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Differential scanning calorimetry was applied to the decompositions of cellulose and
D-glucose with several concentration of sulfuric acid. The heat of reaction for cellulose
was slightly less than that for glucose. It suggests that the heat of hydrolysis of the §-1,4-
glucosidic linkage is endothermic.

The degree of reaction obtained by means of a commercial kinetic program was 1.1+0.1,
which was independent of the acid concentration for both cellulose and glucose.

The quantity of D-glucose produced by saccharification of cellulose was estimated using
kinetic parameters obtained for cellulose and gtucose, which were assumed to express the
respective parameters for the successive first-order reactions cellulose to D-glucose, and
glucose to decomposition products.

The kinetic treatment of the acid hydrolysis of cellulose has previously been per-
formed in two ways: the kinetics of depolymerization in concentrated acid solution as
a homogeneous phase reaction, and the kinetics of hydrolysis with dilute technical
acid, assuming that the latter heterogeneous phase reaction can be approximated to
the homogeneous one. In the latter case, it has been reported that the yield of
D-glucose through acid hydrolysis of cellulose is controlied by the relative rates of
the following reactions [1-7]:

kyq ko
cellulose —— D-glucose — products of glucose decompaosition (1)

Saeman [6] established the kinetics of wood saccharification in dilute acid at high
temperature through isothermal experiments. He estimated the yield of D-glucose
generated by the acid hydrolysis of cellulose, assuming that the first reaction in
Eq. (1) can be described by the rate of decrease of the quantity of cellulose, and that
the second one is equivalent to the decomposition of pure D-glucose. The above
reactions have both been treated as first-order reactions since Saeman's experiment;
although some modifications were proposed later, the reactions remained basically
invariant. For example, separate kinetic parameters were given for the hydrolysis of
the crystalline and the non-crystalline parts of cellulose [7].

On the other hand, instrumentation for thermal analysis at high pressure has been
developed recently, in addition to the outstanding development of those for data
analysis. At present, a pressure-resistant and acid-proof capsule for an extraordinary
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sample is offered by the Perkin—E!mer Corporation, which also supplies a kinetic
program adaptable to the data station coupled with the differential scanning calo-
rimeter.

We have applied these thermal analysis instruments to the kinetics of the acid
hydrolysis of cellulose.

Experimental

Apparatus

The Perkin—Elmer DSC-2C and the "TADS’’ data station were employed with the
high-pressure gold-plated capsule, Cat. No. 419-1760. The inner volume is approxi-
mately 45 ul. The limit of pressure is guaranteed up to 150 Bar.

Sampling

Filter paper for chemical analysis, No. 5C of Toyo Roshi Co., was used as a typical
cellulose sample. A pulverized sample of a few mg was sealed in the capsule, together
with a several-fold quantity of sulfuric acid, by means of the sealer. D-Glucose of
Wako Junyaku Kogyo Co. (99.95% pure) was sampled in a similar way, for estimation
of the second reaction in Eq. (1).

Procedure

The scanning was carried out mainly at 5 deg/min. The DSC curves obtained were
treated with the kinetic program. The principle is as follows [8]:

If there is a simple chemical or physical conversion from A to B, the degree of
conversion of A, x, and the rate of change with time, dx/dt, can be obtained via the
following assumptions:

X = Opartial 2)
Ototal

dx

_— —_ n

ot k(1 - x) (3)

where n expresses the degree of reaction, and Qparial and Ciora) are the heats gener-
ated in time t for intermediate and complete reaction, respectively. Both heats can be
evaluated from the area under the DSC trace. k is the rate constant of the reaction,
expressed by the Arrhenius equation

k = kg exp (— %) (4)

where kg, £, R and T are the frequency factor, the activation energy, the gas constant
and the absolute temperature, respectively.
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From Eqgs (3) and (4), we have

dx _ _E ®
v ko exp ( RT)“ —x)n (5)
Taking natural logarithms:
dxy E
In(d—t]—lnko-~-é—f+nln(1—x) (6)

In order to obtain the three unknowns, kg, £ and n, multilinear regression is per-
formed by using In (dx/dt), 1/T and In (1 — x) as variables, known from the DSC
trace through “TADS".

Results and discussion

Table 1 gives the direct experimental results. The data are rather few because of
some difficulties in capsule sealing. C, mg, my, T, and ® are the acid concentration,
sample quantity, acid quantity, peak temperature of the DSC curve and scan rate,
respectively. Q is the heat generated per unit weight of sample, not taking account of
the weight of sulfuric acid, which only participates as the catalyst in the reaction.

Table 1 The experimental results

FP
C. my, mg. Tp Q, ko. E, n P
wt.% mg mg K Jg—! min—1 kd mot--1 deg min—1
34 4.28 19.39 4825 871 1.10- 1018 165.9 0.98 5
1.73 9.41 480.1 744 5.94 - 1028 261.1 1.25 5
1.78 16.80 480.2 677 4.27 - 1028 260.2 1.3 5
10 208 10.06 466.8 707 157 - 1029 257.7 1.25 )
63.6 4.79 15.01 4243 711 1.13 - 1020 160.9 1.02 5
g0 5.80 - 3731 793 7.73-1015 1135 1.1 5
450 19.09 3715 778 2611018 130.3 1.37 5
GL
34 805 16.75 485.4 (810) - — — 10
590 25.51 471 795 8.01-1013 126.9 0.98 5
6.14 — 4725 723 3.22- 1016 165.8 1.1 5
10 654 13.14 461.8 723 2.95. 1015 151.7 1.04 5
636 735 13.92 417.4 666 9,75 - 1018 151.2 1.23 5
90 1282 - 396.0 (798) - - - 25
7.02 10.14 394.0 1032 1091018 1355 1.25 5
895 2246 385.5 691 1.39- 1017 1256.3 1.1 5
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Bracketed values in the Table were obtained by extrapolation of the DSC trace broken
by steam leaking. Dashes in the m,; column signify unknown values, due to acid
leakage on sample sealing. Dashes irfthe columns for the kinetic parameters indicate
‘impossible to calculate’, due to a break in the DSC trace.

Figure 1 shows DSC curves for cellulose and D-glucose as a function of acid con-
centration. The effect of the acid concentration is outstanding in the case of cellulose,
in contrast with that for glucose. It suggests that the hydrolysis of cellulose can be
described as a kind of prototropic reaction [9].

~

GL 90’1"\\ =\ GLE3S GL10 e, . GL34
/ \ II \‘ 7’ >7 N
\

o = =
) (=] [

dq/dt , meal-s™' (normatized)
o
o

340 360 380 400 420 440 460 480 500
Temperature K

Fig. 1 DSC curves at various acid concentrations; scan rate 5 deg/min. —— filter paper, — — — D-
glucose. The numbers express acid concentration in %

Heat of hydrolysis of cellulose

The heat of reaction, Q, averaged over all the cases, not taking account of the acid
concentration, is 756+20 J/g for celluiose and 777+37 J/g for D-glucose. The devia-
tions express the standard deviation. If we take the heat of reaction for cellufose, Q,,
with glucose unit instead of the monomer unit, we have

Q, = 136.3£3.8 kJ/mol (7)
Qg = 140.0£6.6 kJ/mal (7')

where Qg denotes the heat of decomposition of D-glucose, converted mainly into
levulinic acid and formic acid [10]. The fluctuations in the vatues from Egs (7) and
(7} are so large that we have

Q,=Q, (8)

The actual decomposition process of cellulose may be complicated, but Q. may be
expressed schematically by the sum of the heat of hydrolysis of cellulose and the heat
of decomposition of glucose:

Oc = Ohyd. + Qg (9)
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where
1
- (CeH100s),, + H20 = CeH1206 + Qya. (10)

and

CgH120g > decomposed glucose + Qg (11)
From Eqgs (8) and (9), we see that

Qpya. K Qg (12)

However, if we optimalistically assume that the central values of Q; and Qg differ
significantly, we have

Qhyd. = Qp — Qg = — 3.8 kd/mol (13)

Since cellulose is assumed to be a long-chain polymer of D-glucose linked by -1,4-
glucosidic bonds, the heat of hydrolysis of cellulose corresponds to the heat of
hydrolysis of the §-1,4-glucosidic linkages. Then if AHgy 4 stands for the enthalpy
change:

AHpy 4 = — Qpyq. = 3.8 kd/mol (14)

This means an endothermic reaction. This is in contrast with the result for the heat of
hydrolysis of the a-1,4-glucosidic linkage in starch, where the enthalpy change deter-
mined enzymatically was exothermic [11]:

AHy1,4 =— 4.2 kJ/mol (15)

This work was non-isothermal, and the experimental errors are beyond discussion.
A large-scale test at room temperature, however, supported the endothermic result.
That is, when 10 g filter paper was dissolved in 200 g 90% suifuric acid in a Dewar
vessel, the temperature fell by several degrees, while a similar test for glucose showed
an initial temperature elevation of several degrees during several minutes.

Kinetics

The kinetic parameters obtained with the above program through "TADS"” are
given in Table 1. The degree of reaction, n, was 1.1£0.1 for both cellulose and glucose.
The values of kg and £ display considerable scatter. However, the rate constants
calculated for the kg and £ pairs fall in an appropriate range, as shown by Table 2.

Table 3 gives the average values of the rate constants at several temperatures in the
case of C = 3.4%, compared with literature values obtained by extrapolating the acid
concentration or temperature in the empirical formulae. The rate constants for both
cellulose and glucose are well characterized, with their temperature-dependence, and
the values agree with those from the literature, in spite of the fact that Q and Q are
not very different from each other. The reason is that not the absolute heat values,
but the ratio, Qpartial/ Qrotal . features in the kinetic treatment.
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Table 2 Fluctuation of rate constant of cellulose decomposition (C = 3.4%)

k (exp. 1), k (exp. 2}, k (exp. 3), Averaged,
T.K min—1 min—1 min—1 min~—1
443.2 0.01156 0.0129 0.0117 0.0120
453.2 0.0360 0.0614 0.05561 0.0509
463.2 0.0879 0.273 0.243 0.201
473.2 0.322 1.136 1.010 0823

Tabte 3 Rate constants compared with literature values (acid concentration 3.4 wt.%)

T, K cellulose, min~—! kglucose: Min—1

K this work ref. 1 ref, 2% this work ref. 1 ref. 2
443.2 0.012 0.015 0.018 0.038 0.046 0.048
453.2 0.051 0.036 0.053 0.091 0.10 0.1
463.2 0.20 0.081 0.15 0.22 0.22 0.24
473.2 0.82 0.18 0.40 0.56 0.46 051

* Douglas fir.
ref. 1: T. Kobayashi, Mokuzai Shingikai Hokoku, 1 (1952) 1.

kpp =157 - 1014 . ¢1-42 ¢ exp (— 34000/RT),
C=2-32%, T=373.2-423.2K

kGL =650+ 1013 . C1.19 . exp (— 32000/RT},
C=1-32%, T=23732-4232K

ref. 2: J. F. Saeman, Ind. Eng. Chem., 37 (1945) 43.

kDF = 1.73 1019 - C1-34 . exp {— 42900/RT),
C=0.4-1.6%, T=443.2-463.2K

kgL = 1861019 . C1-02, exp (— 32700/RT),
. C=0.4-16%, T=443.2-463.2K

The good result leads us to assume that the rate constants for cellulose and glucose
express k1 and ko in Eq. (1), respectively. We also assume n = 1. The yield of the
intermediate material in a successive first-order reaction, z, the glucose yield in this
case, is given by Eq. (16) [12}:

k1
z—ﬁ[exp (— kqt) — exp (— kat)] (16)
The optimum time, t,,, which gives the maximum value of z, z,,, can be obtained via
dz/dt = 0. Then:

1
tm—E:F(lnkz—ln/ﬁ) (17)
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Fig. 2 Glucose yield with time at C = 3.4% (in calculation)
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Fig. 3 Calculated values of glucose yield at 4563.2 K and C = 3.4%, compared with the literature
results. —— this paper, — — — Kobayashi [4], — - — Saeman [6] (Douglas fir)

and .
1
— — 1_kr
Zm = k1 exp (— katy,) = (k;) (18)

where

k1
k,=-—, but k,¥#1.
k2

Table 4 gives the results of calculation. In dilute acid, and especially at C = 3.4%,
Z,, increases considerably with temperature. The higher the temperature, the shorter
the time, i.e. the same results as found by Saeman. Figure 2 shows the glucose yield
vs. time at several temperatures in the case of C = 3.4%. Figure 3 shows the yield at
453.2 K, compared with literature values calculated from the formulae in Table 3.

As shown by Table 4, the extremely concentrated acid leads to a very high glucose
yield. The result is supported by the fact that the potentia! glucose content in cellu-
lose is usually analyzed with sulfuric acid over 72%. In this case, the temperature-
dependence is opposite to that in the more dilute acid. That is, the lower the tem-
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Table 4 Gilucose yield estimated from the experimental results

C,wt% T,k ky,minw!  ky,min—1 k., ki/ky tm. mMin Zm. %
34 4432 0.012 0.038 0.32 37 19
443.2 0.051 0.091 0.56 13 27
463.2 0.20 0.22 0.91 4.7 35
4732 082 056 15 1.6 44
10 433.2 0.0043 0.034 0.06 70 9
4432 0.021 0.090 0.23 21 15
453.2 0.12 0.32 0.38 49 20
463.2 0.37 0.59 0.63 2.1 29
63.6 383.2 0.004 0.010 0.40 150 22
393.2 0.016 0.037 0.43 40 23
403.2 0.066 0.145 0.46 10 24
413.2 0.211 0.426 0.50 3.3 25
90 310 51-10-4 53-10-6 96 1.3-104 95
330 86-10—-3 2 104 43 560 90
350 0.11 48 -10—3 23 33 85
370 1.0 0.084 12 2.7 80

perature, the higher the yield. This suggests that the difference in activation energy
between the first and second reactions changes the sign in the acid concentration
range 63.6—-90%.

If the kinetic parameters of the first and second reactions are given by kg1, £1, and
kg2, Eo, k1/ko = k, can be expressed by the following equation,
Eq1—-E9

RT

ko1

k, = Eexp (—-

(19)

Then if £1 > E5, k, increases with temperature, while if £1 <Egp, k, decreases with
temperature. We see that z,, increases with &, through Eq. (18). The temperature-
dependence of z,, therefore depends upon £1 = E5. The activation energy values
obtained were plotted in relation to acid concentration and straight lines were tenta-
tively drawn, as shown in Fig. 4. An intersection of the lines appears in the acid con-
centration range 63.6—90%, which agrees with the expected boundary.

Some problems

in this paper, some difficulties arise in the discussion of the kinetics of such a
complicated reaction as the acid hydrolysis of cellulose, not excluding the experi-
mental difficulties.

i) Non-isothermal conditions. In the kinetics, non-isothermal conditions do not
play the primary role in principle; this is due to the employment of the Arrhenius

equation, which is valid for isothermal conditions. In order to overcome this weakness,
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Fig. 4 Activation energies and acid concentration. —— cellulose, — — — D-glucose

we usually have to take a number of DSC traces at different scanning rates, ®. In this
paper, we were not able to obtain enough data by changing ®. Further, the reaction
is not simple. The glucose decomposition products, levulinic acid and formic acid,
further decompose step by step to carbon, water and other products during the DSC
scan. Thus, the area under the DSC trace refers to the sum of all the heats generated
in many successive reactions. It must be noted, however, that Q. and/or Qg do not
vary with the acid concentration up to 5 deg/min. This means that the two reactions
progress in a similar way, even if the acid concentration changes, but at the same scan
rate. Schematically, therefore, we have

A—->B—>C—>D—~>E—... forcellulose, and
B->C—->D—E—... forglucose.

Here, many stages, D, E, and so on, can be incorporated after stage C, in so far as we
are interested particularly in product B.
The approximation holds that

A—=B—C for cellulose, and

B~ C for glucose.

i) Kcellulose & k1. Since Qpyg. <K Qg, the DSC trace for cellulose reflects the state
of decomposition of glucose produced from cellulose. It does not demonstrate the
degree of decrease of the quantity of cellulose directly. As shown in Fig. 1 and
Table 1, however, the peak temperature of the DSC trace for cellulose varies greatly
with the concentration of the acid hydrolysis catalyst, as expressed by k1. The charac-
teristics of the first reaction are revealed not in the heat quantity, but on the tem-
perature scale. This may be the reason why the kinetic program give adequate values
of the rate constant for celluiose. Basically, however, the cellulose trace should be
solved as the superposition of two steps: the decomposition of cellulose and the de-
composition of glucose. The real k1 may be larger than K gjui0se {(here k1) because
the decomposition heat of the glucose formed from cellulose should appear after the
glucose production.

J. Thermal Anal. 30, 1985
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Conclusion

It is a notable result that kinetic analysis of the DSC curves for the decompositions
of cellulose and glucose with acid gives a similar result to that obtained on ordinary
isothermal acid hydrolysis, as regards estimation of the glucose yield from the
saccharification of cellulose.

It suggests that estimation of the yield of the intermediate in other successive
first-order reactions is possible by employing a differential scanning calorimeter.

* % ¥
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Zusammenfassung — Die Zersetzung von Cellulose und D-Glucose durch Schwefelsdure unter-
schiedlicher Konzentration wurde mittels DSC untersucht. Die Reaktionswarme ist bei Celiulose
etwas geringer als bei Glucose, was zeigt, dal die Hydrolyse der 3-1,4-Glucosidbindung ein endo-
thermer Vorgang ist. Der mittels eines kommerziellen kinetischen Programms erhaltene Reaktions-
grad betragt 1.1+0.1 und erwies sich sowoh! bei Cellulose als auch bei Glucose als unabhangig
von der Siurekonzentration. Die durch Verzuckerung von Celiulose gebildete Menge an D-Glucose
wurde unter Verwendung von fiir Cellulose und Glucose erhaltenen kinetischen Parametern be-
stimmt, fiir die angenommen wurde, dall sie die entsprechenden Parameter der Folgereaktionen
erster Ordnung Cellutose — D-Glucose und Glucose — Zersetzungsprodukte darstellen.

Pestome — MeTtoaom anddepeHunanbHOi CKaHMPYoWen KanopumeTpuu NPOBEAEHO n3yuyenue
pa3snoxkeHMA Uennonossl u A-rnoKo3sl. TennoTa peaKunn PasnoxeHnn Lennonoss! 6eina HemHo-
ro MeHble, Yem ANA FNKO3bl. 3TO 3acTasnAeT npeanonarate, 470 TENNOTa peakuMv rmaponn-
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3a $-1,4-rNOKO3NAHOIO 38EHA RBARETCA eHaoTepmuueckoi. CTeneHs peakuuu ANA rnOKO3bI
W UENNIoN03bl, BLIYUCNEHHAA ¢ NOMOWbLIO AOCTYNHON KMHETUYECKON NPOTpaMmbl, Bbina pasHoM
1.1+0.1 v BbiNa He3aBUCMMOM OT KOHUeHTpaunu kucnotel. Konuuectso [1-rnioKossl, NONy4YeHHOW
0caxapuBaHueM Uenniono3sl, 66IN0 OLEHEHO HEB OCHOBE KUHETUYECKUX NAPaMeTpos, MONYyYeHHbIX
ANA UENnNoNo3bl U TMMKKO3bI U KOTOpLIS 6binn NPUHATLI, 4T06b1 Bb!pa3MTb cooTBETCTBYOWUE
napameTpbl ANA NapalinensHo NpOTeKalwwWwnx peakumii NepBoro NOpPRAKA NPeBPALLeHUS UEnmio-
NG3bl 40 FNIOKO3b] U PA3N0OKEHUA TAIOKO3bI.
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