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Equilibrium constants of cellulose nitration by nitric acid 
under quasi-homogeneous conditions 
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The equilibrium of nitration of cellulose was studied at 13.1 and 20 ~ in aqueous 
solutions of  HNO 3 (77.3--80.5 wt.%) forming quasi-homogeneous solutions with cellulose. 
At 20 ~ under quasi-homogeneous conditions, the rates of  cellulose nitration are compa-  
rable to those of  homogeneous nitration of alcohols. The effective nitration constants differ 
substantially for heterogeneous and homogeneous reactions. Using IR spectra, the part ial  
conversions in the nitration to the 2, 3 and 6 positions of  the glucopyranose cycle a n d  the 
effective equilibrium constants of formation of different isomeric nitrates were estimated. 
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The  equi l ib r ium of  the  reac t ion  o f  cel lulose (1) 
n i t r a t ion  by aqueous  so lu t ions  of  H N O  3 has been  s tud-  
ied in detail ,  t -3  bu t  the  equ i l ib r ium cons tan t s  o f  reac-  
t ions  of  f o r m a t i o n  o f  d i f ferent  i someric  ni t ra tes  have 
been  d e t e r m i n e d  on ly  in 1980- -1990  J,4 using J3C N M R  
s p e c t r o s c o p y .  At  c o n c e n t r a t i o n s  o f  H N O  3 b e l o w  
~75 wt.% and  above - 8 2  wt .%,  the  n i t ra t ion  o f  cel lulose 
is he te rogeneous ,  j w h i c h  can  be due  to a specific inf lu-  
ence  o f  the  solid phase.  There fo re ,  it was of  in teres t  to 
s tudy the  regulari t ies  of  n i t r a t ion  of  cel lulose by nitr ic 
acid u n d e r  h o m o g e n e o u s  or  close to hom ogene i t y  (gel- 
like) condi t ions .  The  purpose  of  this  work is to es t imate  
the  du ra t ion  of  n i t r a t ion  o f  a par t  of  cel lulose soluble in 
H N O  3, to  analyze  the  effect  o f  he te rogene i ty  o f  the  
sys tem on the  equ i l ib r ium cons tan t s ,  and  to s tudy t h e m  
in the  region o f  f o r m a t i o n  of  a q u a s i - h o m o g e n e o u s  
so lu t ion ,  using more  accessible  and  widely a b u n d a n t  IR 
spec t roscopy  for the  e s t ima t ion  of  equi l ib r ium cons tan ts  
of  the  cel lulose n i t ra t ion .  

E x p e r i m e n t a l  

Solutions of nitric acid with different concentrations were 
prepared by dilution of a stock 88.48% solution of HNO 3, and 
their concentrations were calculated from the weight of the 
stock solution and distilled water added. The stock solution 
was prepared by dilution of the concentrated acid distilled 
from fuming HNO 3 at a reduced pressure. Cotton cellulose 
with an ash content of  0.07% containing 98.4% a-cellulose 
was used. 

To study the equilibrium of nitration at 13.1 ~ samples of 
nitrocellulose (2) were prepared in several stages: first, at room 
temperature cellulose was mixed with a solution of HNO3 in a 
weight ratio of 1:(40_+0.01). The mixture was thoroughly 
homogenized and filtered through an acid-resisting filter. The 

gel-like transparent mass obtained was placed in a vessel, 
which was thermostatted at 13.1 ~ a n d  had on the bottom 
several thick-walled capillaries with an inner diameter of 
~1 mm closed with a ground plate. A vessel with a solution of 
nitrocellulose was hermetically mounted  above another vessel 
thermostat'ted at the same temperature,  provided with a mag- 
netic stirrer, and containing a ~30-fold (relative to a solution 
of  nitrocellulose) amount  of  10% acet ic  acid. After 
thermostatting for 30 rain, the vessel with  aqueous acetic acid 
was evacuated, and a solution of  nitrocellulose was added 
through capillaries with stirring to a vessel designed for wash- 
ing nitrocellulose from HNO 3. Almost immediately after acetic 
acid was added to the aqueous solution of  acetic acid, nitrocel- 
lulose precipitated, and several minutes  after the precipitate 
was filtered off through a ceramic filter and washed with a 
large amount of water followed by keeping in water, which was 
changed from time to time, for several weeks. Washing out of 
HNO 3 was monitored by a litmus probe. As established previ- 
ously s from the rate of thermal decomposit ion,  this regime 
provides complete removal of HNO 3 from nitrocellulose. To 
stop the nitration reaction, diluted acet ic  acid was also used 
instead of water. Preliminary experiments showed that in this 
case, the content of nitrogen in the nitrocellulose obtained was 
higher by several tenths of a percent. U n d e r  these conditions, 
HNO3 is faster displaced and, correspondingly, nitrocellulose 
is denitrated to a lower degree. A solution was admitted 
through capillaries, which provided a more  reliable preparation 
of nitrocellulose corresponding to the equilibrium of nitration. 
According to the data on acid hydrolysis of trinitroglycerol by 
nitric acid, 6 it can be estimated that t h e  degree of denitration 
of nitrocellulose at 13 ~ during the t ime  of isolation from the 
reaction mixture can be ~0.001% (calcttlated per starting nitro- 
gen). and for washing from HNO 3 wi th  water due to neutral 
hydrolysis, it is <0.05% (based on the starting nitrogen). 

The duration of nitration in the region of dissolution of 
nitrocellulose was studied on the sam~ installation, but at first 
a solution of HNO 3 was thermostatted at 20 "C, then cellulose 
was added, and the mixture was manually stirred thoroughly to 
homogeneity. Duration of nitration was characterized by the 
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nitrogen content in nitrocellulose achieved for different times 
of nitration. In these experiments, the solution was not ill- 
tered, and distilled water was used to stop the nitration 
reaction. 

The content of nitrogen in nitrocellulose 2 was determined 
from the heat of combustion in an oxygen atmosphere 7,! and 
calculated based on the weight of a fully dried sample. 

The degree of substitution of OH groups at C(2), C(3), and 
C(6) atoms of the glucopyranose cycle by NO 3 groups was 
determined from the total conversion and the ratio of absorp- 
tion intensities at 1298, 1267, and 1282 em -I characterizing 
the corresponding positions of NO 3 groups in model com- 
pounds. 9 IR spectra were recorded on a Specord-75 IR 
spectrophotometer. 

Results  and Discussion 

Preliminary exper iments  showed that at 20 ~ the 
cellulose used passes into a gel-l ike state (with the 
visually observed disappearance of  the cellulose phase) 
in the range of  H N O  3 concentrat ions from 78 to 83%. 
Therefore ,  all further experiments were carried out with 
solutions of  H N O  3, whose concentrat ion was in the 
range indicated. 

The  data in Table 1 show that for quas i -homoge-  
neous nitration the equil ibrium of  nitration is achieved 
already within several minutes,  perhaps during the t ime 
of  mixing of  cel lulose with a solution of  HNO3,  which is 
indicated by the unchanged (within the measurement  
accuracy equal to +0.07%) nitrogen content  in nitrocel-  

Table !. Nitrogen content in nitrocellulose 2 at 
different times and moduli (13 = mHNo3/rnl) of 
nitration of cellulose by aqueous solutions of HNO 3 
(20 ~ 

t/min IN] in 2 (wt.%) 

[HNO3] =81.31%, {HNO3I= 81.96%, 

13=50 13= 150 

5 8.36 8.51 
15 8.22 -- 
45 8.26 -- 
60 -- 8.41 
90 8.32 -- 
120 8.40 8.53 
180 8.25 -- 
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Fig. 1. Dependences of the nitrogen content in nitrocellulose 
on the concentration of HNO 3 used for nitration: 1, data in 
Ref. 1, 20 ~ 2, data in Ref. 4, 20 ~ 3, this work, 13.1 ~ 
and 4, this work, 20 ~ 

lulose in time. (In Table 1 and hereinafter ,  the concen-  
tration of  H N O  3 is presented taking into account  its 
consumpt ion  in nitrat ion and di lut ion with water con-  
tained in the starting cellulose.)  The  rate constant  of  
nitration of  secondary hydroxyl groups is most  likely not 
more than 10 t imes t~ lower than that o f  primary groups 
(the maximum estimation).  Using the value of  the rate 
constant  of  nitration of  M e O H  in 82% H N O  3 at 20 ~ 
(0.15 s-I )  1~ and assuming that the nitration o f  cellulose 
obeys the first-order kinetic law, we can est imate that 
under homogeneous  condit ions,  the nitration of  cellu- 
lose occurs by 99% during less than 5 min,  which was 
observed in our  experiments .  

The  data on the ni t rogen conten t  in nitrocellulose 
samples obtained by the ni trat ion o f  cellulose at 13.1 ~ 
by solutions of  H N O  3 with different concentrat ions,  the 
total depth of  nitration (q),  and the depths of  nitration 
at positions 2, 3, and 6 o f  the glucopyranose cycle (r12, 
q3, and 116, respectively) are presented in Table 2. The 
average values of  three or four measurements  o f  the 
nitrogen content  are presented.  The  ratios of  partial 
pressures o f  H N O  3 and H 2 0  above solutions of  the acid 
(pHr~o~/PH2o) were calculated from the nomograms.  ~l 

Table 2. Parameters of nitrocellulose 2 obtained under conditions of quasi-homogeneous nitration 
of cellulose at 13.1 ~ 

[HNO~I IN] in 2 11 r12 q3 q6 PHNOffPH20 It 

(wt.%) 

77.32 8.40 0.4442 0.3465 0.2865 0.6996 2.346 
78.67 8.90 0.4808 0.3750 0.3043 0.7630 2.97 
79.05 9.06 0.4928 0.371 I 0.3238 0.7836 3.175 
79.68 9.13 0.4988 0.3771 0.3472 0.7722 3.55 
80.50 9.27 0.5094 0.3836 0.3622 0,7824 4.12 
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The dependences of the nitrogen content in the 
nitrocellulose samples nitrated under equilibrium on the 
concentration of HNO3 at 20~ (Fig. 1), which were 
obtained by different authors, 1,4 agree satisfactorily with 
the results of this work. However, for the nitration at 
13.1 ~ the nitrogen content in the nitrocellulose samples 
is higher by 1.2--1.5% (see Fig. 1). This can be related 
not only to the close approach to equilibrium of nitra- 
tion in the nitrocellulose samples obtained by the method 
described above but also to the substantial temperature 
dependence of the position of equilibrium of cellulose 
nitration under quasi-homogeneous conditions. 

The formation of all possible nitrates for the elemen- 
tary unit of cellulose 1 (2-, 3-, and 6-mononitrates (2-3, 
3-3, and 6-3, respectively); 2,3-, 2,6-, and 3,6-dinitrates 
(2 ,3 -4 ,  2,6-4, and 3,6-4, respectively), and cellulose 
trinitrate (5)) can be represented by seven independent 
equations: 

1 + HNO:~ = 6-ONO2-1 + H20 , (1) 

6 -3  

K 1 = (cLr.3/~I)(aH20/aHN03); 

1 + HNO 3 = 2-ONO2-1 + H20 , 

2-3 

K 2 = ((I2_3/Otl)(aH20/OHNO3); 

(2) 

1 + HNO 3 = 3-ONO2-1 + H20 , 

3 - 3  

K 3 = (~x3_3/cq)(aH20/aHN03); 

(3) 

6-ONO2-1 + HNO 3 = 2,6-(ONO2)2-1 + H20, 

6-3  2 ,6 -4  

K 4 = (c~2,6_4/cLr_3)(aH20/aHN03); 

(4) 

6-ONO2-1 + HNO 3 = 3,6-(ONO2)2-1 + H20, 

6-3  3 ,6 -4  

K 5 = (a3.6.4/cLr.3)(aH20/aHNO]); 

(5) 

2-ONO2-1 + HNO 3 = 2,3-(ONO2)2-1 + H20, 
2-3  2 ,3 -4  

K 6 = (et2,3.4/c~2_3)(aH20/aHN03); 

(6) 

3,6-(ONO2)2-1 + HNO 3 = 2,3,6-(ONO2)3-1 + H20, (7) 
3,6 -4  5 

I( 7 = ( cL5/cJ 3.6_4)( aH20/ aHN03). 

Here a is the activity, and ct is the fraction of the total 
number of units of equilibrium isomeric nitrates. Equa- 
tions (I)--(7)  assume that the ratios of activity coeffi- 
cients of equilibrium isomeric nitrates are independent 
of the acidity of the medium, which evidently can be 
performed in a narrow range of HNO 3 concentrations. 
Based on the equations of material balance for partial 
depths of substitutions q2, q3, and rl6 

1"12 = Ct2_ 3 + ct2,6_ 4 + ct2,3_ 4 + Gt5, (8) 

r13 = ct3. 3 + ot3,6.. 4 + r 4 + a.5, (9) 

q6 = ct6-3 + ~2,6-4 + ct3,6-4 + aS, (10) 

the expressions for the fraction of nonprotonated units 
of cellulose 

r I = t - o.2. 3 - 0.3_ 3 -  ot6..3 - 
- c~2.3-4 - ct2,6-4 - ct3,6_4 - ct 5, (11) 

using Eqs. (1)--(7) and taking into account that 

3rl = rl 2 + q3 + qr, (12) 

we can obtain the following expressions: 

rl = a(Ks + 2aK9 + 3a2Klo)/[3(l + aKs + a2K9 + a3Kt0)], (13) 

q; = aaI[K2 + a(KIK4 + l(2Kr) + a2Ki01, (14) 

'13 = a~t[K3 + a(KIKs + K2K6) + a2Ki0l, (IS) 

~6 = aal[Ki § a(KiK4 + KIKs) + a2Kt0l, (t6) 

where a = a .No3/aH20;  K8 = /fi + X'2 + K3; g9 = K~X'4 
+ KIK5 + K2Kr; Klo = KIKsKT; ct! ---- l + aKs + a2K9 + 
a3 Klo. 

Thus, under the assumptions presented above, the 
dependence of 11 on the ratio of activities of molecular 
forms of HNO 3 and H20 (PHNo3,/PH20) is described by 
the three-parameter expression (13), from which Ks, Kg, 
and K~0 values can be estimated by the  known optimiza- 
tion methods. Based on these values and experimental 
data for r12 and 113 , using Eqs. (17) and (18) obtained 
from Eqs. (14) and (15): 

r l J (a '= l )  - a2Kto = 1(2 + a(KIK4 + K2Kr), (17) 

q3/(a 'ai)  - a2Kto = [(3 + a(KIK5 -{- K2Kr), (18) 

we can calculate the 1(2, K s ( K I K  4 + K2Kr) ' and ( K I K  5 + 
K2Kr) values by the least-squares method and then, 
using Ks, /(9, and Kto, the Ki, K 4 - - K  7 values can be 
calculated. 

Another variant of calculation o f  the K I - - K  7 param- 
eters is related to the optimization of dependences (19) 
and (20) relative to eight parameters: 

"q2 - -  3(I + aKit + a2Ki2 ) 

q I + Kt3 + 2aKll + 2aKl4 +- 3a2Ki2 
09) 

rl 3 = 3(I + aK~5 + a2Ki6 ) 

q I + K]7 + 2aKis + 2aKi8 ~- 3a2Ki6 
(20) 
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where Kll = (KtK 4 + K2Kr)/K2; Kt5 = (KIK 5 + K2K~s)/K3; 
K), = K~dK~,; K~, = K~dK3; Kt3 = (K~ + K3)/K:,; 
KI7 = (K I + K2)/K3; I(14 = KIKffK2; KIS = KIK4/K 3. 

Based on the Kl l - -Kl8  values used, the Kz/KI,  
K ~ K I ,  KIo]KI, KIK~/(K2Kr), and KIKff(K21Q, ) ratios 
can be calculated. Then using the equation 

3~/[a(l - 3rl)Ki9 + 3a3(1 - q)Ki0/Ktl = 

= Kl + a (2 -  3rl)K~o/[a(l - 3q)Klg + 3a3(1-rl)Kio,/Ki], (21) 

where Ki9 = 1 + K2/K I + K3/K I and K20 = 1(21(611 + 
KIK, t/(K2Kr) + KtKs/(K2Kr)],  the K I and K~ values and 
then K.~--K7 can be calculated by the least-squares 
method. Expression (21) was obtained by the transfor- 
mation of  Eq. (13). 

The search for only positive values of  K8,/(9, and/ ( to  
of  Eq. (13) by the first variant and KII--KI8 by the 
second variant of  the calculation was performed in the 
region of  positive values by the Nelder - -Mid  12 simplex 
method with explicit restrictions. In the first case, the 
mean-average relative deviation of experimental n val- 
ues from calculated values was the minimized function, 
and in the second case, the function was minimized as 
the sum of mean-average relative deviations of experi- 
mental rl, rl2, and 113 values from those calculated from 
Eqs. (13), (19), and (20). In both variants of  optimiza- 
tion, the stability of the position of  the found minimum 
of the function was checked by changing the increment 
from 0.2 to 2.5 and variation of the initial values of 
parameters. In the calculations, the aHNO3/aHxO values 
were taken as equal to the ratio of  partial pressures of 
HNO 3 and H20 above the neat aqueous solutions of  the 
acid (see Table 2). The values of equilibrium constants 
of nitration estimated by both methods are presented 
below. 

Ki Variant K i Variant 
first second first second 

1~ 1.470 1.040 ~7 0.3450 0.383 
0.824 0.583 0.0164 0.041 

/~4 0.186 0.031 0.0021 0.0002 
0.265 0.275 

Dependences (17) and (18) obtained with the values 
of/(8, Kg, and Kt0 parameters found by the optimization 
using the first variant are presented in the corresponding 
coordinates in Fig. 2. As can be seen from the results 
obtained, both variants of optimization give close values 
of  equilibrium constants K l and K2, K4 and Ks, but 
the reliability of  estimations of K3, Kr, and K 7 is 
much worse, which is related to a considerably lower 
content of the corresponding nitrates in the equilibrium 
mixture. 

The q, q2, q3, and % values calculated from Eqs. 
(13)--(16) using the values of equilibrium constants of 
nitration Kt--K.; obtained by both optimization variants 
agree within 3% with the experimental data. 

The Ks, Ko, and Ki0 values estimated from depen- 
dence (13) by the Origin Microsoft Word standard opti- 
mization methods using our experimental results and the 
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Fig. 2. Dependences using /(8, /(9, and KI0 for determination 
of values of equilibrium constants of nitration in coordinates of 
Eqs. (17) and (18) (a t = I + aK 8 + a2K9 + a3Kl0): 1, q2; 2, r13. 

published data of  other authors 4 at 20 ~ were 8.87, 
2.58, and 0.205 in the heterogeneous region and 5.06, 
0.65, and 0.095 in the region of quasi-homogeneous 
nitration of  cellulose. The equilibrium constants Ks, Kg, 
and Kt0 calculated from the literature data 4 and esti- 
mated by the optimization methods in the region of 
heterogeneous nitration agree with each other, but de- 
scribe unsatisfactorily the experimental data in the re- 
gion of homogeneous nitration. The substantial differ- 
ences between the values of  equilibrium constants of 
cellulose nitration observed under heterogeneous and 
homogeneous conditions can be due to different rea- 
sons, for example, the influence of  the solid phase on 
the effective rate constant. It can be estimated from the 
data obtained that in a solution at 13.l ~ the equilib- 
rium constant of formation of cellulose 6-mononitrate is 
higher than those of 2- and 3-mononitrates by 1.8 and 
8--30 times, respectively, and the equilibrium constant 
of formation of cellulose 6,3-dinitrates is higher than 
the corresponding constants for 6,2- and 2,3-dinitrates 
by 1.3 and 9--20 times, respectively (see above). No 2- 
and 3-mononitrates and 2,3-dinitrate were observed by 
the high-resolution 13C N M R  spectroscopic study of the 
equilibrium of cellulose nitration ~,4 performed mainly 
trader heterogeneous conditions. The specificity of the 
steric structure of  the glucopyranose cycle of cellulose 
most likely hinders substantially the formation of these 
isomers. At the same time, the increase in the equilib- 
rium constants Ks, /(9, and /(to observed in the solid 
phase indicates facilitation of the formation of other 
nitrate isomers. 
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The specific behavior of cellulose in the nitration 
reaction follows from the comparison: for the homoge- 
neous nitration ofglycerol by aqueous solutions of HNO3 
(17~ studied t3 by the tH NMR spectra, the ratio of 
equilibrium constants of nitration of the primary to 
secondary OH groups is 2.5. The very low rates of 
attainment of thermodynamically equilibrium concen- 
trations of H20 and HNO 3 between the solution and 
solid phase during heterogeneous nitration can be an- 
other reason for the differences between the yalues of 
equilibrium constants. Because of the difference be- 
tween the rates of diffusion of water and HNOj to 
cellulose t4 due to the lower chemical affinity of water to 
nitrocellulose, a relative increase in the concentration of 
HNO3 appears in the solid phase and, as a consequence, 
higher values of effective equilibrium constants are ob- 
served. Exposure of cellulose to the nitrating mixture for 
a long time, necessary for establishment of thermody- 
namic equilibrium between the solution and solid phase, 
is combined with the competing oxidation reaction, 
resulting in a decrease in the degree of esterification of 
cellulose. Thus, the equilibrium constants of nitration by 
aqueous solutions of HNO 3 are sensitive to the phase 
state of cellulose. When equilibria of nitration of cellu- 
lose are studied in other nitrating systems, for example, 
in sulfuric-nitric mixtures, this effect or" the phase state 
can also appear and should be taken into account. 
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