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ABSTRACT  10 
 11 
The extraction of cellulose nanocrystals (NCC) from cotton textile waste, constituted by 70% 
long fibers and 30% cotton linter, was performed through the action of sulfuric acid followed 
by solution neutralization with two different alkalis, namely ammonia and sodium 
bicarbonate, which yielded microcellulose (MCC), then centrifuged to NCC. The action of the 
two alkalis was compared as for fiber repeatability and morphology, and the results obtained 
using ammonia were considered more suitable for possible introduction of NCC for the repair 
of historical paper artifacts. This evidence was obtained by applying optical/polarized light 
microscopy observation and dynamic light scattering (DLS) results. 
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1. INTRODUCTION  16 
 17 
Extraction of cellulose nanocrystals (NCC) from cellulosic solid residue (CSR) represents an 18 
important way of upcycling it, therefore obtaining a material with some value, hopefully with a 19 
reasonable yield that would make the extraction worthwhile. Overtime the extraction of NCC 20 
has been performed from wastes obtained from the productive systems of different natural 21 
fibers, with the idea of operating as much as possible in conditions of circular economy, 22 
therefore using a zero waste strategy [1]. A common procedure for the purpose used 23 
involves the use of an acid solution, so to obtain hydrolysates of the waste stream: this is 24 
most frequently performed with sulfuric acid, and then neutralized using an alkaline solution 25 
[2]. Cellulosic waste stream from which NCC have been extracted includes, among others, 26 
materials from a large number of plants, in particular oil palm [3], pineapple leaves [4], 27 
Phormium tenax [5], hemp [6], okra bahmia [7], etc. In most cases the application of NCC, 28 
once extracted, has been their use as the reinforcement of polymer matrices, such as 29 
poly(vinylalcohol) (PVA) [8], etc. More recent studies have broadened even more the range 30 
of fibers, which can provide waste material for NCC extraction, with very variable yield, due 31 
to the different characteristics of plants, such as it is shown for example in [9-11].  32 
 33 
In terms of practical use though, one of the main cellulosic products is represented by 34 
cotton, which is an abundant waste from textiles production and is basically almost pure 35 
cellulose, reaching up to 90% in weight. Cotton normally used in the textile industry is in the 36 
range recognized as medium length fibers, hence between 18 and 28 mm long. In contrast, 37 
shorter (cotton linter) and longer fibers are mostly considered as waste, therefore it can be 38 
considered suitable for the extraction of nanocellulose. In general terms, it proved effective 39 
for the purpose, whether colored or not, despite some differences in yield, in sulfonation 40 
efficiency and thermal stability [12]. More specifically, a study on the extraction of NCC from 41 



 

 

cotton linter originating from Brazil did demonstrate that controlling waste stream for 42 
extraction may result in a more uniform quality product: cotton linter is particularly adapted, 43 
in that it does not require pulping before extraction [13].  44 
 45 
The particular aim of this study is to extract and characterize the morphology of cotton waste 46 
used, which results from discarded materials obtained from the development of pure 47 
cellulose paper products at a dedicated technical school in Fabriano, Italy. The idea is to 48 
possibly use the nanocellulose resulting as a material for restoration of precious ancient 49 
paper artifacts. However, the present work concentrates on the feasibility of the method and 50 
on the morphology of nanocellulose obtained using two different alkalis, namely sodium 51 
bicarbonate and ammonia. 52 
 53 
2. MATERIAL AND METHODS  54 
 55 
2.1 Extraction 56 
 57 
Crystalline nanocellulose (NCC) has been extracted starting from a raw mixed waste 58 
material consisting approximately of 100 mL of 70% long bleached fiber from cotton mass 59 
and 30% short fiber from cotton linter with bulk density of 0.6 g/mL; this yielded 2.9 g of 60 
cellulose through hydrolysis with 110 ml of H2SO4 96 wt%, T = 45°C ÷ 50°C, mechanical 61 
stirring, t = 3h 45 min) followed by the addition of 600 ml of icy distilled water to stop the 62 
hydrolysis. After this, decantation for one night was performed, followed by cycles of 63 
centrifugation (7000 rpm, t = 30 min) and washing with distilled water until a neutral pH is 64 
achieved. The final stage was composed by dialysis and sonication. The total NCC solution 65 
(approximately 150 ml) obtained was characterized by dynamic light scattering (DLS).  66 
Two different alkalis, namely sodium bicarbonate and ammonia, were attempted to 67 
neutralize the solution, with attention to have the most repeatable and less dispersed fiber 68 
morphology. The neutralization was carried out with sodium bicarbonate according to the 69 
reaction: 70 
2NaHCO3 + H2SO4 ↔ Na2SO4 + 2H2CO3  71 
and using ammonia according to the reaction: 72 
2NH3 + H2SO4 ↔ (NH4)2SO4 73 
 74 
 75 
 76 
2.2 Dynamic Light Scattering (DLS) 77 
 78 
Different microscopy images have been acquired, at magnifications between x10 and x20, 79 
from an ML9000 Meiji polarized light optical microscope, performing subsequently Dynamic 80 
Light Scattering using a Malvern Zetasizer analyzer to obtain a size distribution of the fiber 81 
obtained. 82 
 83 
Dynamic Light Scattering (DLS) is a non-invasive technique for the measurement of the 84 
dimension of molecules, nanoparticles or colloids, at dimensions under the micron and in 85 
this specific case it has been used to measuring the hydrodynamic diameter following from 86 
diffusion measurements, according to the Stokes-Einstein equation [14]. To obtain different 87 
evaluations of the cellulose fibers sizes, for a sounder reliability of the test, three DLS 88 
measurements were carried out on a 1 ml solution. The second and the third measurements 89 
were performed after 5 and 10 minutes from the first one, respectively.  90 
 91 
Since the extraction yielded microcrystalline fibers, these underwent further to a 92 
centrifugation cycle at 7000 rpm, for 30 minutes, as reported above, in order to separate the 93 
dimensionally larger fraction from the supernatant, which constituted the nanometric fraction.  94 



 

 

 95 
3. RESULTS AND DISCUSSION 96 
 97 
After the process of sulfonation and subsequent neutralization, a microcellulose was 98 
obtained, whose characteristics are reported in Figure 1-2 (ammonia neutralization) and 99 
Figure 3-4 (sodium bicarbonate neutralization).In Figure 1 and 3 fiber distribution in a drop of 100 
solution is shown under polarized light. In the case of ammonia neutralized microcellulose 101 
fibers, a considerable part of the material extracted has similar optical properties, yielding a 102 
more uniform color over fiber surface. This indicates both that their surface is even, and that 103 
they are also mechanically more regular. Also the limited presence of detached parts from 104 
the fiber suggests the possibility of a more frequent cylindrical geometry for fibers in Figure 1 105 
than in Figure 3. Aspect ratios i.e., length/diameter of the fibers, appear to be the most 106 
various, although in general they are for both neutralization methods mostly above 10, 107 
therefore providing some prospective reinforcement effect for the introduction in a polymer 108 
matrix, such as e.g., poly(vinylalcohol) (PVA) [15]. 109 
  110 
In Figure 2 and 4 some isolated fibers are depicted under normal light. In this case, striations 111 
were in particular observed in the micrographs, which are an indication that orientation of the 112 
filaments occurred, producing material with fibrillar morphology. This would lead as a result 113 
to a higher effect of tensile reinforcement for the microfiber, provided filaments not tend to be 114 
at an angle or detach from the bulk of the fiber, a case which is termed as “fibrillation” and 115 
leads to more mechanical inconsistency [16]. Fibrillation appears more frequent with the 116 
sodium bicarbonate neutralized fibers in Figure 4. 117 
 118 
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Fig. 1. Optical polarized light micrograph of cellulose extracted using NH3 123 
neutralization, before centrifugation 124 

 125 

 126 
Fig. 2. Optical micrograph of cellulose extracted using NH3 neutralization, before 127 
centrifugation 128 
 129 
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Fig. 3 Optical polarized light micrograph of cellulose extracted using NaHCO3 132 
neutralization, before centrifugation 133 
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 136 
Fig. 4 Optical micrograph of cellulose extracted using NaHCO3 neutralization, before 137 
centrifugation 138 
 139 
The distribution of the fibers, as from DLS graph, did appear to present a number of peaks 140 
and also the three measurements on the same solution did not appear to be superposed, 141 
which suggests a scarce reliability of the measure, for neutralization with both alkalis (Figure 142 
5 for ammonia and 6 for sodium bicarbonate). This is considerably worsened in the case of 143 
neutralization with sodium bicarbonate, where the peaks revealed do not appear having any 144 
real correspondence in the three tests carried out.  145 
 146 
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 148 
Fig. 5. DLS distribution of cellulose extracted using NH3 neutralization, before 149 
centrifugation 150 
 151 
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 153 
Fig. 6 DLS distribution of cellulose extracted using NaHCO3 neutralization, before 154 
centrifugation 155 
 156 
As it is possible to notice in Figure 7, referred to ammonia-extracted fibers, the fibers 157 
obtained after centrifugation are of nanometric dimension and therefore not apparent in the 158 
optical microscope image at 20x magnification.  159 
 160 
After centrifugation, the evaluation carried out using DLS confirm the superiority of ammonia 161 
neutralization also in the case of NCC, since the dimensions appear more repeatable and 162 
less scattered with a statistical mode consistently in the region of 500 nm (Figure 8). In 163 
contrast, in the case of sodium bicarbonate neutralization, it has been observed that the 164 
above statistical mode is only clearly indicated in one of the three measurements, in the 165 
other cases the values are still quite dispersed and confused (Figure 9). 166 
 167 
 168 
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 171 
Fig. 7. Micrograph of cellulose extracted using NH3 neutralization. 172 
 173 
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 175 
Fig. 8. DLS distribution of cellulose extracted using NH3 neutralization, after 176 
centrifugation 177 
 178 
 179 
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 181 
Fig. 9 DLS distribution of cellulose extracted using NaHCO3 neutralization, after 182 
centrifugation 183 
 184 
4. CONCLUSION 185 
 186 
The extraction of cellulose nanocrystals (NCC) from cotton textile waste (70% long fibers 187 
and 30% cotton linter) through the action of sulfuric acid followed by solution neutralization 188 
with two different alkalis, namely ammonia and sodium bicarbonate proved effective in 189 
general terms. This yielded microcellulose (MCC) of good quality and uniformity, although in 190 
the latter case the fibers were thinner and of less regular shape than in the former one. A 191 
subsequent action of centrifugation led to obtaining NCC. Comparing the action of the two 192 
neutralizing alkalis, the materials obtained using ammonia can be considered superior. The 193 
evidence provided by optical/polarized light microscopy observation and dynamic light 194 
scattering (DLS) results suggested a higher geometrical regularity and fibrillary adhesion, 195 
together with a lower dimensional dispersion with respect to those yielded by applying a 196 
sodium bicarbonate neutralization. The result of this study, hence the superiority of ammonia 197 
for the neutralization process, is considered of interest to prepare the procedure of extraction 198 
for the introduction of NCC for the repair of historical paper artifacts. 199 
 200 
COMPETING INTERESTS 201 
 202 
Authors have declared that no competing interests exist. 203 
 204 
REFERENCES 205 
 206 
1. Wang Q, Zhu JY, Considine JM, Strong and optically transparent films prepared using 207 
cellulosic solid residue recovered from cellulose nanocrystals production waste stream, ACS 208 
Appl Mater Interfaces 2013, 5 (7): 2527-2534. 209 

2. Bondeson D, Mathew A, Oksman K, Optimization of the isolation of nanocrystals from 210 
microcrystalline cellulose by acid hydrolysis, Cellulose 2006, 13: 171. 211 

3. Lani NS, Ngadi N, Johari A, Jusoh M, Isolation, characterization, and application of 212 
nanocellulose from oil palm empty fruit bunch fiber as nanocomposites, J Nanomater 2014: 213 
13. 214 



 

 

4. Cherian BM, Leão AL, Ferreira de Souza S, Thomas S, Pothan LA, Kottaisamy M, 215 
Isolation of nanocellulose from pineapple leaf fibres by steam explosion, Carbohydr Polym 216 
2010, 81 (3): 720-725. 217 

5. Fortunati E, Puglia D, Monti M, Santulli C, Kenny JM, Extraction of cellulose nanocrystals 218 
from Phormium tenax fibres, J Polym Envir 2013, 21 (2): 319-328. 219 

6. Luzi F, Fortunati E, Puglia D, Lavorgna M, Santulli C, Kenny JM, Torre L, Optimized 220 
extraction of cellulose nanocrystals from pristine and carded hemp fibres, Ind Crops Prod 221 
2014, 56: 175–186. 222 

7. Fortunati E, Puglia D, Monti M, Santulli C, Maniruzzaman M, Kenny JM, Cellulose 223 
nanocrystals extracted from okra fibres in PVA nanocomposites, J Appl Polym Sci 2013, 128 224 
(5): 3220–3230. 225 

8. Coelho de Carvalho Benini KC, Cornelis Voorwald HJ, Hilário Cioffi MO, Milanese AC, 226 
Ornaghi Jr. HL, Characterization of a New Lignocellulosic Fiber from Brazil: Imperata 227 
brasiliensis (Brazilian Satintail) as an Alternative Source for Nanocellulose Extraction, 228 
Journal of Natural Fibers 2017, 14 (1): 112-125. 229 

9. Mariño M, Lopes da Silva L, Durán N, Tasic L, Enhanced Materials from Nature: 230 
Nanocellulose from Citrus Waste, Molecules 2015, 20(4): 5908-5923. 231 

10. Szlapak Franco T, Potulski DC, Viana LC, Forville E, de Andrade AS,Bolzónde Muniza 232 
GI, Nanocellulose obtained from residues of peach palm extraction (Bactris gasipaes), 233 
Carbohydrate Polymers 2019, 218, 8-19.  234 

11. Fortunati E, Luzi F, Puglia D, Terenzi A, Vercellino M, Visai L, Santulli C, Torre L, Kenny 235 
JM, Ternary PVA nanocomposites containing cellulose nanocrystals from different sources 236 
and silver particles: Part II, Carbohydr Polym 2013, 97 (2): 837–848. 237 

12. de Morais Teixeira E, Corrêa AC, Manzoli A, de Lima Leite F, Ribeiro de Oliveira C, 238 
Capparelli Mattoso LH, Cellulose nanofibers from white and naturally colored cotton fibers, 239 
Cellulose 2010, 17 (3): 595–606. 240 

13. Saraiva Morais JP, Morsyleide de Freitas R,  Moreira de Souza Filho M, Dias 241 
Nascimento L, Magalhães do Nascimento D, Ribeiro Cassales A, Extraction and 242 
characterization of nanocellulose structures from raw cotton linter, Carbohydr Polym 2013; 243 
91 (1):229-35. 244 

14. Pecora R, Dynamic Light Scattering Measurement of Nanometer Particles in Liquids, 245 
Journal of Nanoparticle Research 2000, 2 (2), 123–131. 246 

15. Lee SY, Jagan Mohan D,  Kang IA, Doh GH; Lee S, Ok Han S, Nanocellulose reinforced 247 
PVA composite films: Effects of acid treatment and filler loading, Fibr and Polym 2009; 10 248 
(1): 77–82. 249 

16. Haapala A Laitinen O, Karinkanta P, Liimatainen H, Niinimaki J, Optical characterisation 250 
of size, shape and fibrillarity from microfibrillar and microcrystalline cellulose, and fine 251 
ground wood powder fractions, Appita Technology, Innovation, Manufacturing, Environment, 252 
2013; 66 (4): 331-339. 253 


