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ABSTRACT ARTICLE HISTORY
Acylation of polysaccharides is a commercially important reaction and is Received 26 July 2018
usually performed in a process involving the polysaccharide, an acid Accepted 10 August 2018
anhydride, and an inorganic acid. As an alternative to inorganic acid, many
catalysts, including some metal chlorides, have been previously reported
as catalysts. In this work, we took a more comprehensive look at several
metal chlorides to observe trends and reactivities among them, particularly
relating to reaction temperature, time, and amount of acetic anhydride
used. lodine was also included for comparison. Almost all the metal chlor-
ides studied were found to be active as catalysts for the acetylation of
starch under suitable reaction conditions. However, each metal chloride
had a somewhat different reactivity with a different optimal temperature
needed for satisfactory reactions to take place. The molecular weight of
the starch acetate products decreased in all cases observed. The reactivity
trends among the metal halides seemed to correlate both with the ease of
complexation between the halide and the substrate and with the acidity
of the metal chloride. Characterization was achieved through '*C NMR, FT-
IR, thermogravimetric analysis and size exclusion chromatography.
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Introduction

Acylation of polysaccharide is an important chemical reaction that has significant commercial
impact. For example, cellulose acetate!"?! and other cellulose esters are used extensively in many
applications, such as apparel, home furnishings, glass frames, cigarette filters, coatings, and films.
Starch acetate®™! is also well known and used as food additive, textile sizing, adhesive, and ingre-
dient for grease-proofing paper. Several reviews'®® and at least one book'” have been written
about esterification of polysaccharides.

Many of the synthetic methods employed for acylation were developed for low-molecular-
weight carbohydrates or related alcohols; some of them were then adapted for polysaccharides.
For convenience, these methods can be grouped into several categories. A major category is the
use of a strong acid in combination with an anhydride. An example is the commercial process
for the acetylation of cellulose, which is conducted in the presence of acetic anhydride, acetic
acid, and sulfuric acid"®'". Instead of sulfuric acid, perchloric acid!"*'*, trifluoroacetic
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acid!"¥), methanesulfonic acid"®), scandium trifluoromethanesulfonates'®'”), and cupric tri-
fluoromethanesulfonates!’® have been utilized as a catalyst for the reaction. The second cat-
egory includes the Lewis acid catalysts, and several have been used, for example, indium
chloride™®), cobalt chloride!*”, zinc chloride!**, ferric chloride®"), and bismuth chloride®* in
combination with acetic anhydride. Iodine has been reported as an acylation catalyst for sug-
ars'®, and this has been extensively utilized by wus®*! and several others for
polysaccharides!?>?7],

A different category of catalysts consists of basic compounds. In fact, most commercial starch
esters are prepared by aqueous suspension reaction of starch, anhydride, and sodium hydroxide
maintained at pH 7-9!"7?%?°1_ Similar reactions involving starch, anhydride, and sodium hydrox-
ide were used in many recent publications on starch acetylation****!. Other basic compounds
used include pyridine and N,N-dimethylaminopyridine®®, imidazole’®”), ammonium halide*®),
and potassium carbonate®, Tonic liquids containing methyl imidazolium functionality'**~*?! have
also been reported in connection with acetylation, and they can perhaps be grouped with
basic compounds.

Yet another category of catalysts comprises the heterogeneous catalysts, including montmoril-
lonite K-101**), zeolites'**!, Nafion-H™*), and Al,0/*°!. A different category comprises enzymes
(particularly lipases), which have been reported for the esterification of some polysaccharides'®!.
There are also the multicomponent catalysts, involving more than one type of materials from two
catalyst categories, such as perchloric acid-SiO,*”! and choline chloride/zinc chloride ion
liquid™*®. A final method that may be mentioned entails the carbonation of cellulose with CO, in
the presence of strong organic bases, leading to the dissolution of cellulose in DMSO and acetyl-
ation with acetic anhydride without external catalysts'*®). For starch acetylation, many of the syn-
thetic methods have been recently reviewed'®'.

As we surveyed the literature, the metal chlorides thus far have been studied individually as
Lewis acid catalysts for acetylation of polysaccharides. The objective of this work was to take a
more comprehensive look at an expanded list of metal chlorides and compare their catalytic
effects on the acetylation of starch, particularly regarding reaction temperature, time, and amount
of acetic anhydride used. These are the parameters that are most related to reaction efficiency
and economy. Iodine was included in the study as a reference. As it turned out, all metal chlor-
ides studied showed varying degrees of catalytic activity; however, the reaction conditions (par-
ticularly temperature) needed to be customized for each metal chloride to optimize the outcome.
These data and analyses should be useful in the design of future processes using Lewis acids to
catalyze the acetylation of polysaccharides.

Materials and methods
Materials

The sample of wheat starch was purchased from Sigma Aldrich (St. Louis, MO, USA). Iodine,
aluminum chloride, ferric chloride, hydrated ferric chloride, zinc chloride, antimony chloride,
tin chloride, cupric chloride, and hydrated nickel chloride also came from Sigma Aldrich.
Acetic anhydride, sodium bicarbonate, methylene chloride, hydrated tin chloride, and hydrated
cobalt chloride were acquired from Fisher Scientific (Pittsburgh, PA, USA). Cobalt chloride
and nickel chloride were purchased from Acros Organics through Fisher Scientific. Absolute
ethanol came from Decon Laboratories, Inc. (King of Prussia, PA, USA). Dimethylsulfoxide-ds
(de-DMSO) was obtained from Cambridge Isotope Laboratories (Andover, MA, USA). For
convenience, all metal chlorides mentioned in the text were anhydrous, unless specifically
noted as hydrated.
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Figure 1. "*C NMR spectra (at 10-110 ppm) of acetylated starch samples A, B1, C, D, E, and F, as described in Table 4. Arabic
numerals refer to carbon numbers, where u and a denote unreacted and acetylated carbons on starch, respectively; S= ds-DMSO,
and E =ethanol.

Synthetic procedure

The procedure was adapted from the iodine-catalyzed acetylation reaction of Biswas et al.?*. In a
typical reaction, 0.5g of starch, 0.2-2.5mL of acetic anhydride, and 0.05g of a catalyst were
heated at 50-110°C for 6-24h; no solvent was used. The reaction mixture was then cooled to
room temperature and neutralized with an aqueous solution of sodium bicarbonate while stirring.
The mixture was poured into 10 mL of ethanol and stirred for 30 min. The solid, which contained
starch acetate, was filtered and washed with water/ethanol and dried in a vacuum oven at 60 °C.
Under the reaction conditions, the yields were all >90%.

Analysis and characterization

NMR spectra were obtained on a DRX400 spectrometer from Bruker Instruments (Carlstadt,
Germany). Standard instrumental conditions were used for ' H and "> C NMR with d¢-dimethyl-
sulfoxide (DMSO) as the solvent. All chemical shifts were referenced to tetramethylsilane at
0 ppm. The degree of substitution (DS) was calculated from the spectral areas obtained from the
' C NMR spectra (Figure 1). This can be conducted by taking the total area (A2) of starch peaks
at 60-110 ppm. If the area of the acetate methyl peak at 21 ppm is Al, the DS is then A1*6/A2.
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Table 1. Effect of reaction temperature on the degree of substitution (DS) for acetylation of starch using Lewis acid catalysts.
All reactions were conducted on 0.5 g starch, 1mL Ac,0, 0.05g catalyst, and with 6-hour reaction time.

DS at the indicated temperature

Catalyst 110 °C 100 C 80 C 70 °C 60 C 50 C 40 °C
FeCls 0* 0.3* 25 16 0.7
ZnCl, 27 18 0.2

AICI; 3.1 3.1 14 06

ShCly 3.1 1.1 03

SnCl, 3.1 26 1.2 08

Iy 3.0% 29 22 15 0.6
Cucl, 3.1 27 0.2 0.0

CoCl, 19 04 0.1

NiCl, 03 0.1 0.0

*Sample charred. Results obtained only from dissolved part of sample.

At higher reaction temperatures sometimes charring was observed on a few samples; in those
cases only the DMSO-soluble part of a product was analyzed by NMR.

FTIR spectra were acquired on a Nicolet iS10 spectrometer (Thermo Scientific Inc., Waltham,
MA, USA) equipped with a Smart Orbit single bounce ATR accessory with a diamond crystal.
The scanning range was 500-4000 cm ™" with a spectral resolution of 4cm™"'. Each spectrum was
the average of 32 scans. The software used was Omnic 9 (version 9.2.98), which automatically
removed the baseline drifts from the spectra.

Thermogravimetric analysis (TGA) was performed on a TA Instruments Q500 TGA (New
Castle, DE, USA) with nitrogen purge. Each sample (about 10 mg) was loaded in an open plat-
inum pan and heated in nitrogen from room temperature to 600 °C at 10 °C/min.

Size-exclusion chromatography (SEC) was performed using a Shimadzu Prominence LC system
(Shimadzu, Kyoto, Japan) equipped with refractive index (RI) and diode-array (UV) detectors.
DMSO was used as the mobile phase as well as solvent for the samples. A 0.5% solution of each
sample was prepared in DMSO. The sample was filtered using a 0.45-um syringe filter, then
50 uL of sample was injected on the SEC at a flow rate of 0.5mL/min using a Phenogel 5
Linear(2) SEC column (Phenomenex, Torrance, CA, USA) at 60 °C. Dextran standards were used
for molecular weight calibration.

Results

In our effort to generalize the catalysis of acylation of polysaccharides with metal chlorides, we
chose, as proof of principle, the acetylation of starch with eight metal chlorides: iron (III) chlor-
ide, zinc(II) chloride, aluminum(III) chloride, antimony(III) chloride, tin(II) chloride, copper(II)
chloride, cobalt(II) chloride, and nickel(II) chloride. Iodine-based catalysis was used as a refer-
ence. The reaction variables studied included reaction temperature, reaction time, and level of
acetic anhydride used. Furthermore, a comparison was made of the reactions conducted with sev-
eral anhydrous versus hydrated metal chlorides.

The effect of temperature on the degree of substitution of acetate on starch is summarized in
Table 1. With the exception of FeCls, a higher reaction temperature led to a higher degree of sub-
stitution for the catalysts studied. However, at the highest temperatures, sometimes the DS
exceeded 3.0, indicating the presence of chain degradation and the acetylation of chain ends. The
profile of DS versus temperature showed a lot of variations, depending on the metal chloride
involved. To get DS values between 1.5 and 3.0, the optimal temperature seemed to be around
80 °C for ZnCl,, AICl;, SbCls, and SnCl,. In contrast, NiCl, and CoCl, were less reactive; even at
100°C, the DS value for CoCl, was 1.9. CuCl, showed the greatest temperature sensitivity; at
100°C the DS was almost 3.0, but at 80 °C, it was 0.2.
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Table 2. Effect of reaction time and Ac,0 level on the degree of substitution (DS) of starch acetate. All reactions were con-
ducted on 0.5 g starch and 0.05 g catalyst.

Catalyst Ac;0 (mL) T(°Q) t (h) DS
FeCls 1 80 6 0.3*
25 80 6 2.4%
0.5 80 6 0.2*
1 80 24 0.1%
1 60 24 2.8
1 60 6 25
AlCl3 1 80 6 3.1
0.5 80 6 1.4
0.2 80 6 0.4
1 60 24 2.0
1 60 6 0.6
Sncl, 1 80 6 2.6
0.5 80 6 0.6
0.2 80 6 0.2
1 60 24 0.8
1 60 6 0.8

*Sample charred. Results obtained only from dissolved part of sample.

FeCl; showed a very different temperature behavior from the other metal halides. At 80°C
and 100°C, FeCl; appeared to be very reactive such that extensive polymer degradation and
hydrolysis occurred (as shown by sample charring), and not much usable product was recovered.
Because of its high reactivity, lower reaction temperatures were attempted for FeCl;. The optimal
temperature for DS between 1.5 and 3.0 for FeCl; was around 50-60°C. In comparison, iodine
was also shown to be rather reactive; the optimal temperature for DS 1.5-3.0 was about 50-80°C.

The effects of reaction time, level of acetic anhydride, and reaction temperature for three metal
chlorides - FeCl;, AlICl;, and SnCl, - are shown in Table 2. These data confirmed the high activity
of FeCl; as a catalyst. At 80°C reaction temperature, all the FeCl;-catalyzed samples charred to
varying degrees. However, at 60° C almost complete acetylation was achieved without sample
charring. For AICl; and SnCl,, 80°C seemed to be the optimal temperature at Ac,O level of 1g
to achieve a high DS. From data shown in Table 2, a longer reaction time generally gives a higher
DS value. Likewise, a higher acetic anhydride level also produces a higher DS value. In a given
process, if a lower DS is desired, then a lower reaction temperature, a shorter reaction time, and
a reduced anhydride level can be used.

Many of the metal chlorides can be available in both anhydrous and hydrated forms. One may
be curious to find out if the acetylation reaction changes when anhydrous versus hydrated metal
chlorides are used. The side-by-side comparison of four anhydrous and hydrated metal chlorides
(FeCls, SnCl,, CoCl,, and NiCl,) showed, perhaps surprisingly, that there was no significant dif-
ference in the DS with the water of hydration for the metal chlorides (Table 3). Thus, either
anhydrous and or hydrated chlorides can be used for starch acetylation.

The "> C NMR spectra of a few selected starch acetate samples (Table 4) are shown in Figure
1. Spectral assignments can be made from those reported in the literature!®*~>"! and from chem-
ical shift additivity rules’®. Thus, the (unreacted) starch peaks are found at 100.6 ppm (C1),
79.3 ppm (C4), 73.6 ppm (C3), 72.0 ppm (C3 and C5), and 60.9 ppm (C6)>*!. The tully acetylated
starch peaks occur at 96.0 ppm (Cl1), 74.3 ppm (C4), 71.4ppm (C3), 70.3ppm (C2), 69.1 ppm
(C5), and 63.2 ppm (C6). These peak assignments are noted in Figure 1, where the DS decreases
in general from sample A to F (Table 4). For samples D and E the peaks for both unreacted and
reacted starch can be seen in the same spectra.

The FT-IR spectra of starch and three samples of SnCl,-catalyzed acetylated starch (Table 4)
with increasing acetylation are shown in Figure 2. The spectrum of starch is well known with
characteristic bands for C-O, C-C and C-O-H stretching and C-O-H bending at around 1000-
1200 cm !, C-H bands at 2910 cm ™', and broad O-H bands at 3400 cm ™' °***, After acetylation,
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Table 3. Effect of metal chloride water of hydration on the degree of substitution (DS) of starch acetate. All reactions were
conducted on 0.5 starch, TmL Ac,0, 0.05g catalyst, and with 6-hour reaction time.

DS at the indicated temperature

Catalyst 100 C 80 °C 70 °C 60 C 50 °C
anhydrous FeCls 0.3* 25 1.6
FeCl; hydrate 0.7 2.4 1.5
anhydrous SnCl, 2.6 1.2 0.8

SnCl, hydrate 2.5 1.4 0.8

anhydrous CoCl, 17 0.4 0.1

CoCl, hydrate 1.7 0.3 0.1

anhydrous NiCl, 0.3 0.1 0.0

NiCl, hydrate 0.5 0.2 0.1

*Sample charred. Results obtained only from dissolved part of sample.

Table 4. Information on samples for BC NMR, FT-IR, and TGA. All reactions were conducted on 0.5 g starch, 0.05g catalyst,
and with 6-hour reaction time.

No. Catalyst Ac,0 (mL) T(Q DS
A AlCl, 1 80 35
B1 snCl, 1 80 38
B2 snCl, 0.5 80 1.0
B3 SnCl, 0.2 80 0.2
C Cucl, 1 100 3.0
D ShCls 1 80 2.1
E CoCl, 1 100 17
F NiCl, 1 100 0.5

new bands showed up at 1750, 1440, 1380, and 1230 cm ™', due to carbonyl C= 0O, CH; antisym-
metric deformation vibration, CH; symmetric deformation vibration, and carbonyl C-O stretch
vibrations, respectively, in agreement with the literature!®>*”!, With increasing DS, the bands due
to acetylation increased in intensity, but the broad O-H band at 3400 cm ™' decreased in intensity
such that at DS 3.0, it completely disappeared, indicating the absence of OH groups.

The same four SnCl,-catalyzed samples were subjected to TGA analysis (Figure 3). It seems
that weight loss for these samples depends on two main factors: 1) degree of acetylation, where
increasing acetylation enhances thermal stability, and 2) molecular weight degradation, which
makes the polymer thermally less stable. Thus, the unmodified starch showed a peak maximum
in the DTG curve at around 300 °C. With the addition of SnCl, and 0.2 g acetic anhydride (sam-
ple B3), the DS was only 0.2, but the molecular weight also degraded, so that the peak maximum
in the DTG curve decreased significantly to 230°C. With increasing acetic anhydride, the DS
increased to 0.6 (for sample B2) and 2.6 (for sample B1); the peak maxima for DTG curves also
increased to 230-310°C (two peaks) and 330 °C, respectively.

A study of the molecular weight distribution of the acetylated starch samples indicated that
with the use of metal chlorides and iodine, all samples showed varying degrees of molecular
weight degradation. This confirmed what was reported earlier for iodine***®!. For starch acetate
obtained with the reaction of 0.5g starch, 1 mL acetic anhydride, and 0.05g catalyst at 80 °C for
6h, the number-average (M,), and weight average (M,,) molecular weights are given in Table 5.
The molecular weight distributions are shown as size exclusion chromatograms in Figure 4, and
the distributions are all very broad. The starting wheat starch has a M, of 1532kDa. The use of
iodine for acetylation appears to be most deleterious for the molecular weight of acetylated starch;
the M,, drops to 4.4kDa. Among metal chlorides, AlCl; and FeCl; show the most reduction in the
molecular weight of acetylated starch (with M,, about 26-31kDa). Three metal chlorides show the
least reduction: SbCl;, ZnCl,, and SnCl, (with M, in the range of 179-207 kDa), and three metal
chlorides are in the middle: CoCl,, CuCl,, and NiCl, (M,, about 40-72kDa). Thus, if we prefer to
minimize molecular weight degradation of starch during acetylation at 80°C, SnCl,, ZnCl, or
SbCl, can be selected as the catalyst.
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Figure 2. FT-IR spectra of acetylated starch samples, B1, B2, and B3, as described in Table 4, and unmodified starch.

Discussion

Results shown above indicate that all metal chlorides studied herein can be used as catalysts for
starch acetylation. However, the reaction conditions (particularly temperature) need to be opti-
mized to produce desired results. The level of acetic anhydride and the reaction time are the sec-
ondary factors that also affect the DS.

Although all metal chlorides are capable of acetylating starch, they have different reactivities.
At 100°C reaction temperature, the relative reactivity of the catalysts (and the DS) at 1g Ac,0O
and reaction time of 6h are shown below. FeCl; is excluded from this trend as the products
charred due to the overactivity of that catalyst.

SnCl,(3.1), SbCl3(3.1), CuCly(3.1), AlCl5(3.1), 1,(3.0), ZnCl,(2.7), CoClL(1.9), NiCl,(0.3)

At 80°C, the DS of starch obtained using 1g Ac,O and 6h of reaction time follows the
decreasing trend. Again, FeCl; is excluded due to char formation.

AlCL;(3.1), 1,(2.9), SnCl,(2.6), ZnCl,(1.8), SbCl;3(1.1), CoCl,(0.4), CuCl,(0.2), NiClL(0.1)

If we look at 60°C reaction temperature, 1g Ac,O, 6h of reaction time, a slightly different
decreasing DS trend is obtained:

FeCl3(2.5), 1,(2.2), SnCl,(0.8), AlCl;(0.6), SbCl3(0.3), ZnCl,(0.2), CoCl,(0.1), CuCl,(0), NiCl,(0)

The above trends at the three temperatures are not quite the same but show some similarities.
The strongest catalysts seem to be FeCls, AlICl;, I,, and SnCl,; the weakest catalysts are CoCl,
and NiCl,. However, each individual catalyst behaves differently. In particular, FeCl; is highly
active and is best used for acetylation at lower temperatures (60-70 °C), whereas acetylation with
iodine is better conducted at about 80 °C.

It may be noted that although the functions of Lewis acids in chemical reactions are well-
known, there appears to be no universal Lewis acidity scale. The reactivity of different Lewis acids
appears to depend on the reactions and the mechanisms involved. The Guttman-Beckett method
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Figure 3. Thermogravimetric analysis (TGA, top) and differential thermogravimetric (DTG, bottom) curves for SnCl,-catalyzed
acetylation of starch. The samples were described in Table 4 and depicted in black (wheat starch sample), green (sample B3),
blue (sample B2), and red (sample B1).

o

was based on *' P NMR chemical shifts for boron-containing Lewis acids and is well known as a
procedure to assess the Lewis acidity of molecular species’””®®). Another extensive Lewis acid
classification by Olah et al was based on Friedel-Crafts reaction!®'!. Kobayashi et al'®*! proposed a
kinetic and reactivity classification based on a large range of Lewis acids. Many other notable
contributions to Lewis acid scales have also been made by several research groups over
the years!®*~%%],
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Table 5. Molecular weights (in kDa) of metal chloride- and iodine-catalyzed acetylated (Ac) starch; reaction conditions entailed
0.5g starch, 1 mL acetic anhydride, 0.05g catalyst, 80 °C reaction temperature, and 6-hour reaction time.

Sample Mw Mn My/Mp

Ac Starch - |, 44 0.9 5
Ac Starch - AlCl; 26 2 12
Ac Starch - FeClz 31 3 1
Ac Starch - CoCl, 40 3 13
Ac Starch - CuCl, 58 3 18
Ac Starch - NiCl, 72 3 28
Ac Starch - SbCly 179 1" 17
Ac Starch - ZnCl, 193 5 40
Ac Starch - SnCl, 207 6 36
Unreacted Starch 1532 197 8
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Figure 4. Size exclusion chromatography curves for nine samples of acetylated starch samples made through metal chloride and
iodine catalysis. The reaction conditions entailed 0.5 g starch, 1 mL acetic anhydride, 0.05 g catalyst, 80 °C reaction temperature,
and 6 h reaction time.

The trend shown in our work appeared to be different from the Lewis acid classification published
by Kobayashi et al'®. However, it was somewhat similar to Olah’s categorization of Lewis acids based
on Friedel-Crafts reaction®. At 80°C, the trend also approximately agreed with those published by
Saito, et al® for the metal chloride-catalyzed cationic polymerization of p-methylstyrene. As the metal
part of the Lewis acid is often depicted as complexing with the substrate!®* "), the following mechan-
ism seems reasonable. Thus, H" (or H;0™) is formed as the byproduct of the reaction. The hydro-
nium ions can then cause molecular weight degradation, as we indeed observed.

o] o) [o] (0]

)’L +J'|\ /H\ )L M e
HC7/ 70T TCHy  ——=  He 0 + He o
R—OH M R

where R =starch moiety, and M = metal cation. To confirm this mechanism, we obtained the pH
values of eight aqueous metal halide solutions at 1 M concentration; no starch or acetic anhydride
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was added. Data (Figure 5) indicated a range of pH values from 1.0 to 6.2. (No data were avail-
able for SbCl; as it was not fully soluble at 1 M concentration.) The trend of decreasing acidity is
shown as follows:

FCC13> SnCl,> CuCl,> AlCl3> ZnCl,> CoCl,> NiCl,

This pH trend appears to match roughly the 60 °C reactivity of the metal chlorides for starch
acetylation in our data, with the possible exception of CuCl,.

Note that the DS values obtained from the catalysis of metal chlorides in the anhydrous and
hydrated forms are similar. As starch is known to contain a few percent of water even after dry-
ing, the presence of water does not seem to interfere with acetylation reaction. Likewise, the pres-
ence of water of hydration in the metal halide does not make a significant difference to
the reaction.

Conclusion

Esterification of polysaccharide is commercially important, and additional information on the esteri-
fication processes should be desirable, especially if we can minimize the chemical hazards by not
using strong mineral acids. In this work, we have shown that metal halides in general can be
employed as catalysts for starch acetylation. Interestingly, a range of reactivities have been obtained,
depending on the metal chloride chosen and the reaction conditions. Thus, it is possible to custom-
ize the reaction conditions as needed for a particular situation. For example, if a lower reaction tem-
perature is desirable, then iodine or FeCl; can be chosen as the catalyst at 60°C. If a sample with a
lower DS is needed, perhaps, NiCl, and CoCl, can be selected as they tend to be less reactive. If
reduced molecular weight degradation is desirable, then SnCl, and ZnCl, are preferred. If the cata-
lyst cost is an issue, the hydrated form of a metal chloride can be used instead of the more expensive
anhydrous form. Although the emphasis of this work is starch acetylation, the same metal chlorides
can be used for the esterification of other polysaccharides. This work is ongoing in our laboratories.
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