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of the NC sample can be obtained. The mean square deviation δ of the NC sample 
was calculated by the method of statistics for standard deviation.

3 Results and Discussion

3.1 Application of the test system
The nitrogen content of various types of standard NC samples and their 
homogeneity of nitration were tested by BIT-II PMTS. The standard curve 
for the NC nitrogen content versus optical path difference is shown in Figure 3. 

Figure 3. Typical standard curve for the test system 

The results for several typical NC samples, including their fibre polarizing 
colour diagrams, nitrogen contents and the contrast diagrams for uniformity 
of nitration, are shown in Figure 4. As shown, different NC samples demonstrated 
different polarizing colours, which further correspond to different nitrogen 
contents and uniformity of nitration. Therefore, a facile method was established, 
and the advantages of this system may be summarized as follows: (i) compared 
with results from the interferometer method, the accuracy of this method 
is higher, and the absolute error for nitrogen content is less than 0.05% (Table 1); 
(ii) the nitrogen content and the uniformity of nitration of an NC sample may 
be obtained simultaneously; (iii) parameters such as viscosity, molecular weight, 
nitrogen content, ambient temperature and ambient humidity have no effect 
on the test results; (iv) the amount of samples used is very small (a few 
micrograms), and the process is nondestructive; (v) the system has a short test 
time, within 20 min.
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Figure 4. Comparison of polarizing colour, nitrogen content and uniformity 

of nitration for various NC samples 

3.2	 Effects	of	mixed	acid	composition
Refined cotton with a maturity of 71.2% was selected as the raw material. 
NC samples with different nitrogen contents were obtained by changing the ratio 
of nitric acid/sulfuric acid/water in the mixed acid. The traditional interferometer 
method and the BIT-II PMTS method were used for the same samples. 
Table 1 shows the differences in nitrogen content and uniformity of nitration 
versus mixed acid composition.

As shown, using different nitration systems, NC with five levels of nitrogen, 
10.9 ±0.05%, 11.5 ±0.05%, 11.8 ±0.05%, 12.6 ±0.05% and 13.5 ±0.05% 
were obtained; their corresponding uniformity of nitration was significantly 
different, the mean square deviations δ were 3.17, 1.61, 1.15, 1.76 and 2.83, 
respectively. From the data we can see that the NC samples with different 
nitrogen contents showed different uniformity of nitration. When the nitrogen 
content of the product was reduced from 13.5% to 11.8%, the mean square 
deviation of the product was gradually reduced. However, when the nitrogen 
content was below 11.8%, the mean square deviation increased with the decrease 
in nitrogen content, and the uniformity of nitration decreased. When the nitrogen 
content was 11.8%, the NC showed the best uniformity of nitration, and the mean 
square deviation was only 1.15.
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Table 1. Nitrogen content and uniformity of nitration of NC samples 
from different H2SO4-HNO3-H2O nitration systems 

Serial 
number

Nitration system Nitrogen content [%] Mean 
square 

deviation
δ

Nitric 
acid 
[%]

Sulfuric 
acid 
[%]

Water 
[%]

Traditional 
method a

Polarizing 
method

Test
deviation

1
24.0 66.0 10.0

13.4834 13.4732 −0.0102 2.80
2 13.4534 13.4577 +0.00437 2.77
3 13.4709 13.4486 −0.0223 2.93

Ave. 13.4692 13.4598 −0.0094 2.83
4

24.0 60.2 15.8
12.5563 12.5393 −0.0170 1.70

5 12.5188 12.5450 +0.0262 1.73
6 12.6188 12.6234 +0.0046 1.85

Ave. 12.5646 12.5692 +0.0046 1.76
7

24.0 59.2 16.8
11.8563 11.8310 −0.0253 1.09

8 11.8313 11.8208 −0.0105 1.15
9 11.8413 11.8202 −0.0211 1.20

Ave. 11.8430 11.8240 −0.0190 1.15
10

18.8 65.6 15.6
11.4605 11.4512 −0.0093 1.58

11 11.4722 11.4752 +0.0030 1.61
12 11.4677 11.4589 −0.0088 1.63

Ave. 11.4668 11.4618 −0.005 1.61
13

16.7 62.5 20.8
10.9470 10.9510 +0.004 3.23

14 10.9290 10.9423 +0.0133 2.93
15 10.9556 10.9420 −0.0136 3.36

Ave. 10.9439 10.9451 +0.0012 3.17
a Traditional method: The nitrogen content of the NC samples was calibrated and determined 
by interferometer and the ferrous sulphate titration method, i.e. the result tested by CPEMS 
(Chinese Professional Explosive Metrology Station)

From the morphological analysis we can see that the structure of the raw 
cellulose is a multi-sequence structure. Obvious cross folding and fibre bundles 
can be observed, thus it is difficult to achieve the same degree of nitration at each 
physical point. Normally, most cellulose fibres can react quickly with the nitrating 
acid in the available area within 5 ~ 10 min. An extension of the nitration time 
under the stirring conditions can promote the acid entering the unreacted areas 
of the fibres, but within a limited reaction period, the degree of nitration and its 
uniformity depend mainly on the permeability of the nitrating acid, the degree 
of exposure, and the swelling of the cellulose fibre bundles. In the mixed 
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acid, an increase in the amount of nitric acid and a decrease in the proportion 
of water can produce two effects: firstly, the surface tension of the mixed acid 
is reduced, the diffusion capacity of the mixed acid is increased and the contact 
area between the mixed acid and the fibres is enlarged; secondly, as a moistening 
agent, an increase in water content can increase the moisture content of the fibre 
(expanding the diameter of the fibre). The production of NC with a nitrogen 
content of less than 11.8% is usually dominated by these two factors. However, 
when NC has a nitrogen content above 11.8%, the surface of the fibres would 
be dissolved. The thin film layer formed by dissolution hinders the further 
diffusion of HNO3 into the fibre, which weakens the effect of the increase 
in surface tension. In addition, the swelling of cellulose also decreases under 
this condition, thus decreasing the uniformity of nitration.

3.3	 Effect	of	maturity	of	refined	cotton
On a global scale, the cellulose raw materials of NC are mainly wood pulp and 
cotton cellulose. As a fast-growing plant, the growth cycle of cotton is about 
6 months, and there is a certain difference in the maturity of the fibre bundles 
due to differences in the producing area, planting mode, sunshine, picking time 
and different processing methods. Based on this, samples of refined cotton 
with different maturities (73.2%, 71.2%, 68.7%, 64.9% and 59.6%) were selected 
for nitration. The nitrating mixing acid ratio was nitric acid/sulphuric acid/
H2O = 24.0/60.2/15.8. 

Figure 5 shows the nitrogen content and uniformity of nitration of NC 
for a variety of refined cottons with different maturities. As shown, the NC 
samples prepared from different maturities of refined cotton under the same 
nitration process exhibited different uniformity of nitration. The nitrogen contents 
of these NC samples were 12.58%, 12.57%, 12.56%, 12.57% and 12.55%, and 
the corresponding variances in uniformity of nitration (mean square deviations 
δ) of these samples were 3.17, 1.61, 1.15, 1.76 and 2.83, respectively. That is, 
the nitrogen contents of the NC products obtained from refined cotton with 
different maturities were similar, but a significant difference was observed 
in the uniformity of nitration. The uniformity of nitration increased with 
increased maturity.
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Figure 5. The nitrogen content and uniformity of nitration of NC from a variety 
of refined cottons with different maturities 

Compared to mature cotton fibres, the contents of pentose, protein, fat, wax, 
water-soluble substances and ash in immature cotton fibres is higher (see the SEM 
diagrams in Figure 5). Meanwhile, the content of the primary wall in immature 
cotton fibres is higher.  Thus, the ability to react for immature cotton fibres 
is poor. When the maturity of a refined cotton reached 73.2%, the uniformity 
of nitration index (δ) was reduced to 1.69, which can be considered as a product 
with superior uniformity.

4 Conclusions 

Based on the polarization changes of cellulose before and after nitration, a test 
system with improved accuracy and operability for the determination of nitrogen 
content and uniformity of nitration of NC has been established. The test results 
for NC samples prepared by different nitric-sulfuric acid systems from raw materials 
with diverse maturities demonstrated that the uniformity of nitration of samples 
with high nitrogen content (above 13%) and low nitrogen content (below 11.5%) 
was relatively poor, while the medium nitrogen NC products had good uniformity. 
The maturity of refined cotton has little effect on the nitrogen content of the NC 
produced, but has an obvious effect on the uniformity of nitration. Cotton fibres 
with high maturity are beneficial to permeation of the nitrating agent and 
for the preparation of an NC product with good uniformity. 
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