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a b s t r a c t

A rapid one-pot method for hydrolysis of sodium alginate for determining M/G ratio has been developed
under mild conditions, using microwave irradiation. Poly-mannuronic acid (PMA) and poly-guluronic
acid (PGA) ratio was determined (M/G 0.38), which was similar to that (M/G 0.39) obtained by the con-
ventional method, using sodium alginate of Sigma as reference sample for bench marking. For validation
of the method PMA and PGA were characterized by density, porosity, viscosity, optical rotation measure-
ments, 13C NMR, FT-IR, thermogravimetric analysis (TGA), X-ray diffraction, circular dichroism (CD),
molar mass distribution (GPC) and scanning electron microscopy (SEM).

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Alginates are mainly derived from marine brown seaweeds and
are used in the food industry as texturizing and gelling agents (Ro-
jas-Graü, Tapia, Rodríguez, Carmona, & Martin-Belloso, 2007). Algi-
nate is a linear co-polymer of b-D-mannuronic acid (M) and a-L-
guluronic (G) acid, ((Fig. 1) De Silva & Kumar, 1989; Haug, Larsen,
& Smidsrd, 1967; Llanes, Ryan, & Marchessault, 2000). The conven-
tional method for determination of M/G ratio under strong acidic
conditions for long hours has been reported by Chandía, Matsuhiro,
and Vásquez (2001). Hydrolysis of starch and gums using micro-
wave irradiation has been reported by Li et al. (2001) and Singh,
Sethi, Tewari, Srivastava, and Sanghi (2003). No literature report,
however, is available wherein microwave irradiation was used
for hydrolyzing alginate.

In this communication we report a rapid and mild method using
microwave-assisted hydrolysis of alginate, for determining M/G ra-
tio. The method was validated by carboxyl group assay of the algi-
nic acid as well as by characterizing the hydrolytic products PMA
and PGA using FT-IR, 13C NMR, SEM, XRD, TGA, CD and GPC.

2. Experimental

Sodium alginate was extracted from S. wighitii collected
from the Indian waters (22�280N, 69�050E) adapting a reported
ll rights reserved.

x: +91 278 2567562.
method (Nishide, Anzai, & Uchida, 1987), and using Sigma
(A2158-250G) alginate as a reference sample for
benchmarking.

Domestic microwave oven (LG Microwave Appliance, Model No.
MS-285SD; made in Korea; Magnetrons were set at a frequency of
2450 MHz), was used in this study. The average bulk temperature
at the end of the reaction was measured by inserting thermometer
in the reaction mixture.

Alginate (5 g) was dissolved in 125 ml of 0.15 M oxalic acid or
0.25 M H2SO4 and 25 ml portions of the alginate solution were ex-
posed to 100% microwave power for five different exposure dura-
tions (1–5 min). The experiment was repeated with 0.05, 0.15,
0.25 and 0.5 M oxalic acid/H2SO4. After microwave irradiation
PMA and PGA were isolated from the hydrolysed samples using
pH dependent method (Chandía et al., 2001; Sakugawa, Ikeda,
Takemura, & Ono, 2004) Fig. 2.

To check the stability of alginate to microwave irradiation, a
control experiment was performed under the same conditions ex-
cept using acid reagent.

3. Characterizations

Bulk and true densities, pore volume, and porosity of alginate,
PGA and PMA were measured as described in our previous study
(Meena, Prasad, & Siddhanta, 2007), using Eqs. (1)–(4),
respectively.

d0 ¼ ðW2 �W1Þ=10 ð1Þ
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Table 1
Optimum hydrolysis condition and M/G ratio measurement for the sodium alginate, deve

Reaction conditions Hydrolysis of
S. wighitii yie

Filtrate Res

Conventional method (80% H2SO4 (20 oC, 18 h), and then 1 M H2SO4

(100 oC, 6 h)
24.0 76.

Mw (0.05 M Oxalic acid, 4 min) 11.0 89.
Mw (0.05 M H2SO4, 4 min) 9.0 91.
Mw (0.15 M Oxalic acid, 4 min) 22.0 78.
Mw (0.15 M H2SO4, 4 min) 18.5 81.
Mw (0.25 M Oxalic acid, 4 min) 20.1 78.
Mw (0.25 M H2SO4, for 4 min) 22.9 77.
Mw (0.5 M Oxalic acid, 4 min) 21.0 79.
Mw (0.5 M H2SO4, 4 min) 23.4 76.

a Yield (%) w.r.t. sodium alginate.
b Yield (%) w.r.t. the residue.
c M/G ratios were comparable with the 0.15 M, 0.25 M and 0.5 M concentrations of a
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Fig. 1. Chemical structures of (a) repeating uronic acid (PGA and PMA) units in alginate, repeating units of (b) PGA, and (c) PMA.

pH 2.85, by 0.1 M HCL 

pH 1.0, by 0.1 M HCL 

Residue Filtrate  

Residue was dissolved in 0.1 M 
Na2CO3

Sodium alginate 
(Sargassum sp or Sigma) 

Partial acid hydrolysis  
(0.15 M Oxalic/ 0.25 M H2SO4 for 4 min, MW) 

Precipitate 
(Poly-guluronic acid, 

PGA) 

Filtrate  

Precipitate 
(Poly-mannuronic acid, 

PMA) 

Filtrate (Not 
characterized further) 

Fig. 2. Procedure for the isolation of poly-manuuronic acid (PMA) and poly-
guluronic acid (PGA) from sodium alginate.
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where W2 is the total weight of the polymer and flask, W1 is the
weight of the flask only, and 10 is the volume of flask in ml.

d ¼W0=½10� ðW �W0Þ=dc� ð2Þ
loped in the present investigation.

sodium alginate extracted from
ld (%)

Hydrolysis of sodium alginate purchased from
Sigma (A2158-250G) yield (%)

iduea PGAb PMAb M/G
ratioc

Filtrate Residuea PGAb PGAb M/G
ratioc

0 54.5 21.5 0.394 34.6 64.9 38.1 21.6 0.56

0 69.5 19.5 0.280 – – – – –
0 73.0 18.0 0.240 – – – – –
0 56.5 21.5 0.380 – – – – –
5 60.8 20.7 0.340 – – – – –
9 58.0 21.9 0.377 34.6 64.9 39.4 23.6 0.59
1 55.6 21.5 0.385 34.6 64.9 37.4 22.8 0.60
0 54.8 21.3 0.388 – – – – –
6 51.9 20.8 0.400 – – – – —

cids after 4 min of Mw irradiation, used in this investigation.

Table 2
Comparison of M/G ratios of sodium alginate determined by reported methodsa with
those of the present study.

Reaction conditions Alginate of S. wighitii Alginate of Sigma
(A2158-250G)

PGAb

(%)
PMAb

(%)
M/G
ratio

PGAb

(%)
PMAb

(%)
M/G
ratio

Conventional method (80%
H2SO4 (20 oC, 18 h), and then
2 N H2SO4 (100 oC, 6 h)

55.20 21.40 0.387 49.60 25.1 0.51

MW (0.15 M oxalic acid, 4 min) 61.8 22.5 0.364 45.4 22.0 0.484
MW (0.25 M H2SO4, for 4 min) 63.5 22.0 0.346 41.6 19.5 0.468
MW (0.5 M oxalic acid, 4 min) 60.4 22.2 0.367 – – –
MW (0.5 M H2SO4, 4 min) 57.9 21.5 0.371 – – –

a Haug and Larsen (1962) and Ji et al. (1981).
b % of PGA and PMA were calculated by UV–vis spectroscopy as described by

Haug and Larsen (1962), and Ji et al. (1981).



Table 3
Comparison of the properties of sodium alginate, PMA and PGA obtained from S.
wighitii and Sigma (A2158-250G).

Properties S. wighitii Sigma (Product
No.A2158-250G)

Sodium
alginate

PMA PGA Sodium
alginate

PMA PGA

Optical rotation [a]D

(c 0.25 in 0.1 M
aqueous Na2CO3)a (�)

�25.67 �112.58 �68.20 �26.98 �109.34 �65.94

Mw 8,77,599 29,205 47,797 7,82,709 38,383 48,221
Mn 2,96,481 18,064 19,829 3,46,834 20,739 22,937
PDI 2.960 1.617 2.410 2.257 1.851 2.102
Mw ratio (M/G) 0.61 NA NA 0.79 NA NA
Viscosity (cP s) 110 20 40 200 30 60
Bulk density 0.89 0.82 0.78 0.94 0.88 0.81
True density 1.212 1.189 1.200 1.270 1.210 1.232
Porosity 0.88 0.72 0.69 0.93 0.71 0.67

a [a]D (0.3% w/v)�0.098o (10 oC);�0.110o (at 60 oC) (Tako, Yoza, & Tohma, 2000);
[a]D (1.0% w/v) �113o (Bi, Mahmood, Arman, Taj, & Iqbal, 2007).
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where W is the total weight of sample and solvent; W0 is the weight
of the dry sample; dc is the density of the solvent (dcyclohexane =
0.778 g/ml).

£ ¼ Vp=V0 ð3Þ

where Vp is the pore volume in reactant and product beads; V0 is the
true volume of the same.

V0 ¼W0=d ð4Þ

where W0 is the weight of dry reactant and product beads, and d
(true density) of reactant and product beads) was determined
according to Eq. (2).

The PMA to PGA ratio (M/G) of alginate samples was deter-
mined by following the methods of Haug and Larsen (1962) and
Ji, Cao, and Han (1981). Noise-decoupled 13C NMR spectra were re-
corded on a Bruker Avance-II 500 (Ultra shield) Spectrometer,
Switzerland, at 500 MHz. Alginate of Sargassum, PMA and PGA
were dissolved in d-NaOH (50 mg/ml) and spectra were recorded
at 35 �C with 5000–5200 accumulations, pulse duration 5.9 ls,
acquisition time 1.2059 s and relaxation delay 6 ls using DMSO
as internal standard (ca. d 39.7). FT-IR spectroscopy was recorded
on a Perkin-Elmer Spectrum GX, FT-IR System, USA by taking
2.0 mg of non-hydrolysed and hydrolysed alginate samples in
600 mg of KBr. X-ray diffractions were studied on a Philips analyt-
ical X-ray instrument.
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Fig. 3. Circular dichroism (CD) spectra of (a) sodium alg
Circular dichroism (CD) spectra were recorded on Jasco model J-
815 CD Spectrometer, using measurement range at 190–250 nm
and sample concentration of 0.8 mg/ml (800 ppm).

The ratio of peak height to trough depth was calculated using
Eq. (5), described by Morris, Rees, and Thom (1980).
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Table 4
13C NMR shifts measured in alginic acid, PGA and PMA.

Samples d ppm Assignment of carbon

Sodium alginate 100.69 (98.47)a C-1 of MM
71.46 (68.78)a C-2 of MM
72.45 Not assigned
70.18 (70.06)a C-3 of MM
76.69 (76.05)a C-4 of MM
72.49 (74.40)a C-5 of MM
176.01 (173.99)a C-6 of MM
100.36 (99.71)a C-1 of GG
67.35 (67.71)a C-3 of GG
80.81 (78.99)a C-4 of GG
72.31 (68.58)a C-5 of GG
176.38 (174.21)a C-6 of GG

PGA 101.11 (101.54)b C-1 of GG
99.62 (97.9)b C-10 of GG
66.61 (64.8)b C-2 of GG
70.27 (68.95)b C-3 of GG
71.43 C-30 of GG
76.75 (80.4)b C-4 of GG
75.62 C-40 of GG
67.00 (67.16)b C-5 of GG
86.10 Not assigned
175.16 (173.2)b C-6 of GG

PMA 99.77 (100.37)b C-1 of MM
99.68 (98.9)b C-10 of MM
69.76 (68.78)b C-2 of MM
66.96 (66.92)b C-2’ of MM
71.43 (71.2)b C-3 of MM
70.25 C-30 of MM
79.09 (78.16)b C-4 of MM
76.83 (76.21)b C-5 of MM
75.56 C-50 of MM
175.24 (174.3)b C-6 of MM

a Sakugawa et al. (2004).
b Zhang et al. (2004); Sakugawa et al. (2004); Leroux et al. (2004).

Fig. 4. 13C NMR of (a) sodium alginate, (b) PGA, and (c) PMA of S. wighitii.
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M. Chhatbar et al. / Carbohydrate Polymers 76 (2009) 650–656 653
Peak=trough ratio ¼ ðhtrough � hpeak=htroughÞ ð5Þ

Optical rotation was measured (0.25% (w/v) in 0.1 M Na2CO3

solution, at 45 oC), on a Rudolph Digi pol – 781 Polarimeter (Ru-
dolph Instruments Inc., NJ, USA). The samples surface morphology
was examined by SEM (Model Carl-Zeiss Leo VP 1430) at an accel-
erating voltage of 20 kV and 202� magnification. The molar mass
(weight average molecular mass, Mw; number average molecular
mass, Mn, and polydispersity) of the alginates and their respective
oligomers (500 ppm solution in 0.1 M Na2CO3 at 25 �C) were deter-
mined by GPC (Alliance, Waters 2695, separation module with
Waters 2414 RI Detector, Country).

Validity of the present method was done by assaying the car-
boxylic group by standard method (cf. British Pharmacopoeia,
1998; Food Chemicals Codex, 1981).

4. Results and discussion

The M/G ratios and % weights of PGA and PMA obtained under
optimized microwave (0.15 M Oxalic acid or 0.25 M H2SO4, 4 min)
conditions in the present method for the alginate of S. wighitii and
Sigma were comparable to ones obtained by conventional method
reported by Haug and Larsen (1962) and Ji et al. (1981) (Tables 1
and 2). M/G ratios obtained with 0.15 M Oxalic acid or 0.25 M
H2SO4 and 0.5 M Oxalic or 0.5 M H2SO4 acids were also comparable
(Table 1). This investigation demonstrated that sodium alginate
can be hydrolysed under microwave irradiation, using mild hydro-
lytic conditions, as opposed the reported methods using hydrolytic
reaction with high acid concentration requiring longer reaction
time.

The CD spectra of PGA and PMA showed entirely negative and
strong positive peaks, respectively, while CD spectrum of alginate
showed intermediate behavior (Fig. 3). Spectra of alginate show a
peak at (ca. 200 nm), and a trough at (ca. 215 nm). The peak/trough
ratios were less than one for both the alginate samples, indicates
high content of poly-guluronate residue (Morris et al., 1980).



Fig. 6. X-ray differaction pattern of (a) sodium alginate, (b) PMA, and (c) PGA of S. wighitii.

654 M. Chhatbar et al. / Carbohydrate Polymers 76 (2009) 650–656
The viscosity, bulk density, true density and porosity of PGA and
PMA were 40 cP s; 0.78 g/ml; 1.200 g/ml; 0.69 and 20 cP s; 0.82 g/
ml; 1.189 g/ml; 0.72, respectively, which were lower than those of
alginate of Sargassum sp. 110 cP s; 0.89 g/ml; 1.212 g/ml and 0.88
(Table 3). Similar trend was found in alginate of Sigma (Table 3).
The Mw, Mn and PDI of S. wighitii and Sigma alginate samples and
their respective oligomers are shown in Table 3.
The optical rotations of S. wighitii alginate and their oligomers
PGA and PMA were [a]D

30�25.67�, [a]D
30�68.20� and

[a]D
30�112.58�, respectively (Table 3), and were comparable with

those of Sigma alginate and corresponding PGA and PMA (Table 3).
Chemical shifts for the 13C solution (13C NMR) spectra of the

alginate and their respective acids (e.g. PGA and PMA) were shown
in Table 4 and Fig. 4, and were comparable with those of reported



Fig. 7. SEM images of sodium alginate, PGA and PMA of S. wighitii.
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in the literature (Leroux, Gachon, & Besse, 2004; Sakugawa et al.,
2004; Zhang et al., 2004).

The FT-IR spectra of the alginate, PGA and PMA showed in the
Fig. 5. The spectrum of alginate showed some characterized peaks
at 893, 821 and 944 cm�1 were related to PMA and PGA acids, but
after separation of PMA and PGA showed their characterized peaks
at 880, 808, and 947 and 790 cm�1 in their IR spectra, respectively,
(Fig. 5). The intense peak at 1743 and 1728 cm�1 in PGA and PMA
appeared may be due to the formation of respective acids during
acid hydrolysis. Similar results have been reported in the literature
(Chandía et al., 2001).

X-ray diffraction patterns exhibited that the alginate exhibited
crystalline in nature, while PGA and PMA appeared in form of
amorphous and crystalline, respectively (Fig. 6). X-ray results re-
vealed that PMA content of the alginate was crystalline in nature,
may be due to the ordered structure and regular geometric
arrangement (Fig. 6). The SEM images of alginate, PGA and PMA
have been shown in Fig. 7. The SEM image of the alginate showed
mixture of PGA and PMA, while PGA and PMA SEM images showed
different morphologies indicates separations of PGA and PMA
(Fig. 7). The –COOH group content of alginic acids obtained by con-
ventional and present methods were 23.71% and 24.01%, respec-
tively, comparable with the reported values in the pharmacopeia
(1–25%), which lends credence to the present method.

5. Conclusions

Hydrolysis of alginate was achieved under mild reaction condi-
tions in a rapid method using microwave irradiation in presence of
substantially lower concentration of acids, compared to the con-
ventional method reported in the literatures. M/G ratios obtained
from the present method were comparable with those of conven-
tional methods. Thus this is a rapid and alternative method for
the hydrolysis of alginate.
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