF mixtures at pH ~5.5 (black triangles) are higher than the 



 

individual components, due to attractive forces inducing aggregation of NCh and complexation in 

the mixed system. (c-f) Schematic illustrations of each system 

Molecular interactions between NCh and CNF 

To quantify these hypothesized interactions between charged particles, we make use of ITC to 

calorimetrically detect the interactions when the components are mixed. The thermogram for a 

titration of NCh into CNF is shown in Figure 3. Figure 3a represents the continuous power 

supplied by the feedback heater to maintain isothermal conditions, which is a direct function of 

the heat evolved or generated by the interactions in the cell. Figure 3b represents that heat rate 

integrated with respect to time and plotted as discrete values associated with each individual 

injection. A positive heat value indicates an exothermic event in the sample cell. The secondary 

(right hand) y-axis of Figure 3b shows pH of the sample cell. Note that while the initial prepared 

NCh suspension at 0.5 wt. % was at pH 4, dilution with DI water to a concentration of 0.01 wt. % 

(which is required for the calorimeter experiment) increases the pH to ~5. 



 

 

Figure 3. ITC thermogram of 0.01 wt. % NCh (pH 5) injected into 0.05 wt. % CNF (pH 7). (a) 

Continuous heat rate measured in the cell (b) Integrated heat values for each injection. Positive 

heat value indicates an exothermic event. Change in pH value of CNF solution in sample cell with 

injection of NCH solution to it. 

We observe three distinct regimes of heat generated in Figure 3b: an initial decrease in heat rate 

upon addition of NCh, a peak at intermediate values of NCh addition and a leveling off with further 

addition of NCh. There are several factors that need to be recognized prior to interpreting this 

thermogram. As previously noted, the charge groups on both species are sensitive to pH changes. 



 

Prior to the beginning of the ITC experiment, each component is at its native pH resulting from its 

preparation method. This means that with each injection of NCh suspension (pH 5) into CNF 

suspension (pH 7), there is a pH change to consider in addition to the potential ionic complex 

formation. Since the particles must be in charged form in order to form complexes, it is important 

to track the ionization of each species throughout the experiment, as the ionization state will 

directly impact the interparticle interactions. The calculated pH value for each injection is shown 

on the secondary y-axis for reference (Figure 3b). Calculations have been confirmed by checking 

the pH at the end of the experiment and for select ratios in the middle of the titration. Taken 

together, the charge densities and changing pH environment can account for the 3-regime shape 

that we see in the thermogram, which we discuss subsequently in terms of Regime 1 (injections 1-

6, up to mass ratio 0.02 g NCh to g CNF), Regime 2 (injections 7-10, ratio 0.02-0.03) and Regime 

3 (injections 11-24, mass ratio ≥ 0.03).  

 

Figure 4. Left axis: Heat signal associated with each injection in Regime 1 of the titration 

(replotted from Figure 3) Right axis: calculated mass of chitin subjected to deprotonation based 

on pH change upon entering the cell. In the first regime of titration the dominant interaction is 

deprotonation of nanochitin (pH 5) as it is injected into the sample cell (pH 7). The magnitude of 



 

the heat signal closely follows the mass of nanochitin deprotonated for each injection (shown on 

secondary axis) until the pH reaches ~6 (as observed in Figure 3) and deprotonation is no longer 

favored. 

Regime 1 (deprotonation): Throughout the experiment, the pH is decreasing due to the addition 

of acidic NCh (Figure 3b), but at the start of the experiment the bulk pH in the cell is above 6.3 

(pKa of NH3
+ charge groups on NCh). This means the initial injections result in deprotonation of 

NH3
+ to NH2. Similar interactions have been shown for titration of acidic chitosan into neutral pH 

liposomes.[58] Since the nanochitin used here is partially deacetylated, the surface chemistry is 

closely related to that of chitosan. The mass of chitin deprotonated with each injection decreases 

(Figure 4) as the pH decreases in the cell due to NCh addition (Figure 3b), causing a 

corresponding increase in the % ionization of the amine groups. This accounts for the decrease in 

the magnitude of the heat signal through Regime 1, which tracks closely with the calculated mass 

of chitin deprotonated during each injection (Figure 4) (See Supporting Information for details 

on calculation of deprotonated chitin). The earliest injections represent extensive deprotonation 

(Figure 5, purple highlighted region), but with continued addition of NCh, the pH decreases and 

the equilibrium shifts to favor protonated NCh. At the end of Regime 1, the pH in the cell has 

decreased to 6.0, which corresponds to 65% protonation of NH3
+ as calculated by the Henderson-

Hasselbach equation. At this point, further deprotonation of incoming NCh is no longer favored, 

and there is enough positively charged NCh in the cell to drive ionic complex formation with 

negatively charged CNF. Throughout this experiment the pH is still well above the pKa of the 

CNF carboxylate group (~3.6), so no protonation of that species is expected, i.e., CNF remains 

negatively charged with COO- group. For reference, heat of dilution of an equivalent pH change 

(without protonation/deprotonation) exhibits a small and constant value of ~10 μJ (Figure S5). 



 

Regime 2 (complexation): As ionic complex formation proceeds, the pH continues to decrease 

with continued addition of NCh, and ionic complex formation correspondingly becomes more 

vigorous due to the increased availability of positively charged NCh. For this reason, the 

magnitude of the heat signal, which had previously been decreasing due to decreasing driving force 

for protonation of NH3
+, begins to increase (Figures 3b; Figure 5, yellow highlighted region). 

Note that the complex formation is exothermic.[23] The increase continues through Regime 2 for 

three injections as ionization of NH3
+ increases (from 65% at pH 6.0, injection 6 to 75% at pH 5.8) 

and availability for ionic complex formation increases correspondingly. A brief decrease in heat 

released follows for one injection, this being the point where the CNF charges are fully consumed. 

The last injection of Regime 2 is therefore smaller than the previously increasing ones, because 

although the ionization of NCh is still increasing, the NCh entering the cell during this injection 

does not have a full stoichiometric equivalent of CNF charge available to complex, and hence the 

magnitude of heat signal is decreased.  



 

 

Figure 5. Schematics of interactions in Regime 1 (top left, purple highlighted region) and Regime 

2 (bottom, yellow highlighted region). Magnitude of heat signal for deprotonation decreases 

throughout Regime 1 as the pH decreases and equilibrium shifts to favor the protonated form of 

NCh. Magnitude of heat signal for ionic complex formation initially increases as ionization of NCh 

is increased and driving force for complexation improves, heat signal subsequently decreases when 

charge groups on CNF are consumed. 

Regime 3 (saturation): It is evident that after mass ratio 0.03 g NCh per g CNF, the heat signal 

is reduced to a small constant value, found to be less than or equivalent to the background heat of 

dilution measured in a blank experiment (i.e. injecting NCh into pH 7 water, Figure S1). This is 

an indication that at this mass ratio, the number of charge groups associated with NCh has 



 

exceeded the number of available charge groups associated with CNF, and further addition of NCh 

does not result in complexation or other measurable interaction. Previous trials which made use of 

higher initial concentrations of NCh (Figure S6) reached this ratio with fewer injections but 

showed the same leveling-off behavior at the same ratio, corroborating the hypothesis that this is 

an indication of fully “saturated” CNF charges. The saturation occurs at a mass ratio of 

approximately 0.03 g NCh per g CNF (Figures 3b, 5). It has previously been noted that CNF 

(prepared by mechanical methods and free from chemical modification) has a substantially lower 

charge density (~40-80 mmol/kg)[42] than typical deacetylated NCh (~120-300 mmol/kg)[59], 

and this particular sample of NCh has an even higher estimated surface charge of ~1500 

mmol/kg[5] so it is not surprising that the charges are consumed so quickly. Analogous interactions 

for polyelectrolyte complexes of polylysine (PLL) and copolymers of acrylamide and 2-

acrylamido-2-methyl-1-propanesulfonate (PAMAMPS) have been studied by Lounis et al.,[24] 

where the heat signal levels off once charge compensation is reached. The stoichiometric charge 

equivalence at a mass ratio of 0.03 is corroborated by the fact that the zeta potential crosses from 

negative to positive somewhere between a ratio of 0.02 and 0.11 (Figure S7). Further addition of 

NCh beyond this point does not interact to form an ionic complex but does cause the pH to continue 

decreasing. 

To verify the limits of the pH conditions, we performed two blank experiments where the pH 

conditions were outside of the window in which complexation is expected. In the first of these 

(Figure 6a,b), the CNF suspension was adjusted to pH 3 prior to the titration with NCh. In this 

case, the COO- groups on the CNF surface are largely (~90%) protonated to neutral charge COOH, 

and thus are not inclined to form ionic complexes with the cationic NCh. Indeed, the heat signature 

measured for this titration is comparable to the signal of NCh into water (Figure S1), and we 



 

conclude that no interaction takes place.  In the second experiment (Figure 6c,d) NCh was adjusted 

to a pH of 7 prior to the titration. In this case, cationic NH3
+ is ~83% deprotonated to neutral charge 

NH2, and similarly no ionic complexation is detected in the thermogram. There is a slight increase 

in the magnitude of the heat with each injection over the course of the experiment (Figure 6d), 

which may be an indication of increased viscous heating as the NCh content increases and the 

particles, which are no longer colloidally stable at neutral pH, form aggregates and cause the 

viscosity to increase. The injection syringe maintains the same stir rate of 350 rpm throughout the 

experiment as the medium becomes increasingly more viscous, the heat evolved increases 

correspondingly.[60,61]  

 

 

Figure 6. Comparison of NCh/CNF titration at different pH conditions. Acidic NCh injected into 

acidic CNF (a,b) shows no ionic complex formation, since adjustment of CNF to pH 3 causes 

protonation of the anionic COO-  to neutral charge COOH. (c,d) Similarly, nanochitin that has 

been pH-neutralized prior to injection shows no binding interaction, since the positive charges 

responsible for the ionic complexation are dependent on the amine groups being in protonated 

form (NH3
+). 



 

Manipulating Rheology through order of operations and pH conditions 

Given the demonstrated sensitivity to pH conditions and the earlier observations regarding the 

viscosity and elasticity of the suspensions and their dependence on aspect ratio and particle 

interactions, we examine an opportunity to tune the rheology by manipulating this behavior. To 

this end, we consider two main variables: First, the ratio of NCh to CNF, of which we tested three 

values: 1, 0.11, and 0.02 g NCh per g CNF (all at a total solids content of 0.5 wt%). And second, 

the pH environment of the mixture, of which we tested three conditions: (1) no pH adjustment, (2) 

“pre-neutralization,” or pH adjustment of acidic NCh (from ~4 up to ~7) before mixing with CNF, 

and (3) “post-neutralization,” meaning pH adjustment of the system after mixing (from ~5 up to 

~7). The order of operations is important, because for the ionic complexation of NCh and CNF to 

proceed the NCh amine groups must be in their protonated form (at low pH) before mixing. As 

such, we expect that for addition of pre-neutralized NCh to CNF, the particles will not interact. 

This expectation is strengthened by the ITC result shown in Figure 6c,d. However, in the post-

neutralized system, the cationic amine groups will already have complexed with anionic 

carboxylates on CNF. In this case, only excess amine groups beyond the charge equivalence of 

CNF will be neutralized when the pH is adjusted. The frequency spectra for the various conditions 

are shown in Figure 7. G” is only shown for one sample on each plot to maintain clarity, but the 

full data sets including G” can be found in Supporting Information (Figure S8). We discuss 

these results in terms of the three ratios of NCh as added to CNF. 

 



 

 

Figure 7. Frequency spectra for (a) 0.02 g NCh per g CNF, (b) 0.11 g NCh per g CNF, (c) 1 g 

NCh per g CNF. Colors and symbols indicate the pH conditions; black squares indicate no pH 

adjustment; green circles indicate pH of NCh adjusted to 7 before mixing (pre-neutralized ); blue 

triangles indicate pH of system adjusted to 7 after mixing (post-neutralized ). Viscous modulus G” 

is shown for one data set in each plot for reference, but all G” values follow similar behavior. 

Low NCh content (Figure 7a) In the case of the lowest ratio of nanochitin, there is no substantial 

difference in the value of the elastic modulus for different pH conditions. This is because of the 

large excess of CNF, which dictates that CNF entanglement is still the dominant rheological 

influence. It is worth noting that the value of G’ for all three systems at this ratio (~2 Pa at 

frequency 1 rad/s) is slightly lower than for pure CNF (7 Pa, Figure 2a). The reduction is relatively 

small, but appears to indicate that at 0.02 g NCh per g CNF, the extent of ionic complexation or 

hydrophobic interaction contributed by NCh is not substantial enough to compensate for the 

reduced entanglements sacrificed by replacing high-aspect ratio CNF with lower aspect ratio NCh. 

The entangled system of pure CNF (Figure 2a) is therefore more elastic in this case.  

Medium NCh content (Figure 7b) The impact of neutralizing NCh is most evident at this ratio 

(0.11 g NCh per g CNF), because it is slightly in excess of the stoichiometric ratio of NCh charges 

to CNF charges (~0.03 g NCh per g CNF). In this case, G’ appears to be a direct function of the 



 

mass of NCh subjected to pH adjustment. Although the mass of NCh is constant among these three 

samples, the amount available for conversion of NH3
+ to NH2 is not constant. For the post-

neutralized  system, a fraction of the NH3
+ groups on the NCh surface are irreversibly complexed 

with COO- groups on CNF and are thus unavailable to be neutralized when the pH is adjusted. For 

the pre-neutralized  NCh, all of the NH3
+ groups are deprotonated. This means they are charge 

neutral and thus unavailable to complex with and instead form aggregates via hydrophobic 

associations between acetyl groups on the chitin surface, in the absence of the stabilizing charges. 

This sample therefore has the highest G’, due to having the most neutralized NCh and therefore 

the most aggregation. In the acidic sample (free from pH adjustment), the NCh remains protonated 

and no aggregation takes place, hence G’ shows the lowest value. Figure 8 shows G’ of all samples 

plotted as a function of neutralized chitin content and highlights the strong influence of aggregation 

on the structural properties. 

High NCh content (Figure 7c) In the case of the equal mixture (1 g NCh per g CNF), NCh is 

in extreme excess of the stoichiometric charge equivalent to CNF. Hydrophobic interactions 

between NCh particles become a more significant contributing factor to the system at this loading, 

and thereby increase the viscosity in conjunction with the entanglements among CNF despite the 

reduced aspect ratio for the total system. The system which was left in acidic condition (no pH 

adjustment) exhibits the lowest modulus of this group, since there is still some colloidal 

stabilization provided by the amine groups, which remain protonated at acidic conditions. This 

sample is therefore least likely to be subject to extensive aggregation. The interactions dominating 

this case are therefore (1) entanglement of CNF and (2) ionic complexation between NCh and 

CNF, as previously discussed in an earlier section. When we consider the neutralized samples, we 

must also consider aggregation due to hydrophobic interactions, since the electrostatic stabilization 



 

of the NCh amine groups is reduced. The difference between the sample neutralized before mixing 

and the one neutralized after mixing is small and is proportionate to the number of groups that 

were irreversibly complexed with CNF and thus unavailable for deprotonation, reinforcing the 

importance of the varying colloidal stability at different pH conditions. 

 

Figure 8. Elastic modulus (G’) plotted as a function of excess deprotonated nanochitin (nanochitin 

beyond the established stoichiometric charge equivalent of cellulose nanofibrils). When 

aggregation is present in the system, it is the dominant rheological influence over entanglement 

and ionic attraction. 

The role of protonation is evident from Figure 8 which shows that the extent of NCh aggregation 

has a powerful influence on the microstructure of the mixed system. It is important to recognize 

this impact and tailor the system accordingly; in order to best take advantage of the ionic complex 

effects, the order of operations of NCh addition and pH adjustment of the system must be 

considered and chosen deliberately depending upon whether such aggregation is desired in the 

system or not. This work is intended to provide groundwork for such tunable systems, but the 



 

complexity of the interactions involved will doubtless require further study in order to isolate the 

interplay of the various components and fully understand and exploit this and related systems.  

 

Conclusions 

Taking advantage of the inherently complementary properties of NCh and CNF, we exploit the 

synergy that exists between the nanoparticles to produce complexes with increased potential and 

improved performance in given applications. The concentration- and pH-dependent behaviors of 

the colloidal suspension provide an opportunity to finely tune the microstructure and elasticity of 

the system, over a full order of magnitude, without adjusting the solids content. Here, we take 

advantage of ITC to efficiently identify the most relevant conditions, and to quantitatively describe 

associated interactions. By focusing on three key conditions of both pH and concentration ratio, 

identified by ITC, we explore deeply the implications of these interactions on the suspension and 

gel properties, including network strength and response to shear. 

We have thus identified distinct regimes in which different interactions dominate the system: 

ionic interactions at intermediate pH (~5.5), entanglement at high CNF ratios, and hydrophobic 

association at increased pH values. 

Based on the pH-dependent charge behavior of nanochitin and nanocellulose, we hypothesized 

that hybrid systems could be synthesized with tunable properties which would exploit the 

ionization state of the nanoparticles to manipulate the ionic complex formation. Based on 

calorimetry experiments in-situ and rheological characterization of the hybrid products, we 

confirmed that the interactions and subsequent material properties are dictated by the pH 

conditions of the initial materials. 



 

The findings reported in this study draw support from previous fundamental works on the use of 

isothermal titration calorimetry in the analysis of thermodynamics of polyelectrolyte complex 

(PEC) formation which have provided important insights.[22–25,27] Lounis et al. provided 

valuable insight about the relationship between charge density and the stoichiometry of complex 

formation, using PDADMAC/PSS as a model system.[24] The results shown here are consistent 

with those results, notably the difference in charge density between nanochitin and nanocellulose, 

which contributes to their differing influences on the ionic binding stoichiometry. Work by Feng 

et al[22] highlighted two important observations which were relevant to this work. Firstly, they 

noted that ionic complexation is an irreversible process. Additionally, they pointed out that 

ionization due to pH effects can be shifted based on complex formation, making it a complicated 

task to disentangle the protonation/deprotonation of acids and bases and the formation of ionic 

bonds between these materials. Both of these insights had a practical impact on the work presented 

in the present study, helping to explain the complexity of the ionic complexation dynamics.  

By applying the principles elucidated here to other varieties of biobased nanomaterials (e.g., 

TEMPO-CNF, CNC, nanochitin with different charge densities), an almost limitless array of 

tunable hybrid systems. Exploiting this opportunity for complex formation reduces or mitigates 

the use of crosslinkers or ionic liquid solvents, offering an opportunity to reduce related 

environmental impacts. 
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Figure S1. Thermogram for NCh titrated into CNF compared with blank runs of NCh injected 

into water, NCh injected into acidic CNF, and neutralized NCh injected into CNF. 

Figure S2. Changing the equilibration time per injection has no apparent impact on the results.  

 

Figure S3. Zeta potential of NCh as a function of pH. At lower pH, % protonation and therefore 
% ionization of the NH2 groups to NH3

+ is higher, resulting in a more positive zeta potential and a 
more stable suspension.  
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Figure S4. Frequency sweeps showing G’ (filled symbols) and G” (open symbols) for (a) CNF at 

pH 7 (b) NCh at pH 5 (c) equal mixture CNF + NCh at pH ~5.5 (d) NCh adjusted to pH 7 

  

Figure S5. Dilute HCl (pH 4) into water (pH 7). Changing pH alone (in absence of 

protonation/deprotonation) exhibits a constant and small heat signal. 
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Figure S6. 0.1 wt% NCh into 0.1 wt% CNF reaches the charge saturation point (0.03 g NCh per 

g CNF) in fewer injections than is required for 0.01 wt% NCh INTO 0.05%, but the value is the 

same. 

 

Figure S7. Zeta potential of 0.5 wt% total solids in water at different NCh ratios. The ζ-potential 
crosses from negative to positive between 0.02 and 0.11 g NCh per g CNF 
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Figure S8. Frequency sweeps including G’ (filled symbols) and G” (open symbols) for mixed 

systems of CNF + NCh at 0.5 wt% solids for different mass ratios, (a) 0.02 g NCh per g CNF, (b) 

0.11 g NCh per g CNF, (c) 1 g NCh per CNF. Symbols represent pH conditions, black squares 

indicate no pH adjustment, green circles indicate NCh was neutralized prior to mixing, blue 

triangles indicate the mixture was neutralized after addition of NCh to CNF.  

 

Sample calculation: Mass of deprotonated nanochitin per injection 

Mass of NCh deprotonated per injection is calculated by applying the Henderson-Hasselbach 

equation for the pH of the given injection, multiplying % ionization by mass of NCh in the cell for 

the injection, and subtracting the amount for the previous injection. 

For the nth injection, the mass of nanochitin subjected to deprotonation can be calculated as 

follows: 

% deprotonation at pH n: 

pHn = pKa + log10[A-]/[HA] 

pKa = 6.3  

log10[A
-]/[HA] = pHn – pKa = x 

[A-]/[HA] = 10x = % deprotonation 

Nanochitin mass in cell after injection n (an ): 

an = (syringe concentration) * (volume of injection) * (n) 

Deprotonated nanochitin mass in cell (dn)  

dn = an*(% deprotonation) 

Deprotonated per injection n (p): 

p = dn – dn-1 


