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As the concentration of surfactant increased, the dried nanocellulose pads exhibited 

a more open and visually “fluffier” assembly—see Figure 9 for scanning electron 

micrographs of dried nanocellulose pads with CTAB dosages of 2.5, 5, 7.5, and 10 wt%. 

 

  
 

  
Figure 9: SEM images of dried nanocellulose pads with (a) 2.5 wt% CTAB, (b) 5 wt% CTAB, (c) 7.5 wt% 

CTAB, and (d) 10 wt% CTAB at 3μm resolution 
 

Smaller fibers appear in the SEM images as CTAB dosage increases. Comparison of Figure 

8 and Figure 9 visually confirms that the addition of CTAB reduces fiber-fiber bonding 

upon drying of the nanocellulose slurries.  
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2.2-4 Brunauer-Emmett-Teller Isotherms 

 

Since SEM was a qualitative measure of fiber packing, a more quantitative 

approach was desired. Measurement of available surface area is a direct means of 

quantifying the degree of fiber agglomeration. Mercury porosimetry was initially 

performed using a Micromeritics AutoPore IV system to determine the available surface 

area of dried nanocellulose pads; however, the surface area was outside the range of the 

test. Consequently, nitrogen sorption isotherms were collected using a Micromeritics 

ASAP-2020 instrument to measure the surface area of dried nanocellulose pads with and 

without CTAB dosing. If nanocellulose were completely nonaggregated, it would have an 

estimated surface area of 109 m2/g (Appendix I). Equation 1 gives the BET isotherm for 

multilayer physical adsorption, where v is the gas volume adsorbed per gram of adsorbent 

(cm3/g), P is the pressure at which the experiment is conducted, P* is the vapor pressure 

of the adsorbate at liquid nitrogen temperature, vmon is the gas volume corresponding to a 

monolayer, and c is a fixed constant at the given temperature (Levine 2008). 

 

𝑃

𝑣(𝑃∗ −𝑃)
=

1

𝑣𝑚𝑜𝑛 ∗ 𝑐
+

𝑐 − 1

𝑣𝑚𝑜𝑛 ∗ 𝑐
∗
𝑃

𝑃∗
 

Equation 1: Brunauer-Emmett-Teller isotherm for monolayer adsorption 

 

The constants c and vmon can be calculated from the slope and intercept of a plot of 
𝑃

𝑣(𝑃∗−𝑃)
 

versus relative pressure, 
𝑃

𝑃∗
 (Levine 2008). The gas used for adsorptive analysis of 

nanocellulose was nitrogen. Prior to analysis the samples were dried and degassed under 

vacuum on the degas port of the analyzer at 120 °C for 8 hr, conditions that were shown in 
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preliminary experiments to maximize the BET surface area. Isotherms were measured for 

a relative pressure range of 0.025 to 0.45; however, specific surface area was calculated 

using the adsorption branch of the nitrogen sorption isotherm in the relative pressure range 

between 0.05 and 0.30.  

The parameter c was 140 for 1 wt% CTAB and 80 for 5 wt% CTAB. The constant 

vmon was 0.41 cm3/g for 1 wt% CTAB and 0.61 cm3/gm for 5 wt% CTAB. Once vmon is 

known, then so is the number of molecules needed to form a monolayer. A summary of the 

BET results may be found in Table 1. Dried nanocellulose untreated with CTAB was found 

to have a surface area of 1.16 m2/g. The surface area of a dried 1 wt% CTAB treated 

nanocellulose pad was determined to be 1.77 ± 0.03 m2/g, and a 5 wt% CTAB treated 

nanocellulose pad was found to be a surface area of 2.65 ± 0.02 m2/g. It is evident from 

this study that the addition of CTAB does indeed increase available surface area in dried 

nanocellulose samples, consistent with decreased extent of aggregation in treated pads. 

Further, increased dosage of surfactant results in progressively larger available surface 

areas. 

Sample 

Surface 

Area 

(m2/gm) 

Parameter c 
vmon  

(cm3/g STP) 

Control 1.16 n/a n/a 

1.0 wt% CTAB 1.77 ± 0.03 140 0.41 

2.5 wt% CTAB 2.50 ± 0.01 63 0.57 

5.0 wt% CTAB 2.65 ± 0.02 80 0.61 

7.5 wt% CTAB 3.11 ± 0.02 61 0.71 

10 wt% CTAB 3.32 ± 0.02 55 0.76 
Table 1: BET data for dried nanocellulose pads with increasing CTAB Dosage 

 

This increased surface area is evidence that the surfactant successfully reduces fiber 

agglomeration upon drying.  
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2.2-5 Particle Size Determination 

 

The particle size distribution of both dispersed and redispersed nanocellulose 

slurries was determined employing a Morphologi G3S system (Malvern, UK). In 

preparation for measurement by the Mastersizer Hydro 2000s (Malvern), samples were 

diluted with deionized water and mixed with a Speed Mixer (Flack Tek, US) at 2000 rpm 

for two minutes. After flushing the system with deionized water three times, the instrument 

was aligned, and the sample was introduced at 2100 rpm of the instrument’s pump with 

ultrasound mixing set at 20% of full capacity. Measurements were replicated five times.  

Particle size distributions were typically bi- or tri-modal. Figure 10 presents the 

dispersed and redispersed particle size distribution for a control sample (0 wt% CTAB).  

The control dispersed distribution features two peaks, a broad peak centered at 

approximately 80 μm and a smaller peak at 400 μm, while the control redispersed 

distribution contains a single peak at approximately 400 μm. 

 

 
Figure 10: Comparison of dispersed and redispersed nanocellulose particle size distributions 
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Comparing the cumulative probability distributions with a Kolmogorov-Smirnov test 

determined that the dispersed and redispersed nanocellulose particle size distributions 

differ with 99.9% certainty. Failure of the redispersed nanocellulose sample to regain the 

particle size distribution of the dispersed stage after being dried highlights the need for a 

water removal technique which does not result in fiber agglomeration and which therefore 

maintains the original fiber characteristics. Figure 11 presents particle size distribution data 

for 10 wt% CTAB treated samples in the dispersed and redispersed stages. 

Figure 11: The effect of CTAB on the particle size distribution of nanocellulose slurries 
 

It is evident from Figure 11 that the addition of CTAB resulted in a particle size 

distribution closer to the original particle size distribution, as desired, after drying. Indeed, 

a Kolmogorov-Smirnov test failed to reject the null hypothesis that the 10 wt% CTAB 

dispersed and redispersed particle size distributions come from the same distribution with 
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90% certainty. In other words, dosing a nanocellulose slurry with 10 wt% CTAB prior to 

drying yielded a rehydrated nanocellulose slurry that regained the characteristics of the 

original, never-dried nanocellulose. A summary of the Kolmogorov-Smirnov tests 

comparing the dispersed and redispersed cumulative particle size distributions is expressed 

in Table 3.  

Dosage level (wt% CTAB) 0 2.5 5.0 7.5 10 

Kolmogorov-Smirnov statistic Dn,n’ 0.62 0.47 0.28 0.28 0.25 

𝒄(𝜶)√
𝟒𝟎 + 𝟒𝟎

𝟒𝟎 ∗ 𝟒𝟎
 

α = 0.001 0.44 0.44    

α = 0.1   0.27 0.27 0.27 

Reject null hypothesis  

(if Dn,n’ > 𝒄(𝜶)√
𝟒𝟎+𝟒𝟎

𝟒𝟎∗𝟒𝟎
)? 

Yes Yes Yes Yes No 

Table 3: Kolmogorov-Smirnov comparison of dispersed and redispersed nanocellulose cumulative particle 

size distributions at CTAB dosages of 0, 2.5, 5.0, 7.5, and 10 wt% 

 

The dispersed samples were expected to have similar particle size distributions, 

regardless of CTAB dosage. In fact, a Kolmogorov-Smirnov test failed to reject the null 

hypothesis that the 0 and 10 wt% CTAB dispersed particle size distributions came from the 

same distribution with 90% certainty. This was true for all the dosed samples, as shown by 

Table 4.  

 

Dosage level (wt% CTAB) 2.5 5.0 7.5 10 

Kolmogorov-Smirnov statistic Dn,n’ 0.14 0.06 0.09 0.04 

𝒄(𝜶 = 𝟎. 𝟏)√
𝟒𝟎 + 𝟒𝟎

𝟒𝟎 ∗ 𝟒𝟎
 0.27 

Reject null hypothesis  

(if Dn,n’ > 𝒄(𝜶)√
𝟒𝟎+𝟒𝟎

𝟒𝟎∗𝟒𝟎
)? 

No No No No 

Table 4: Kolmogorov-Smirnov comparison of dispersed nanocellulose cumulative particle size distributions 

at CTAB dosages of 2.5, 5.0, 7.5, and 10 wt% to the dispersed nanocellulose cumulative particle size 

distribution without CTAB dosage 
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It is important to note that the redispersed samples had much greater standard 

deviation than the dispersed samples due to difficulty with achieving a uniform redispersed 

slurry via blending in the Osterizer BCB608-C. However, increasing CTAB dosage 

significantly reduced the standard deviation of the particle size distributions for redispersed 

samples. In fact, the standard deviations of the control redispersed sample’s three peaks 

were 25, 157, and 256 μm, while the standard deviations of the 10 wt% CTAB treated 

redispersed sample’s three peaks were only 1, 19, and 278 μm. These results indicate that 

the addition of CTAB allows for dried nanocellulose pads to be more easily rehydrated, 

resulting in a more uniform redispersed slurry.  

   

2.2-6 Recovery of CTAB 

 

A novel method of recovering CTAB from treated and dried nanocellulose pads 

prior to redispersion was explored in order to evaluate recycling of the surfactant and 

thereby positively impact the economics of the process. Due to their amphiphilic nature, 

surfactants are potentially soluble in both water and organic solvents. Therefore, dried pads 

were soaked in two representative organic solvents, ethanol and hexane. Inside a fume 

hood, the dried pad was placed in a petri dish, and the solvent was poured into the dish, 

such that the pad was completely submerged. The pad was left to soak for 30 min before it 

was removed from the dish and the solvent allowed to evaporate.  

Post ethanol evaporation, a ring of white powder was observed on the bottom of the 

petri dish, indicating that CTAB was removed from the surface of the fibers (Figure 12a). 

Post hexane evaporation, no residue was observed in the petri dish, suggesting that hexane 
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was not successful in removing CTAB from the surface of the fibers (Figure 12b). Infrared 

spectroscopy has not yet confirmed that the white powder observed on the ethanol petri 

dish was indeed CTAB, however it is deemed highly likely that it is.  

                       
Figure 12a: Evidence of CTAB removal              Figure 12b: Hexane failure to remove CTAB  

            after ethanol evaporation   

   

        

BET adsorption was employed to determine the surface area of the ethanol and hexane 

soaked pads. The surface area of a 1 wt% CTAB dried nanocellulose pad that had been 

soaked in ethanol was determined to be 5.98 m2/g, while the surface area of 5 wt% CTAB 

treated pad was found to be 12.61 m2/g.  Using BET adsorption data, Table 5 compares the 

effect of a solvent soak to untreated dried pads.  

Measurement Untreated 

1 wt% CTAB 5 wt% CTAB 

No Soak 
With 

EtOH 

With 

Hexane 
No Soak 

With 

EtOH 

With 

Hexane 

Surface Area 

(m2/g) 
1.16 1.77±.03 5.98±.02 1.84±.03 2.65±.02 12.61±.03 3.63±.02 

Parameter c n/a 140 81 -13166 80 64 41 

Vmon 

 (cm3/g STP) 
n/a 0.41 1.37 0.42 0.61 2.90 0.83 

Table 5: Summary of BET adsorption isotherm data collected on treated and untreated dried nanocellulose 

 

BET adsorption data supported the conclusion that hexane was not able to remove 

CTAB from the surface of the nanocellulose fibers. It is evident from Table 5 that the BET 
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surface area increased by a factor of approximately 4 after soaking in ethanol. Thus, ethanol 

is the chosen solvent for CTAB recovery. A more thorough examination of the increased 

surface area in the dried stage as a result of the ethanol soak is summarized in Table 6.  

 

Sample 

Untreated Pad Ethanol Soaked Pad 

Surface 

Area 

(m2/gm) 
Parameter c 

vmon  

(cm3/g 

STP) 

Surface Area 

(m2/gm) Parameter c 

vmon  

(cm3/g STP) 

Control 1.16 n/a n/a 5.78 ± 0.01 119 1.33 

1.0 wt% CTAB 1.77 ± 0.03 140 0.41 5.98 ± 0.02 81 1.37 

2.5 wt% CTAB 2.50 ± 0.01 63 0.57 2.30 ± 0.02 78 0.53 

5.0 wt% CTAB 2.65 ± 0.02 80 0.61 13.21 ± 0.03 75 3.03 

7.5 wt% CTAB 3.11 ± 0.02 61 0.71 4.38 ± 0.03 100 1.01 

10 wt% CTAB 3.32 ± 0.02 55 0.76 13.29 ± 0.03 82 3.05 

Table 6: BET data showing increased surface area with ethanol soak 

 

Investigation of Table 6 reveals that soaking the dried nanocellulose pads in ethanol to 

recover CTAB from the fiber surface actually increases the available surface area of the 

pads—both in the pads with and without CTAB. However, there are two data points which 

should be retested since they do not follow the generally observed trend: the 5.0 and 7.5 

wt% CTAB treated pads do not increase in surface area.  

The extent of CTAB recovery using the organic solvent ethanol was determined to 

be approximately 62% (Appendix I). It is hypothesized that further recovery may be 

achieved with a series of solvent extractions or with agitation. In fact, preliminary testing 

demonstrated that the petri dish of ethanol becomes saturated with CTAB after the 30-

minute interval allotted for the solvent soak, but if the dried pad is allowed to soak in a 

secondary petri dish of ethanol, then CTAB continues to be recovered.  
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2.2-7 Optimizing the Redispersion Process 

 

All of the previous results indicate that the addition of CTAB in the aqueous phase 

aided in the maintenance of nano-scale morphology of nanocellulose after drying. It is 

evident however that both the initial mixing of CTAB with the nanocellulose slurry and the 

redispersion phase of dried nanocellulose are crucial elements of nanocellulose production. 

As such, an examination of the dispersion and redispersion processes was undertaken. A 

summer NSF-REU student, Sebastián Quevedo, explored the effects of mixing prior to 

drying and rehydration on particle size. It was anticipated that mechanical mixing during 

dispersion would aid in breaking down nanocellulose aggregates as CTAB was being added 

to the aqueous slurry.  

Eight dried pads were prepared with varying levels of CTAB addition over a range 

of mixing intensities. The first three pads were prepared at five weight percent surfactant 

dosage in 18.2 MΩ·cm water with a magnetic stirrer for three minutes, prior to the addition 

of CTAB solution to a blender which contained 10 g of 27 wt% DEICEL nanocellulose. 

Mixing was then performed in the blender at one of three different settings for 45 s each, 

listed from least to most energy intensive: (1) “Liquefy,” (2) “Smoothie,” and (3) “Mix.” 

After blending, the slurry was vacuum filtered from a 2.5 μm particle retention level filter 

paper (Whatman 42) in a Buchner funnel for 15 minutes. The pad was then separated from 

the filter paper and oven dried at 110°C overnight. A similar technique was used to prepare 

three 10% CTAB sample pads.  

Finally, two more pads were made by Quevedo to simulate the current industrial 

process conditions. Specifically, 10 g of 27 wt% DEICEL nanocellulose was blended with 
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500 mL of tap water for two minutes on the lowest energy setting. The resulting solution 

was subsequently heated to 40°C, poured back into the blender along with a surfactant 

solution (0.273 g of CTAB in 30 mL of 18.2 MΩ·cm water), mixed at the lowest energy 

setting for 45 s, and vacuum filtered as per the other samples. One of these two pads was 

oven dried overnight at 110°C, while the other pad was freeze dried. Freeze drying served 

to compare the effect of drying method on redispersion; freeze drying was performed using 

liquid nitrogen at -196°C to freeze the pad, subsequently the freeze-dried water was 

sublimed at 250 μbar for 16 hours.  

All nine dried pads, including a control with no CTAB addition, were redispersed 

in the following manner: 1.5 g of dried pad was mixed with 200 mL of 18.2 MΩ·cm water 

in the blender at two different settings—Puree and Mix—for 30 s each. The particle size 

distribution of each sample was then determined with the Morphologi G3S system 

(Malvern, UK). Figures 13 and 14 present Quevedo’s results for the particle size cut off at 

which 70% of the total amount of particles measured were found to be below.  

        
Figure 13: Particle size measurement using       Figure 14: Particle size measurement using 

“Puree” setting for redispersion       “Mix” setting for redispersion 

 

It is evident from examination of Figures 13 and 14 that the average particle size decreases 

from the control pad to the never-dried nanocellulose, which was expected. Further, it may 
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