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a b s t r a c t

Determination of the degree of substitution of hydroxypropyl guar gum is important as it provides
information about the inhomogeneous substitution that may seriously affect the properties in various
applications. In this study, the pyrolysis products of guar gum and hydroxypropyl guar gums were exam-
eywords:
yrolysis
ydroxypropyl guar gum
egree of substitution at C-6
C–MS

ined by gas chromatography and GC–MS spectrometry. Results showed that 1,2-propanediol was the
product of hydroxypropyl at C-6 which splitted from the monosaccharide. Hydroxypropyl guar gums
were analyzed to determine the degree of substitution at C-6, and the values were in good agreement
with the values obtained by other methods. The present method is used to determine the degree of
substitution at C-6 of hydroxyethyl guar gum. The present method is reliable, sensitive, and easy to oper-
ate, which provides a new way to characterize the degree of substitution at C-6 for hydroxypropyl and

hydroxyethyl guar gum.

. Introduction

Guar gum (GG) consisting of a 1,4-linked �-d-mannopyranose
ackbone with the branches of 1,6-linked �-d-galactopyranose
nd its derivatives with various functional groups hold impor-
ant potential applications in numerous industries such as food,
aints and pigments, oil field, mining, paper, water treatment, per-
onal care, pharmaceutical and agriculture (McCleary, Clark, Dea, &
avid, 1985). Hydroxypropyl guar gum (HPG) is one of the most
sed derivatives. Compared with native guar gum, the HPG has
etter solubility and thermal stability in solution. HPG is prepared
rom the native guar gum via an irreversible nucleophilic substitu-
ion, using propylene oxide in the presence of an alkaline catalyst
Lapasin, De Lorenzi, Pricl, & Torriano, 1995). The chemical and
unctional properties of HPG are mainly dependent on the pattern
f substitution and the distribution of substituent (Floyd, Kohler, &
ard, 1972). The degree of molar substitution (MS) measures the

umber of moles of combined propylene oxide per monosaccha-
ide unit. The MS of HPG can be determined by means of 1H NMR
r 13C NMR, however, the NMR method cannot give any informa-
ion on the degree of substitution of individual hydroxyls of the

lucose units due to the low resolution and difficulties of NMR
pectral resonances assignment. Several analytical methods have
een developed over the years for the determination of the dis-
ribution of substituents of the hydroxypropyl group. Gas–liquid
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chromatography with mass spectrometry (GLC–MS) was also
used to determine the substituent distribution in hydroxypropy-
lated potato amylopectin starch (Richardson, Nilsson, Bergquist,
Gorton, & Mischnick, 2000). This procedure was employed as the
standard method of testing, however, it was troublesome and time-
consuming.

In this study, the degree of substitution at C-6 was deter-
mined by Pyrolysis-Gas Chromatography–Mass Spectrometry.
1,2-Propanediol was the product of hydroxypropyl which substi-
tuted at C-6 from the monosaccharide. Hydroxypropyl guar gums
with different molar substitution were analyzed to determine the
degree of substitution at C-6, the values of the degree of substitu-
tion at C-6 were in good agreement with selective oxidation (Ye
et al., 2009). This method is reliable, sensitive, quick, and easy to
operate, which provides a new way to determine the degree of sub-
stitution at C-6 for hydroxyethyl and hydroxypropyl substituted
polysaccharides.

2. Experimental

2.1. Materials

Guar gum (GG) and hydroxypropyl guar gums (HPGs) with
different MS were kindly provided by the Jingkun Oilfield Chem-

istry Company, Jiangsu in China. The Mn value of guar gum was
2.5 × 106 g/mol. The average molecular weight of samples was
determined by gel permeation chromatography (GPC) with a Shi-
madzu Instrument. The MS of HPGs were determined by 1H NMR
spectroscopy. All other reagents are all analytical grade.

dx.doi.org/10.1016/j.carbpol.2010.06.002
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jiangbo@china.com
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Table 1
Analytical result of the main pyrolytic liquid of guar gum, hydroxypropyl guar gum with low degree of substitution (HPG-1), hydroxypropyl guar gum with high degree of
substitution (HPG-4).

Retention time (min) Pyrolysis compounds Similarity Relative content (%)

Guar gum HPG-1 HPG-4

1.928 Acetic acid 90 15.495 17.422
2.350 1-Hydroxy-2-propanone 80 18.694 7.811 17.977
3.483 1,2-Propanediol 86 9.729 79.658
5.654 2-Furancarboxaldehyde 91 11.229 41.272
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6.366 2-Furanmethanol
9.353 5-Methyl-2-furancarboxaldehyde

.2. Pretreatment of samples

Guar gum and hydroxypropyl guar gums were purified by dis-
olving in water and precipitated from solution with the addition
f ethanol.

.3. Pyrolysis of GG and HPG

The pyrolysis of the samples was performed in pipe furnace.
amples were heated from 20 ◦C to 320 ◦C, and then kept for 1 h.
he temperature ramp was 10 ◦C/min controlled with Tempera-
ure Control Specialists (SKW-1000). The pyrolysis products were
ollected in an ice trap and analyzed by gas chromatography–mass
pectrometry (Agilent 5973N GC/MS: column, HP-Innowax; inlet
emp., 250 ◦C; detector temp., 250 ◦C; He flow, 40 mL/min; a split
atio, 50:1). Experimental parameters for GC/MS were identi-
al and included the following: initial temperature, 40 ◦C; initial
ime, 2 min; program rate, 10 ◦C/min; final temperature, 180 ◦C;
nd then kept for 4 min; the solvent delay time, 2.2 min. The
yrolysis products was also analyzed by gas chromatography
GC4000: column, HP-FFAP; inlet temp., 250 ◦C; detector temp.,
80 ◦C; N2 flow, 40 mL/min). Experimental parameters for GC
ere identical and included the following: initial temperature,

0 ◦C; initial time, 7 min; program rate, 20 ◦C/min; final temper-
ture, 210 ◦C; and then kept for 5 min; 2.0 g/L methanol aqueous
olution was used as internal standard to determine the con-
entration of 1,2-propanediol. The pyrolysis of each sample was
epeated 5 times, and the average value was used for final analy-
is.

. Results and discussion

.1. Qualitative analysis of pyrolytic liquid
The compositions of the main components of the pyrolytic liquid
btained from GG and HPG-1, HPG-2, HPG-3, HPG-4 determined by
C/MS are given in Table 1. The MS of HPG-1, HPG-2, HPG-3, HPG-4
ere 0.14, 0.36, 0.51, 1.54 respectively (Table 1).

Fig. 1. Depolymerization mechanism
0 6.855
7 7.164 0.765

The pyrolysis products of these samples contains
mainly 1,2-propanediol, 5-methyl-2-furancarboxaldehyde,
2-furancarboxaldehyde and 1-hydroxy-2-propanone. The
concentration of 1,2-propanediol increases with MS of HPGs.
1,2-Propanediol cannot be detected in the pyrolytic liquid
obtained from pure guar gum. The contain of 5-methyl-2-
furancarboxaldehyde and 2-furancarboxaldehyde which are the
main components of the pyrolytic liquid obtained from GG (Zhang
et al., 2010) decrease with the increase of MS of HPGs, and which
become undetectable in the pyrolytic liquid obtained from the
HPG with high degree of substitution.

3.2. Analysis of the mechanism of the pyrolysis of GG and HPG

TGA and DTA curves of the original guar gum show the onset and
endset temperatures are 230 ◦C and 310 ◦C respectively (Varmao,
Kokane, Pathakb, & Pradhad, 1996), so the pyrolysis temperature
was adjusted to 320 ◦C. The formation of anhydrosugars is the first
step in the formation of volatile compounds from the pyrolysis of
carbohydrate polymers (Piskorz, Radlein, & Scott, 1986). Because
the bond length of C-6 to O is longer than C-2 to O and C-3 to
O, levoglucosan (1,6-anhydro-�-d-glucopyranose) which is a sig-
nificant intermediate product in the decomposition of guar gum
is formed by dehydration. Levoglucosan is formed by stripping of
1,2-propanediol (Fig. 1).

The cleavage of the glucosidic linkages is followed by ring
opening at the ring glucosidic linkage to form two-carbon and
four-carbon fragments with the two-carbon moiety rearranging to
glycolaldehyde. Other compounds were postulated to form from
various rearrangements of the four-carbon fragments (Lipska &
Wodley, 1969).

Furan compounds are generally formed from the dehydration of
carbohydrates and are not very likely to involve recombinations of

the sugar fragments. On this basis 2-furaldehyde could have been
derived either from the first or the last five carbons of the anhy-
dro sugar. Formation of 2-furaldehyde from C-1 to C-5 is consistent
with the degradation pathway of carbohydrates involving the con-
version of the enolic forms of intermediate 3-deoxyglycosuloses to

of hydroxypropyl guar gum.
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Fig. 2. Formation mechanism of 5-m
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1,2-propanediol was determined by GC, and methanol aqueous
Fig. 3. Formation mechanism of 2-furancarboxaldehyde.

uran compounds (Shafizadeh & Lai, 1972) (Fig. 2). It is also con-
istent with the observations of Kato and Komorita (1968), who
ave identified 3-deoxyglycosuloses among the pyrolysis products
f cellulose, d-glucose, d-fructose, and d-xylose and have shown
hat 5-(hydroxymethyl)-2-furaldehyde could form 2-furaldehyde
Fig. 3).

Bond lengths for the C-2 to C-3 bond and for the C-l to O-ring
inkage are slightly greater than for other similar bonds, and the
–O bonds are thermally less stable than C–C bonds. These small
ifferences lend support to the hypothesis that initial ring cleavage
f the monosaccharide tends to occur most frequently at these two
ocations, yielding a two-carbon fragment and a four-carbon frag-

ent, the two-carbon fragment rearranging to a relatively stable
roduct, hydroxyacetaldehyde, while the four-carbon fragment can
ndergo a number of dehydration, rearrangement, decarbonylation
eactions to yield 1-hydroxy-2-propanone (Fig. 4).

When the hydroxyl groups at C-2 or C-3 were substituted
y hydroxypropyl, dehydration process cannot be followed as
howed in Fig. 2, the content of 5-methyl-2-furancarboxaldehyde

nd 2-furancarboxaldehyde decrease with the increase of MS
s showed in Table 1. 5-Methyl-2-furancarboxaldehyde and 2-
urancarboxaldehyde are the main components of the pyrolytic
iquid obtained from pure guar gum. Small amount of 5-methyl-2-

Fig. 4. Formation mechanism of
ethyl-2-furancarboxaldehyde.

furancarboxaldehyde and 2-furancarboxaldehyde can be detected
in pyrolytic liquid obtained from hydroxypropyl guar gum with
low degree of substitution, because most of the –OH groups
in guar gum were not substituted by hydroxypropyl and the
dehydration can be followed partially as showed in Fig. 2. 5-Methyl-
2-furancarboxaldehyde and 2-furancarboxaldehyde cannot be
detected in pyrolytic liquid obtained from hydroxypropyl guar gum
with high degree of substitution (MS > 1), because the pattern of
substitution is mono-substituted mainly and each monosaccha-
ride unit is almost substituted, the dehydration cannot be followed
as showed in Fig. 2. 1-Hydroxy-2-propanone is formed from the
cleavage of C-1 to O and C-2 to C-3, then 1-hydroxy-2-propanone
can be detected in all samples as showed in Table 1. Under
the conditions guar gum degrades by eliminations of hydroxyl
groups yielding substantial amounts of water and char. The hydrox-
ypropyl substituted at C-2 or C-3 is remained in the form of char,
because the production rate of char (mchar/msample) is proportional
to (1 − DS6/MS) approximatively, and the linear correlation coeffi-
cient is 0.92.

3.3. Calculation of degree of substitution at C-6

It is difficult to collect completely all the 1,2-propanediol pro-
duced during the experimental process, the recovery rate (�) of
1,2-propanediol must be determined. The pyrolysis of the mix-
ture of 0.15 g 1,2-propanediol and 1.86 g guar gum was performed
in the same experimental condition, and the amount of 1,2-
propanediol produced was determined. The recovery rate (�) was
determined with an average value of 86.6%. The concentration of
solution was used as internal standard (Table 2).

DS6 = nP/�

mHPG/MHPG

1-hydroxy-2-propanone.
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Table 2
DS6 of HPGs with different MS by two methods.

Sample MS MS (g) MP (g) nP:nHPG DSa
6 RSD (%) (n = 5) DSb

6

HPG-1 0.14 2.0783 0.0407 0.04 0.05 6.0 0.05
HPG-2 0.36 2.0226 0.1037 0.12 0.14 3.6 0.18
HPG-3 0.51 2.0542 0.1482 0.17 0.20 4.4 0.19
HPG-4 1.54 2.0215 0.2194 0.35 0.40 5.2 0.39

MS was determined by 1H NMR, DSa
6 was determined by this method, DSb

6 was
determined by periodate oxidation.

Table 3
DS6 of HEGs with different MS by two methods.

Sample MS nethanediol:nHPG DSa
6 RSD (%) (n = 5) DSb

6

HEG-1 0.39 0.20 0.23 2.8 0.23
HEG-2 0.47 0.27 0.32 1.7 0.28
HEG-3 1.08 0.45 0.53 3.1 0.53

M
w
o

M
a
o

a
m
h
t
h
w

a
g
g
r
s
s

a
w
d

S was determined by cleavage of ether bonds of HEG (He, Jiang, & Wang, 2008), DSa
6

as determined by this method, DSb
6 was determined by TEMPO-mediated selective

xidation of HEG (Yin et al., 2008).

HPG = 162 + 59 × MS; �—the recovery rate (0.8658); nP—the
mount of substance of 1,2-propanediol; MHPG—molecular weight
f HPG unit; mHPG—weight of HPG.

The values of the degree of substitution at C-6 were in good
greement with periodate oxidation, which shows the present
ethod is reliable. The degree of substitution at C-6 of the

ydrolyzed hydroxypropyl guar gum was also determined by
his method, and the values were in good agreement with non-
ydrolyzed hydroxypropyl guar gum. This indicated that molecular
eight had no influence on the determination.

This method is extended to determine the degree of substitution
t C-6 of hydroxyethyl guar gum. Because the NMR method cannot
ive any information on the degree of substitution of hydroxyethyl
uar gum due to the low resolution and difficulties of NMR spectral
esonances assignment. According to the mechanism of the pyroly-
is of GG and HPG, ethanediol is the product of hydroxyethyl which

ubstituted at C-6 from the monosaccharide (Table 3).

The values of the degree of substitution at C-6 were in good
greement with TEMPO-mediated selective oxidation of HEG,
hich shows the present method is reliable to determine the
egree of substitution of hydroxyethyl at C-6.
ymers 82 (2010) 829–832

4. Conclusion

In conclusion, the present technique using Pyrolysis-Gas Chro-
matography has proved to be a convenient and reliable chemical
method to determine the degree of substitution at C-6 for hydrox-
yethyl and hydroxypropyl substituted polysaccharides. The results
are in good agreement with the values found in the literature by
other methods.

Acknowledgment

We acknowledge Jinkun Oil field Chemical Co. of Petrochina for
financial support.

References

Floyd, F.-L. H., Kohler, R. R., & Ward, G. A. (1972). Determination of molar substitu-
tion and degree of substitution of hydroxypropyl cellulose by nuclear magnetic
resonance spectrometry. Analytical Chemistry, 44(1), 178–181.

He, L.-S., Jiang, B., & Wang, K. (2008). Determination of the degree of the substitution
of hydroxyethyl guar gum. Carbohydrate Polymers, 72, 557–560.

Kato, K., & Komorita, H. (1968). Pyrolysis of cellulose. Agricultural and Biological
Chemistry, 32, 715–720.

Lapasin, R., De Lorenzi, L., Pricl, S., & Torriano, G. (1995). Flow properties of hydrox-
ypropyl guar gum and its long-chain hydrophobic derivatives. Carbohydrate
Polymers, 28, 195–202.

Lipska, A. E., & Wodley, F. A. (1969). Isothermal pyrolysis of cellulose: Kinetics and
gas chromatographic mass spectrometric analysis of the degradation products.
Journal of Applied Polymer Science, 13, 851–865.

McCleary, B. V., Clark, A. H., Dea, I. C. M., & David, A. R. (1985). The fine structures of
carob and guar galactomannans. Carbohydrate Research, 139, 237–260.

Piskorz, J., Radlein, D., & Scott, D. S. (1986). On the mechanism of the rapid pyrolysis
of cellulose. Journal of Analytical and Applied Pyrolysis, 9, 121–137.

Richardson, S., Nilsson, G. S., Bergquist, K.-E., Gorton, L., & Mischnick, P. (2000).
Characterisation of the substituent distribution in hydroxypropylated potato
amylopectin starch. Carbohydrate Research, 328, 365–373.

Shafizadeh, F., & Lai, Y. Z. (1972). Thermal degradation of 1,6-anhydro-�-d-
glucopyranose. The Journal of Organic Chemistry, 37(2), 278–284.

Varmao, A. J., Kokane, S. P., Pathakb, G., & Pradhad, S. D. (1996). Thermal behavior
of galactomannan guar gum and its periodate oxidation products. Carbohydrate
Polymers, 32, 111–114.

Ye, Y.-Q., Ding, B., Wang, K., He, J.-P., Cui, J.-J., & Jiang, B. (2009). Selective oxida-
tion and determination of the substitution pattern of hydroxypropyl guar gum.
Chemical Journal of Chinese Universities, 30(4), 835–840.
Yin, H., Zhang, M.-H., Wang, K., Peng, S.-H., He, J.-P., Wang, J.-M., et al. (2008).
Determination of the molar substitution degree and substitution position of
hydroxyethyl guar gum. Chemical Research and Application, 20, 736–739.

Zhang, J.-X., Luo, J., Tong, D.-M., Zhu, L.-F., Dong, L.-L., & Hu, C.-W. (2010). The
dependence of pyrolysis behavior on the crystal state of cellulose. Carbohydrate
Polymers, 79, 164–169.


	Determination of the degree of substitution of hydroxypropyl guar gum at C-6 by Pyrolysis-Gas Chromatography spectrometry
	Introduction
	Experimental
	Materials
	Pretreatment of samples
	Pyrolysis of GG and HPG

	Results and discussion
	Qualitative analysis of pyrolytic liquid
	Analysis of the mechanism of the pyrolysis of GG and HPG
	Calculation of degree of substitution at C-6

	Conclusion
	Acknowledgment
	References


