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a b s t r a c t

In this work, a novel procedure for hydrolysis of hyaluronic acid (HA) is presented. HA was hydrolysed
in ethanol with added HCl during heterogeneous conditions using varying temperatures (40, 60 and
80 ◦C) and acid concentrations (0.01, 0.05, and 0.1 M HCl). The degradation process was monitored by
determination of weight average molecular weight (Mw) by size-exclusion chromatography with online
multi-angle laser light, refractive index and intrinsic viscosity detectors (SEC-MALLS-RI-visc) on sam-
ples withdrawn continuously during the hydrolysis. SEC-MALLS-RI-visc showed that the degradation
gave molecular weight distributions with polydispersity indexes (Mw/Mn) of 1.3–1.8. Kinetic plots of
(1/Mw − 1/Mw,0) vs. time gave linear plots, showing that heterogeneous acid hydrolysis of HA is a random
process and that it follows a first order kinetics making it possible to determine the kinetic rate constant
(kh) from the slope. During the hydrolysis in heterogeneous conditions it was found that kh depended
on the water concentration in the slurry (increases with increasing water concentration). Additionally,
for heterogeneous hydrolysis in ethanol/HCl at 40, 60 and 80 ◦C, it was shown that kh depended linearly
on the acid concentration, but not to the same extent as previously seen in hydrolysis under aqueous,
homogeneous conditions. Further, the dependence of temperature on the hydrolysis in 0.05 and 0.1 M
ethanol/HCl was found to follow the Arrhenius kinetics (linear plot of ln kh vs. 1/T). For hydrolysis in
0.05 and 0.1 M ethanolic HCl, the activation energy (Ea) was determined to 107 and 104 kJ/mol and the
Arrhenius constant (A) was determined to 1.2 × 1010 and 8.8 × 109 h−1, respectively. Both Ea and A were

significantly lower compared to those determined for hydrolysis performed under aqueous, homoge-
neous conditions at the same acid concentration. It was shown that the availability of water was rate
limiting for the hydrolysis process in ethanol/HCl slurry. 1H NMR was used to characterize the product of
extensive hydrolysis. No indication of de-N-acetylation of the GlcNAc units, indication of ethanolysis or
other by-products were seen. The new heterogeneous hydrolysis procedure provides several advantages
compared to homogenous hydrolysis such as lower ethanol and water consumption and the possibility

unt o
to hydrolyse a larger amo

. Introduction

Hyaluronic acid (HA) is a linear biopolymer naturally abun-
ant in mammalian tissues. A human adult contain approximately
5 g HA where it mainly occurs in the eyes, skin (both in the epi-
ermis and dermis) and synovial fluid (Lepperdinger, Fehrer, &
eitinger, 2004). Further, HA makes up the backbone of the proteo-
lycan aggregates being a main component of tendons and cartilage
Heinegård, Björnsson, Mörgelin, & Sommarin, 1998). The polysac-
haride has a high turnover in the body, 7 g/day, i.e., half of all HA

n the body is exchanged every day (Lepperdinger et al., 2004).

The molecular weight of HA strongly depends on its biological
rigin (Heinegård et al., 1998). When produced by microbial fer-
entation the molecular weight ranges from just below 1 × 106

∗ Corresponding author. Tel.: +45 44461038; fax: +45 44427172.
E-mail address: ktmm@novozymes.com (K. Tømmeraas).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.06.010
f material in the same volume.
© 2010 Elsevier Ltd. All rights reserved.

up to 4 × 106 g/mol (Armstrong & Johns, 1997). When prepared
by extraction, molecular weights up to 6 × 106 g/mol have been
reported (Lee & Cowman, 1994).

The chemical structure of HA consists of two alternating
monosaccharide units, d-N-acetyl glucosamine (GlcNAc) and d-
glucuronic acid (GlcA), connected by �-(1→3) and �-(1→4)
glycosidic bonds, respectively. It is the negative charge on the
repeating disaccharide which is the cause of many of the unique
properties of this polyacid, i.e., HA produces highly viscous solution
in water (Gibbs, Merrill, Smith, & Balazs, 1968; Lapcik Jr., Lapcik, De,
Demeester, & Chabrecek, 1998). Due to the combination of having
a flexible alternating �-backbone and being a charged polymer, the
viscosity of HA is strongly dependant on ionic strength and pH. As

the concentrations of salts increase, the repulsion between nega-
tively charged disaccharide units decrease and the conformation
change from the rod-like towards that of the flexible random coil
(Furla, La Penna, & Perico, 2005; Hayashi, Tsutsumi, & Teramoto,
1996; Smidsrød & Haug, 1971; Tanford, 1961).

dx.doi.org/10.1016/j.carbpol.2010.06.010
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:ktmm@novozymes.com
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Today, two main microbial sources are exploited for HA pro-
uction, Streptococcus strains (Sutherland, 1990) and recombinant
acillus subtilis (Widner et al., 2005). In Streptococci, HA is produced
s part of the capsule bound to the cell membrane, making it chal-
enging to isolate. HA from Bacillus, on the other hand, is excreted
xtracellularly and can therefore conveniently be isolated as a high
urity product (Widner et al., 2005).

Acid hydrolysis of polysaccharides is a well-known process both
n manufacturing of low-molecular weight (LMW) polysaccharides
nd oligosaccharide products. Acid hydrolysis has been studied for
everal polysaccharide materials: starch (BeMiller, 2009), chitosan
nd chitin (Einbu, Grasdalen, & Varum, 2007; Varum, Myhr, Hjerde,
Smidsrod, 1997), alginate (Holtan, Zhang, Strand, & Skjak-Braek,

006; Smidsrød, Haug, & Larsen, 1966; Smidsrød, Larsen, Painter,
Haug, 1969) and cellulose derivatives (Sjöström, 1993; Smidsrød

t al., 1969). Most industrial hydrolysis processes are performed
n aqueous, homogeneous, conditions (BeMiller, 2009; Einbu et al.,
007; Holtan et al., 2006; Sjöström, 1993; Smidsrød et al., 1966,
969; Varum et al., 1997) followed by a recovery step including
olvent-based precipitation. For crystalline polymer such as cellu-
ose and chitin, heterogeneous hydrolysis has also been reported
Einbu et al., 2007; Sjöström, 1993; Smidsrød et al., 1969; Varum et
l., 1997). Reduction of the molecular weight is generally performed
n order to obtain materials of different physical and chemical char-
cteristics (lower viscosity in aqueous solutions).

Hydrolysis of glucosides generally involves three steps (see
ig. 1): (1) the glucosidic oxygen atom becomes protonated (i.e.,
ess basic) giving the conjugate acid; this step is rapid and the
cid will exist in its equilibrium concentration; (2) an unimolecular
eterolysis of the conjugate acid with the formation of a non-
educing end group and a carbonium-oxonium ion; this step is
low and rate-determining; and (3) a rapid addition of water to
he carbonium-oxonium ion with the formation of a reducing end
roup and a proton. In general, the rate of hydrolysis in acidic
olution will depend on the ability of the solution to protonate
he glycosidic oxygen, but also substituents on the new reducing
nd will influence the hydrolysis rate (Collins & Ferrier, 1995;
haron, 1975; Sjöström, 1993). It has been shown that presence of a
-amino group (–NH3

+) reduces the hydrolysis rate due to its basic
roperties drawing electrons away from the glucosidic oxygen
Einbu et al., 2007; Varum et al., 1997). A carboxylic acid group
–COOH) on the C-5 on the aglycon increases the hydrolysis rate of
�-(1→4) linkage due to its electron donating properties (Holtan et
l., 2006; Sjöström, 1993; Smidsrød et al., 1966, 1969). Further, the
ize of the sugar ring and the configuration of the glucosidic link-

ge influence the stability of the carbonium-oxonium ion (Collins
Ferrier, 1995; Sharon, 1975; Sjöström, 1993). Acid hydrolysis of
A in 10 mM HCl has been studied as a way for producing oligosac-
harides by Inoue and Nagasawa (1985). A study on homogeneous
cid hydrolysis of HA has been made by the authors evaluating the

Fig. 1. Hydrolysis reaction of carbo
ate Polymers 82 (2010) 874–879 875

influence of pH and temperature on the kinetics (Tømmeraas &
Melander, 2008). In this work we have studied the kinetics and
chemistry of heterogeneous acid hydrolysis of HA in EtOH and
compared it with homogeneous hydrolysis (aqueous). The effect of
slurry composition (%w/w solid), acid concentration and tempera-
ture was studied. To the authors’ knowledge, no previous studies
of heterogeneous hydrolysis of HA have been published.

2. Experimental

2.1. Materials

Experimental sample of sodium hyaluronate (Mw = 1.6 MDa,
Mw/Mn = 1.2) produced by fermentation of Streptococcus equi was
used in this study. All HCl solutions were prepared by diluting 4 M
HCl obtained from Bie and Berntsen (Denmark) with deionized
water (Milli-Q). All NaOH solutions were prepared by dilution of
4 M NaOH (obtained from Bie and Berntsen, Denmark) with deion-
ized water. All other chemicals were obtained from Sigma–Aldrich
in puriss p.a. quality if not otherwise stated.

2.2. Acid hydrolysis using hydrochloric acid in EtOH

HA (0.5 g unless other stated) was put into sealable vials and
15 ml of 93% EtOH was added. The solutions were pre-warmed to
40, 60 or 80 ◦C before 1 M HCl was added and the vial was vigorously
shaken for approximately 10 s to give acid concentrations of 0, 0.01,
0.05, and 0.1 M. The vials were left without agitation at 40, 60, or
80 ◦C (in an oil-filled thermostated water bath) up to 30 h. Vials
where withdrawn at intervals during the 30 h time period. Each
sample was immediately cooled in an ice-bath and neutralised with
equimolar amounts of NaOH (1 M solution) before recovery of the
hydrolysed HA by filtration with Whatman 4 filter paper. Each filter
paper was scaled prior to filtration. In order to remove excess of
salt and water, the samples were washed three times with 15 ml of
93% EtOH, dried at room temperature, and finally weighed whereby
recovery was measured. For samples where the effect of HCl/EtOH
vs. HA ratio was investigated, a 0.01 M HCl solution was added of 5,
7.5, 10 and 15 ml to a constant amount of HA (0.5 g) and the samples
were hydrolysed for 19 h at 80 ◦C. Molecular weights were analysed
by use of SEC-MALLS-RI-visc.

2.3. Polymer characterisation using SEC-MALLS-RI-visc

The hydrolysed HA samples were analysed using SEC-MALLS-

RI-visc system consisting of a Waters Alliance HPLC with Wyatt
Optilab rex RI detector, Wyatt EON MALLS detector and Wyatt Vis-
costar viscosity detector. Four TSK columns (2500, 4000, 5000, 6000
PWXL) were eluted with a buffer of 50 mM HaH2PO4 and 150 mM
NaCl at a flow rate of 0.5 ml/min and 30 ◦C. Samples were prepared

hydrates (Einbu et al., 2007).
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f approximately 0.1% (w/v) for high molecular weight samples
above 100,000 g/mol), smaller molecular weight samples were
nalysed at higher concentrations (up to 1%) due to weaker light-
cattering signal for smaller polymers. An injection loop of 500 �l
as used. Refractive index increment (dn/dc) of 0.153 and second

irial coefficient (A2) of 2.3 × 10−3 was used in the processing of
he data. All data were calculated in Astra software v.5.1.3.0 and

icrosoft Excel.

.4. Determination of kinetic rate constants

For polymers degraded by random scission, the rate at which
onds are broken is proportional to the total number of intact bonds
Tanford, 1961):

d(N0p)
dt

= kN0p, (1)

here N0p is the number of bonds at time t and k is the rate constant.
or non-random scission, there will be several classes in which
ach will be ruptured at a different rate. The solution of (1) for a
ingle strand linear polymer with random degradation gives the fol-
owing equations (Einbu, Naess, Elgsaeter, & Varum, 2004; Hjerde,
midsrød, & Christensen, 1996; Tanford, 1961):

1
DPn,t

∝ kt, (2)

1
Mw,t

∝ k′t. (3)

rom (3) we get the expression 1/Mw,t(t) = kht + 1/Mw,t=0, where kh
s the kinetic rate constant of the hydrolysis process and Mw,t=0 is
he molecular weight at the beginning of the hydrolysis. To obtain
nformation about the kinetics of the hydrolysis processes, the
hange in the inverse value of the weight-average molecular weight
1/Mw − 1/Mw,0). The rate constant (kh) is found by determining the
lope of the curve.

.5. Structural characterisation using 1H NMR spectroscopy

HA samples from the acid hydrolysis (0.1 M HCl) were evaluated
y 1H NMR spectroscopy. Samples were prepared by dissolving HA
amples (10 mg/ml) in D2O with 5 �l from a 1% stock solution in D2O
f (trimethylsilyl) propionate-d4 (TSP) added as internal standard.
he solution (0.7 ml) was transferred to a 5 mm NMR tube before
nalysis. Spectra were acquired at a Varian Mercury 400 MHz and
t 80 ◦C. Spectra were acquired using a 45◦ pulse angle, 256 scans,
W 6389.8 Hz, 2 s acquisition time and 1 s relaxation delay.

. Results and discussion

.1. Structural characterization of hydrolysed material

When subjecting polysaccharide materials towards acidic alco-

ol at low water content one could expect that the alcohol replaces
ater in the reaction with the carbonium-oxonium ion (step 3

n the hydrolysis mechanism of glucosides, Fig. 1). This is well
nown in structural elucidation of polysaccharides (e.g. methanol-
sis) (Toshihiko, Guoning, Takuya, Yoshinori, & Toshio, 2006).

able 1
inetic rate constants, kh (h−1) determined from slope of kinetic plots (see Fig. 3 and Tøm

Temperature (◦C) Concentration (heterogeneous)

0.01 M 0.05 M

40 n.d. 1.3E−8
60 n.d. 2.2E−7
80 1.7E−7 1.2E−6
Fig. 2. 1H NMR spectrum of hyaluronic acid sample (50,000 g/mol) made by hydrol-
ysis in 0.1 M HCl at 80 ◦C for 24 h. Acquisition conditions: 400 MHz, 10 mg/ml in D2O,
256 scans, 80 ◦C.

Further, it is known that de-N-acetylation reactions can occur in
acidic solution at high temperature (Einbu et al., 2007). In order to
investigate if HA degraded by heterogeneous hydrolysis maintains
its structural integrity, HA was subjected to extensive hydrolytic
conditions (0.1 M EtOH/HCl (3.3%, w/w) for 25 h at 80 ◦C). The
degraded HA was analysed by 1H NMR spectroscopy and the spec-
trum is given in Fig. 2. The �-/�-anomeric protons of the reducing
end of GlcNAc were seen as very weak peaks at chemical shifts
5.18 ppm (H-1�) and 4.78 ppm (H-1�) (Sicinska, Adams, & Lerner,
1993; Tawada et al., 2002). No indication of suspected by-products
such as de-N-acetylation or ethanolysis at the reducing end was
observed. This is in agreement with the previous observation that
de-N-acetylation of HA does not occur until after extensive depoly-
merisation (Tømmeraas & Melander, 2008).

3.2. Effect of HCl concentrations and temperature on hydrolysis
rate

The hydrolysis of HA in dilute HCl/EtOH was studied over time
at various conditions by taking out samples and analysing them
using SEC-MALLS-RI-visc.

To obtain information about the kinetics of the hydrolysis
process, the change in the inverse value of the weight-average
molecular weight (1/Mw − 1/Mw,0) was plotted as function of time
as shown in Fig. 3a–c. For a random degradation process, this
plot gives a linear relationship where the kinetic constant (kh)
is given by the slope. The kh determined for HA is a combined
value of the hydrolysis rate of the linkage GlcA-GlcNAc (kGlcA-GlcNAc)
and GlcNAc-GlcA (kGlcNAc-GlcA): kh = kGlcA-GlcNAc + kGlcNAc-GlcA. For
most polysaccharides, hydrolysis under homogeneous conditions
is expected to be of first-order for breaking of glucosidic bonds. A
constant hydrolysis rate (slope) was observed for all experiments
using HCl/EtOH at 40, 60 and 80 ◦C (see Fig. 3a–c). The kinetic rate

constants (kh) were determined by taking the slope of a fitted linear
regression curve and the resulting constants are listed in Table 1.
Furthermore, increasing the temperature from 60 to 80 ◦C speeded
up the hydrolysis process by more than 20 times. At neutral con-
ditions, the hydrolysis of HA was negligible, at least at up to 80 ◦C

meraas & Melander, 2008).

Concentration (homogenous)

0.1 M 0.01 M 0.1 M

4.1E−8 n.d. 1.0E−7
1.0E−6 n.d. 1.0E−6
3.4E−6 2.0E−6 4.0E−5
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Fig. 3. Plot of 1/Mw − 1/Mw,0 as a function of hydrolysis time and acid concent

Tømmeraas & Melander, 2008). The kinetic rate constants (kh) at
0 ◦C were determined from the slopes of the kinetic plots and
lotted in Fig. 4 as a function of HCl concentration. For compar-

son, homogeneous hydrolysis data taken from Tømmeraas and
elander (2008) are included. For most polysaccharides a linear

ependence of the hydrolysis rate on the proton concentration is
xpected (Holtan et al., 2006; Smidsrød et al., 1966, 1969) as the
ydrolysis process is directly proportional to the amount of oxo-
ium ions (H3O+) in the solution. The slope is significantly lower

or the heterogeneous hydrolysis and as can be seen, the kinetic

ate constant is less affected by changes in acid concentration. Thus,
he effect of the lower amount of water significantly influences the
ydrolysis reaction (a factor 10) by limiting the presence of water
hat is required during the formation of a new reducing end. The

ig. 4. Plot of the hydrolysis constant as a function of acid concentration at 80 ◦C for
omogeneous (Tømmeraas & Melander, 2008) and heterogeneous acid hydrolysis.
gives information about hydrolysis kinetics: (A) 40 ◦C, (B) 60 ◦C and (C) 80 ◦C.

rate constant determined for heterogeneous conditions in 0.1 M HCl
at 60 ◦C were determined to 1.0E−6, the same value as for homo-
geneous condition at same temperature and acid concentration
(see Table 1). This is an improbable result, as one would expect
a lower value for the heterogeneous system since this was found
for all other conditions studied. The reason for this is probably that
the rate at this low acid concentration the rate is slow so that it is
difficult to measure accurately.

The polydispersity index (Mw/Mn) of the acid degraded sam-
ples showed more or less no change compared to the starting
HA (1.3–1.8). Following from the theory on random degradation,
one should according to the Kuhn distribution expect an Mw/Mn

of around 2.0 for extensively degraded samples (Hjerde et al.,
1996; Inoue & Nagasawa, 1985). The reason for the low value
is probably that determination of the number average molecular
weight (Mn) becomes more uncertain and overestimated as the
hydrolysis proceeds, giving a somewhat underestimated polydis-
persity index. Since HA is a linear polymer of alternating GlcNAc
and GlcA, one would expect a total random degradation if either
(i) the reaction rate is equal for the cleavage of the �-(1→4)
between GlcNAc-GlcA and the �-(1→3) between GlcA-GlcNAc
or (ii) the reaction is predominantly occurring on one of these
linkages.

The effect of temperature on acid hydrolysis was evaluated by
plotting the natural logarithm of the kinetic rate constants (ln kh)
at 40, 60 and 80 ◦C as function of the inverse absolute temperature
(Arrhenius plot), giving a linear curve (Fig. 5). Similar tendencies
have been observed for acid hydrolysis of other linear single-strand

polysaccharides (Einbu et al., 2007; Holtan et al., 2006; Smidsrød et
al., 1966, 1969). From the plot it is possible to determine the param-
eters in equation: kh = A e−Ea/RT , where A is the Arrhenius constant
(also called the pre-exponential factor or frequency factor) and Ea

is the activation energy of the reaction (Atkins, 1994). From linear
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, 2008) (0.1 M HCl) and heterogonous hydrolysis (0.1 and 0.05 M HCl).
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Fig. 5. Arrhenius plots of homogeneous (Tømmeraas & Melander

egression on the Arrhenius plot, it was possible to determine A
rom the intercept and the activation energy (Ea) from the slope
or the heterogeneous and homogeneous hydrolysis of HA in 0.1 M
Cl and for heterogeneous hydrolysis at 0.05 M HCl (data for homo-
eneous hydrolysis taken from Tømmeraas and Melander (2008)).
he results are compared in Table 2. The explanation for the differ-
nce in Ea between heterogeneous and homogeneous hydrolysis, is
ainly explained by the availability of water that is involved in the

ate-limiting step for the hydrolysis in heterogeneous conditions
see Fig. 1). As can be seen, a change in acid concentration leads
o a parallel shift in the Arrhenius plot. This shows that a change
n the acid concentration gives the same affect on the hydrolytic
onstant at all temperatures explored. See next section for further
iscussion.

.3. Effect of water concentration on hydrolysis rate

During initial experiments, the solid content of HA in relation
o amount of hydrolysis media was studied. A 0.01 M HCl solution
n 93% EtOH was prepared and put into four different vials at vol-
mes corresponding to 5, 7.5, 10, and 15 ml to a constant amount
f HA (0.5 g). The samples were hydrolysed at 80 ◦C for 19 h, cooled,
eutralized, filtered, and air dried. At all experiments, the HA was
ompletely covered with the HCl/EtOH solution.

As shown earlier, there is a linear relationship between
1/Mw − 1/Mw,0) vs. time. Therefore, the kinetic rate constant could
e estimated and the results are presented in Fig. 6 as a function of

elative molar amounts of water per glucosidic bonds.

As can be seen, there was an influence from the water con-
entration on the kinetics (Fig. 6). A linear relationship between
he amounts of hydrolysed glucosidic linkages was obtained with

polydispersity during the reaction at 1.4. When the HCl/EtOH

able 2
able of slope, Ea , intercept and Arrhenius constant for heterogeneous and homogeneous

Slope Ea (kJ/mol)

0.1 M HCl 16,530 137
0.1 M HCl 12,494 104
0.05 M HCl 12,817 107
Fig. 6. Kinetic rate constant as a function of ratio between available water per
glucosidic bond.

amount decreases (high %w/w HA), the molecular weight increases
and the hydrolysis rate (kh) decreases. This is again explained by
the rate limiting step of acid catalysed hydrolysis for the glucosidic
bond in polysaccharides is related to the addition of water to the
carbonium-oxonium ion (see Fig. 2). Thus, the low amount of water
limits the reaction and determines the rate constant. This is in con-
trast to homogenous hydrolysis where the rate limiting step is the
formation of carbonium-oxonium ion (Einbu et al., 2007).

3.4. Industrial relevance
It is known that the solubility of polysaccharides in an
ethanol/water media decreases with chain length (Gelders, Bijnens,
Loosveld, Vidts, & Delcour, 2003). This is used industrially for
fractionation of extracted HA from biological sources (e.g. ros-

hydrolysis.

Intercept Arrhenius constant (h−1)

37 8.1E+15
23 1.2E+10
23 8.8E+9
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er comb). During the manufacturing of low molecular weight
LMW) HA, there are several different methods proposed (Lapcik Jr.,
habrecek, & Stasko, 1991; Tømmeraas & Melander, 2008). How-
ver, homogeneous acid hydrolysis is probably the most widely
sed, due to the low manufacturing cost and the high controlla-
ility of the hydrolysis process. Heterogeneous hydrolysis offers
everal advantages and involves a process where the HA is not
issolved prior to the hydrolysis making it possible to hydrolyse

arge amount of HA in limited volumes. Aqueous homogeneous
ydrolysis of HA, followed by precipitation of the LMW HA require
ignificant amount of ethanol (EtOH) in order to reach the level at
hich low molecular weight HA precipitates. Thus, the suggested
eterogeneous hydrolysis requires much less ethanol. Also, the
ecovery of the material during homogeneous hydrolysis is limited
o the added amount of ethanol (more ethanol – higher recov-
ry). During the experiments conducted throughout this study,
ecoveries of HA material was generally above 94% (no data pre-
ented). Also, due to the high viscosity of HA in water the amount
f material possible to process in a given volume during homo-
eneous hydrolysis is limited to approximately 1%. The suggested
ethod makes it possible to hydrolyse several times this amount

up to 5% investigated – no data presented). Additionally, in order
o obtain solid state HA, the heterogeneous process does not
equire any additional unit operations such as precipitation using
arge volumes of EtOH or spray drying. A simple filtration fol-
owed by a washing of the excess acid is sufficient. Also, the
ydrolysis could easily be controlled to obtain molecular weights
ithin a narrow range (generally below 10% variation – no data
resented).

. Conclusion

Heterogeneous hydrolysis of hyaluronic acid (HA) in ethano-
ic hydrochloric acid is a novel approach to hydrolyse HA to
ow molecular weight (LMW) material. The suggested method

as shown to be a random degradation process for HA at
ll acid concentrations and temperatures explored giving no
etectable side reactions. The hydrolysis was found to follow
first order kinetics with a linear Arrhenius dependence on

he inverse absolute temperature as previously seen for the
ydrolysis of HA and other single chain polysaccharides in aque-
us solution. The kinetic rate constant could be controlled by
arying the water content, temperature, and acid concentra-

ion in the heterogeneous EtOH/HCl hydrolysis. This process
ffers several advantages compared to conventional homoge-
eous hydrolysis due to less water and ethanol consumption, high
ecovery of LMW material, and no need for handling of viscous
olutions.
ate Polymers 82 (2010) 874–879 879
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