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ABSTRACT

Equations for transforming the results of elemeatalysis (EA) into degree
of substitution (DS) values for aliphatic cellulassters were developed. The equations
allow to determine the DS of cellulose derivatiyeEsring not only one but also two
different acyl substituents. Error transmissiordsta revealed that the accuracy of the
DS-values for a pure sample depends on both thebeumf carbon atoms in the
substituents and on the uncertainty of the EA, @saflg from the hydrogen content.
This method provides accurate DS-values (x 0.10mast cases) if H-content

determinations are within + 0.1%.

INTRODUCTION

Heterosubstituted (mixed) cellulose esters areanfiqular interest in several
fields. The combination of two or more types of lagyoups grafted to the same
cellulose backbone confers additional propertiempmared to the homosubstituted
cellulose esters. For instance, cellulose acetaepolymers that require a plasticizer
for processing by thermal molding, whereas cellellasetate-propionate and cellulose
acetate-butyrate are thermoplastic materials byms#edves. It has also been
demonstrated that the mixed cellulose esters atintpiacetyl and fatty acyl groups
show better mechanical properties than the singity tellulose esters (Vaca-Gareia
al., 1998) and maintain similar hydrophobic propertiédl of these characteristics
depend not only on the nature of the substitudnisalso on their individual degree of
substitution (DS).

The DS of cellulose mixed esters is usually deteeaieither by integration of



the proton signals in ®-NMR spectrum (Lowman, 1998; Bucharetral, 1987) or by
the aminolysis of the ester groups with pyrrolidislowed by a chromatographic
separation of the fragments (Mansson and Samueld88]1). However, these
techniques present certain limitations. On the baed, the NMR method requires a
complete solubilization of the sample in a deuestagolvent; therefore, most cellulose
esters with low DS cannot be analyzed by this tegl On the other hand, the
pyrrolidinolysis method (and other hydrolytic teajures) may not be quantitative when
analyzing long-chain or highly substituted cell@assters due to steric hindrance. Not
to mention that the unavailability of appropriatarglards (1-acylpyrrolidines) is not a
negligible difficulty. A comparison study betweemetNMR and the pyrrolidinolysis
methods was recently carried out by Samaranayaké&asser (1993).

Distinct from these methods, the elemental anasfs is worth considering
for the DS determination of cellulose esters andvdgves because of its simplicity.
The reactions involved are quantitative and pratitiandependent of the physical and
chemical characteristics of the sample. This apgrdeas been used by Otto (1994) to
calculate the DS of amylose esters and other dex@gsmfrom their carbon content. The
equations developed by Otto can certainly be agplie the analysis of the
corresponding cellulose derivatives since both gadgharides possess the same
molecular formula. In their simplest form, Otto'guations allow to know the DS of
homosubstituted derivatives. In their more gen&ah, they can calculate the DS of
one particular substituent in a heterosubstitutedvdtive as long as all the other
substituents are already perfectly quantified (catger infrequent).

To our knowledge, EA has never been applied totlezall DS-determination

of heterosubstituted cellulose (or amylose) estéos other derivatives). No



methodology or equations are available to correfaittiple DS-values with the carbon,
hydrogen and oxygen contents of the polysacchatiative. It was the objective of
the present study to develop such equations aridvistigate the reliability of the
obtained DS-values by calculating the transmissibnerror from EA analysis to

DS-evaluation.

METHODS

Deduction of the equations

Let us consider a cellulose ester (Scheme 1) nagutiom the acylation with

different saturated carboxylic acids. Its molectitamula is thus represented by:
Ce+z DS [ H10+z 20S (ny —1)O5+z DS

whereDS is the degree of substitution of tH&acyl substituent containing carbon

atoms.

Such molecular formula represents the averageteromnal anhydroglucose
units of the cellulose ester. Terminal units afgiteary neglected. The error caused by
this consideration is less than 1% when the degirpelymerization (DP) is higher than
11. For DP-values as high as 120, which are redd®nalues for standard cellulose
derivatives, error is reduced to less than 0.1%.

From the molecular formula, we can establish equatifor the carbon,
hydrogen and oxygen contents, H, O), expressed as a fraction, as a functio §f

andn;.



12011((6+> DS [n)

C= 120116+ Y. DS [h; ) +1.008{10+ Y. 2[DS (n, —1)) +15.999(5+ 3. DS)) i}
_ 1.008[(10+ Y 2[DS [(n, -1))
H = {2}
12.011{6+ 5. DS [ ) +1.008[{10+ ¥ 2[DS (n, 1)) +15.999{5+ 3 DS )
15999((5+ Y DS) @)

0= 12.011(6 + Y. DS [h; ) +1.008{10+ Y. 2[DS (n, -1)) +15.999[(5+ 3 DS))

In this set of equations, only two of them are peledent. The third equation is
automatically fixed by the intrinsic relation:
C+H+0=1 {4
Therefore, a maximum of two unknown values camdselved through these
equations. In other words, by using EA, it is pblkesito determine the individual
DS-values of cellulose esters having two diffef@ntls of substituents.
In the case of simple esters, only one kind of stutest is present & 1). Then,

equation {1} can be solved to yield:

_ 5.13766-11.5592(C
0.99686:[C -0.85627'[n+n([C

{5}
In the case of two different substituents=(1, 2), the unknowrDS, and

DS>-values are determined by simultaneous treatmeatoétions {1} and {2}, C and

H are obtained together in a common C-H-N elemeantalysis). The solution of the

equation system was obtained with Mathematic& software.



n, ({-2.20309+ 9.66691TC - 8.28476(C> —15.2806[H +17.8454[C [H) +

n, [C [{—0.427466+ 3.27445C -165344[H ) +

n, (h, [{0.367181 3.24147[C + 3.28476(C* +14.2026[H -16.5864(C [H) +
C [{2.5648-8.25877(C +17.7895[H )

DS, =
(n,2 - n, [h,) [{0.367181-1.28509C + C2 + 2.54677(H — 2.97424[C [H) +
Cn, - n,) {-0.427466+ 0.996863CT — 2.96491H )
{6}
D, = = 257287+8284761C ~17.8454(H +y [{0.428811- 3.28476(C +16.5864H )
(0.428811-C +2.97424H) [{n, - n,)
{7}

RESULTSAND DISCUSSION

Principle of the technique

The mathematical simultaneous resolution of eqnatil} and {2} can be
represented graphically. The example of a particzétiulose acetate-propionate (CAP)
is shown in Figure 1. The intersection of f@aso-content line and th iso-content
line (C andH values found by EA) defines the compositi@&{cetate@ndD Syropionatd Of
the considered cellulose ester.

From Figure 1 and from the complete plot of theandH iso-content lines
(Figure 2), it is evident that a given CAP, withrtpaular DS;cetate@NAD Syropionate Values,
has aunique pairof C andH-values. Such values are distinct and cannot beted by
another combination dDSscetate aNA DSyropionate Values. This "non-emulation” principle
is essential to the validation of the method.

It is important to note that also partially-suhsgid cellulose esters are actually



considered. EA provides tHeS, andDS; values from equations {6} and {7}, and the
number of non-derivatized hydroxyl groups per ambgtlicose unit@Sy) is obtained
from the relation:

DS +DS+DSow=3

When plottingC andH-lines for other mixed cellulose esters, similaaprs
are obtained in which the slope of the lines amddisplayed magnitudes vary. Figure 3
shows the case of acetate-octanoate cellulosesggtieich are interesting thermoplastic
polymers.

At a first glance, this method would seem to beegeih However, some
particular cases can arise. For example, wheandn, are both high close values (e.g.,
18 and 19), th€ andH-lines become almost parallel (Figure 4). Graphjcéihding a
particular intersection in such a case can be d#figult. From a mathematical point of
view, the results obtained can vary greatly witlittle deviation in one of the content
values. Thus, the DS-determination becomes higklysiive to EA errors. In the
extreme case, th€ andH-lines become parallel, with slopes equal to —lenvhothn;
andn, tend to infinite, making thus impossible the diffietiation of the two substituents.
Although such long-chain mixed esters are exceptian conventional cellulose
research, this example demonstrates us thatipsitant to evaluate the variations of
the calculated DS-values as a function of bothBAeexperimental error and the nature

of the substituents.

Accuracy
Let us consider the experimental error in EA measants through the

estimation of the standard deviatian) (n a significant number of EA measurements.



State-of-the-art EA equipments can provigealues less than 0.001 in an absolute
fraction scale. For our calculations, we will wse 0.001.

Deviations in the DS-determination were calculated various theoretical
cellulose mixed acetates and cellulose mixed praies bearing another acyl group (
= 3 to 18) and being equally substituted, i = DS, = 1.5. Then, by fluctuating the
C andH exact theoretical values t© + 0.001 keepindd constant and téi + 0.001
keepingC constant, the inexaflS, andDS,-values were thus computed. From the latter,
standard deviations for each substituentagndoy) were calculated.

Table 1 presents the, and o,-values for the most common mixed cellulose
esters bearing acetate groups. The comparisoreofalues shows that higher variations
are systematically obtained in the DS-determinatmi the acetate substituent.
Differences can be as low as in the case whearies in a cellulose acetate-propionate
(Oacetate = 0.036 VS.Opropionate = 0.035) or as high as in the case whtrvaries in
acetate-hexanoat®@ewae= 0.338 VSOhexanoate= 0.009). The plot of these data (Figure
5) shows clearly that the variations@for o, are not linear when changing the number
of carbon atoms in the longer substituent. Moreotlex standard deviations in acetyl
and alkyl groups resulting from experimental efrothe H-determination (AH and KH
respectively in Figure 5) present a minimum valorecellulose acetate-valerat® € 5).
Errors in DS-determination resulting from experinarerror in theC-determination
(AC and KC in Figure 5) are basically lower thafh @Gnd present a minimum value for
the evaluation of D@xanoatdn Cellulose acetate-hexanoate.

Table 2 and Figure 6 show tbie ando,-values for the most common cellulose
propionate-alkanoate esters. For the latter, therahknation of the alkyl substituent

becomes overall more precise than in the caseeohtetate-bearing mixed esters. On



the contrary, the determination of the shortessstuent (propionate), becomes slightly
less precise than in the case of acetate. In theesseof the cellulose
propionate-alkanoate esters, the propionate-octanaad the propionate-decanoate
esters show the smallessensitivity to the H-variations. Similarly, the
propionate-butyrate and the propionate-valerateresthow the smallest variations in
the DS-determination wheb varies.

From a general point of view, it can be remarkeéigures 3 and 4 that only
the DS-determination of the smallest substituenet@e or propionate) is singularly
sensitive to changes . All of the other DS-deviations remain practicalythe same
order of magnitude (less than 0.1 for a 0.001 viaran C or H).

It is important to remind that these determinatiomsre effectuated by
consideringoc = oy = 0.001. The obtained; and o,-values can be extrapolated
proportionally to differentc or oy-values, as it was found that they vary linearlytaip
oc or oy = 0.100. The example below illustrates the conepldtization of this method

for a practical case.

Example

The EA of a purified sample of cellulose acetat&noate Iy = 2; n, = 8) gave
the following resultsC = 0.54072 + 0.001531 = 0.06804 + 0.00031 when repeated
three times. By introducing the average valuegjumaéons {6} and {7} we obtainDS,
(acetate) = 1.95DS, (octanoate) = 0.47. In Table 1 we readnat= 8 the standard
deviations for each substituent. These values teéeé corrected using the resd and
oy values, and added to obtain the total standardatiewr for each substituent

(variation due tdC + variation due tdd):
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0; = 0.068:(0.00153/0.001) + 0.357(0.00031/0.001)24 4,

02 = 0.027-(0.00153/0.001) + 0.029-(0.00031/0.002)050.
Then, the final report should read:

DSicetate= 1.95 + 0.21DS octancate= 0.47 + 0.05;

Furthermore, the unsubstituted OH groups can asesbmated:
DSow=3-1.95-0.47=0.58

The relative precision of the calculated DS-valisebius about 10%.

Further considerations

Other sources of error: The presented method (equations and accuracy
calculations) considers pure cellulose ester sanplds obvious that impurities will
produce interferences in the EA and will causerdsailts to be incorrect. Even water
can be a major error source and must be carefuttydad. Hence, the control of the
impurities is the main limitation for this technigu

Special derivatives. If the substituents contain atoms different frG&yH or O,
(nitrates, methylsilyl groups, etc.) supplementaguations can be established and

therefore the DS-determination of a third or folgtiostituent becomes possible.

CONCLUSION

Elementary analysis provides an easy and powerfeithod for the
DS-determination of homosubstituted and heterogubett (mixed) esters of cellulose
or amylose. Samples in the whole DS-range can bheyzed and the accuracy of the

method depends essentially on the reproducibilitghe EA results provided a pure
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sample is analyzed. A state-of-the-art EA apparaiss able to provide
DS-determinations to about 10% uncertainty in atihed scale.

Cellulose acetate-valerate, acetate-hexanoate, pigmate-butyrate,
propionate-valerate, propionate-octanoate and pnape-decanoate showed particular
stability against experimental errors in the EAeNariations in EA, especially in the
hydrogen content, have a stronger effect on thel®&ation for the smallest substituent
than for the largest one.

The methodology developed in this study can beiegidb the analysis of
other cellulose or amylose mixed derivatives sushethers or even ester-ethers by

adapting the initial molecular formula and solvihg set of equations.
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N, Whenaoc = 0.001 Whenaoy = 0.001
(alkyl) 01 (acetate) 02 (alkyl) 01 (acetate) 02 (alkyl)
3 0.036 0.035 0.411 0.123
4 0.047 0.028 0.346 0.039
5 0.054 0.027 0.336 0.008
6 0.059 0.026 0.338 0.009
7 0.064 0.026 0.346 0.020
8 0.068 0.027 0.357 0.029
10 0.076 0.029 0.383 0.042
12 0.084 0.030 0.412 0.053
14 0.091 0.032 0.442 0.063
16 0.099 0.034 0.472 0.072
18 0.107 0.037 0.504 0.080

Table 1. Standard deviations o] of DS for each substituent in cellulose
acetate-alkanoates as a function of ¢hef carbon and hydrogen contents given by

elemental analysis and the number of carbon atortieialkyl group.
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N, Whenaoc = 0.001 Whenaoy = 0.001
(alkyl) 01 (propionate) 0> (alkyl) 01 (propionate) 0> (alkyl)
4 0.081 0.001 0.679 0.352
5 0.076 0.010 0.503 0.156
6 0.076 0.014 0.455 0.089
7 0.078 0.017 0.440 0.053
8 0.081 0.019 0.437 0.031
10 0.088 0.022 0.451 0.002
12 0.094 0.025 0.467 0.017
14 0.101 0.028 0.492 0.032
16 0.108 0.030 0.520 0.044
18 0.115 0.033 0.548 0.055

Table 2. Standard deviations o) of DS for each substituent in cellulose
propionate-alkanoates as a function of ¢hef carbon and hydrogen contents given by

elemental analysis and the number of carbon atortieialkyl group.
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0{ (CO)(CHZ)nl-l} H

. o

Oho

O{ (CO)(CHz)nz-l} H

Scheme 1. One of the possible monomer units in a celluloeeed ester. The part in
brackets represents the increase in mass due satimated aliphatic substituents.
Ny, Nz : number of carbon atoms in the acyl group.
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— C x 100
4] --—- H x 100
D,SZ 1.5
(propionate)
- /ﬁ_.154
0.733< 1WA,
0.3 49853
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] 0.5 1 15 2 2.5 3
v
0.925 DS_L
(acetate)

Figure 1. Graphical solution for the DS-determination freine carbon and hydrogen
contents C andH). Example of a cellulose acetate-propionate wigi883 %C and

6.154 %H. A unique solution exists givilBcetate= 0.925 and Syropionate= 0.733.
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— € x 100
---- H x 100

DS,

(propionate)

DS,

(acetate)

Figure 2. Carbon and hydrogen iso-content lines for thelyarsa of any cellulose

acetate-propionate.
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2.5

— C x 100
---- H x 100

DS,

(octanoate)

DS,

(acetate)

Figure 3. Carbon and hydrogen iso-content lines for thelyais of cellulose

acetate-octanoates.
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— C x 100
5 ---- H x 100

DSz 1.5
(nonadecanoate) |-,

1..\\11\
0.5
7 5 e
5%:& _ag 0%
0 T T T T

0 0.5 1 135 2 25 3
DS,
(octadecanoate)

Figure 4. Carbon and hydrogen iso-content lines for thelyais of cellulose
stearates-nonadecanoates. DS-determinations beaigimly error-sensible when both

n; andn, are high close values.
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Figure 5. Carbon and hydrogen iso-content lines for thelyais of cellulose
stearates-nonadecanoates. DS-determinations beaigimg error-sensible when both

n; andn, are high close values.



