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Abstract

Galactomannans are plant polysaccharides with the beneficial properties, which have a wide range of industrial application.
The most important galactomannan derivatives are sulfates, which exhibit the anticoagulant and other biological activi-
ties. Here, we report on the results of investigations of the effect of urea-based solvents and activators on the sulfation of
galactomannan guar gum with sulfamic acid. It has been shown that 1,4-dioxane is the most effective solvent, while urea is
the most effective activator of the sulfation process. The numerical optimization (the Box—Behnken design) of sulfation of
galactomannan guar gum with sulfamic acid in the presence of the most effective activator has been carried out. It has been
established that the optimal conditions for obtaining the galactomannan sulfates are a sulfamic acid amount of 34 mmol per
1 g of galactomannan, a temperature of 85 °C, and a time of 2.6 h. The introduction of a sulfate group into a galactomannan
molecule has been proven by Fourier transform infra-red spectroscopy. It has been found that the Fourier transform infra-red
spectrum of sulfated galactomannan contains absorption bands at 1249 and 817 cm™!, which correspond to vibrations of
the sulfate group. It has been demonstrated using gel permeation chromatography that, during sulfation of guar gum galac-
tomannan by a complex of sulfamic acid and 1,4-dioxane, the molecular weight decreases from 8.5 x 10° to 3.0 x 10° g/mol
and the polydispersity value increases from 1.816 to 2.049.
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1 Introduction

Polysaccharides are complex polymers consisting of mon-
osaccharide units linked by the glycosidic bonds with the
formation of long branched or unbranched chains [1]. Plant
polysaccharides are valued for their nontoxicity, biodegrada-
bility, safety, renewability, biocompatibility, and availability
[2].
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Plant polysaccharides are used in food, pharmaceutical,
and cosmetic industries [3]. Recently, there has been an
increase in industrial use of plant polysaccharides as thick-
eners, moisturizers, emulsifiers, suspending agents, and
wound healing agent [1].

Natural gums are polysaccharides of natural origin, which
exhibit the increasing viscosity of a solution at low con-
centrations. They can have different linear chain lengths,
branching characteristics, molecular weights, and some
other properties [4—6]. Natural gums represent hydrophilic
polysaccharides obtained from plants or microbes [4].

Guar gum is a powdered endosperm of seeds of a Cya-
mopsis tetragonolobus legume crop [1]. It consists of a
straight chain of mannose units linked to galactopyranose
units. Galactomannan guar gum is a food grade carbohydrate
polymer, which is used as a thickener and an absorption
agent [7, 8] and in the explosives, food, cosmetics, phar-
maceutical, mining, paper, and textile industries, mainly
as a water-soluble binder [7, 9]. The guar gum derivatives
find application in the oil industry [10] and as corrosion
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inhibitors [11, 12], fracturing fluids [10, 13], viscosity modi-
fiers [10, 13, 14], etc.

Guar gum galactomannan is rich in the reactive hydroxyl
groups, which opens up broad prospects for its chemical
modification. Among a wide variety of the guar gum deriva-
tives obtained by now are carboxymethyl guar gum [15, 16],
hydroxymethyl guar gum [17], hydroxypropylethyl guar gum
[18], O-carboxymethyl- and O-hydroxypropyl guar gum
[19], acryloyloxy guar gum [20], O-carboyxymethyl-O-2
hydroxy-3- (trimethylammonia propyl) guar gum [9], and
many others. Special attention has been paid to the sulfated
guar gum galactomannan derivatives characterized by the
biological activity.

At present, the aggressive sulfating agents, including
sulfuric acid, sulfur trioxide, and chlorosulfonic acid, are
widely used in sulfation of galactomannans [21-24]. How-
ever, their use in the large-scale production of galactoman-
nan sulfates faces numerous limitations. In addition, guar
gum galactomannan can be sulfated with a deep eutectic
solvent representing a sulfamic acid—urea mixture [25].
A drawback of this method is the side carbamation reac-
tions, which can affect the biological activity of a product.
It should be noted that, in all the abovementioned meth-
ods, the galactomannan polymer chains are significantly
depolymerized.

The aim of this study was to investigate the effect of sol-
vents and urea-based activators on the guar gum galacto-
mannan sulfation process, numerically optimize the latter,
and examine the products using Fourier transform infra-red
(FTIR) spectroscopy and gel permeation chromatography.

2 Experimental

Galactomannan from Sigma-Aldrich guar gum was investi-
gated. The galactose/mannose (G/M) ratio was 1.0:1.8.

OHy " " ORy
o_H HO o H
~ ° H OH 1,4-dioxane .
H OH OH NH2S0zH+COMHzz H OR
HO H - R "
NH4OH
HO H RO H

Fig. 1 Scheme of the guar gum galactomannan sulfation process
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2.1 Sulfation of guar gum galactomannan

Guar gum galactomannan was sulfated in a three-necked
flask (100 ml) equipped with a thermometer, a mechani-
cal stirrer, and a glycerol bath using a modified procedure
described in [26]. Galactomannan (2.1 g) and an organic
solvent (1,4-dioxane, pyridine, morpholine, piperidine,
dimethyl formamide (DMF), or diglyme) (50 ml) were
placed in a flask and the mixture was stirred at 50 °C.
Then, 50—150 mmol of a urea or urea-based activator
(thiourea, methyl urea, ethyl urea, hydroxyethyl urea, or
biuret) and 50—150 mmol of sulfamic acid were added
and stirred at 75—85 °C for 0.5—3.0 h, according to the
sulfation conditions given in Table 4. After the termination
of sulfation, the reaction mixture was cooled to room tem-
perature, neutralized with the 25% ammonia solution until
neutral, and poured into ethanol (150 ml). The obtained
viscous product was triply washed with 96% ethanol (each
portion was 10 ml) until the formation of a solid precipi-
tate. The precipitate, which was a sulfated derivative of
galactomannan in the form of an ammonium salt, was fil-
tered, washed on a filter with 96% ethanol (15 ml), and
dried in air.

The ammonium salt of sulfated galactomannan was
purified by dialysis on cellophane against distilled water.
The product was dialyzed for 10—15 h with changing water
each 1—2 h using an MF-5030-46 MFPI dialysis bag (US)
with a pore size of 3.5 kDa and a width of 46 mm.

The scheme of guar gum galactomannan sulfation is
shown in Fig. 1.

A sample taken for the physicochemical analysis had a
degree of sulfation (DS) of 0.78; this value was obtained
with sulfamic acid in the presence of urea in 1,4-dioxane
at 80° C for 3 h.
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2.2 Numerical optimization of the guar gum
sulfation

The guar gum galactomannan sulfation process was numeri-
cally optimized using the Statgraphics Centurion X VI soft-
ware, Design of Experiment (DOE) block [27, 28].

2.3 Methods of the physicochemical analysis
2.3.1 Elemental analysis

The elemental analysis of the sulfated guar gum
galactomannan was carried out with a ThermoQuest
FlashEA-1112 elemental analyzer (Italy).

The DS value was calculated using the following equa-
tion [29]:

1.62 % S%

DS= ————
32 -1.02 % S% M

where sulfur content S% is determined by an elemental
analysis, 1.62 is the molar weight of the monosaccharide
unit in the (CgH;;05)/100 polymer, and 1.02 is the molar
weight of the (SO;Na)/100 sulfate substituent.

2.3.2 Fourier transform infrared spectroscopy study

The FTIR spectra of the initial and sulfated guar gum in
the wavelength range of 400-4000 cm™! were obtained
on a Shimadzu IR Tracer-100 spectrometer (Japan) and
processed with the OPUS software (version 5.0). The solid
samples for the analysis were pills in a KBr matrix (2 mg
sample/1000 mg KBr).

2.3.3 Gel permeation chromatography

The data on the number-average molecular weight (M),
weight-average molecular weight (M), and polydispersity
of the initial and sulfated guar gum were obtained on an
Agilent 1260 Infinity II Multi-Detector GPC/SEC system
with two detectors: refractometer (RI) and viscometer
(VS) The separation was made on two Agilent PL aquagel-
OH columns. As a mobile phase, the solution of 0.1 mol/l
LiNOj; in deionized water was used. Calibration was per-
formed using Agilent polyethylene glycol standards (US).
The eluent flow rate was 1 ml/min at a sample volume of
100 pl. The samples to be analyzed were dissolved in the
mobile phase (1—5 mg/ml) and filtered through a 0.22-pm
Agilent PES membrane filter. The data obtained were ana-
lyzed with the Agilent GPC/SEC MDS software.

3 Results and discussion
3.1 Effect of a solvent

To elucidate the effect of solvents on sulfation of galacto-
mannan with sulfamic acid in the presence of urea, we stud-
ied the organic solvents 1,4-dioxane, pyridine, piperidine,
morphilin, N, N-dimethylformamide (DMF), and diglyme.
The sulfation reaction is commonly described as the
bimolecular nucleophilic substitution. As is known, the
reactions proceeding by this mechanism are facilitated by
the aprotic solvents. When studying the effect of the nature
of an aprotic solvent on the sulfation reaction rate, it is nec-
essary to take into account the effect of a solvent on the
entire process. First, the ability of these solvents to induce
dissociation of ion pairs should increase with the permit-
tivity growth, which, in turn, can lead to an increase in the
rate of decomposition of sulfamic acid into ammonia and
sulfur trioxide required for the sulfation reaction. Second,
the basicity of a solvent noticeably affects the sulfur con-
tent in sulfated galactan, which is related to the reactivity of
the formed complex of sulfur trioxide and the solvent used.
According to the data given in Table 1, the sulfated prod-
uct with the maximum sulfur content was obtained in the
1,4-dioxane medium. The process of sulfation of guar gum
galactomannan in the 1,4-dioxane medium using a solvent
with a permittivity lower than that of other solvents is char-
acterized by a high rate of decomposition of sulfamic acid.
Sulfation of galactomannan in the solvents with a higher
basicity as compared with dioxane (pyridine, morpholine,
and piperidine) yielded less sulfated galactomannan. The
sulfur content in the products of sulfation of galactomannan
in ethers (dioxane and diglyme) with the analogous basic
properties was similar (with a difference of 1.1 wt %).
According to the data given in Table 1, the highest sul-
fur content in sulfated galactomannan is obtained with

Table 1 Effect of organic solvents on the process of galactomannan
sulfation with sulfamic acid in the presence of urea at a temperature
of 85 °C for 3 h with a sulfating complex amount of 3.5 mmol per 1 g
of galactomannan with urea

s

No Solvent Permittivity K, Sulfur
content,
wt. %

1 1,4-dioxane 2.3 12-107" 10.5

2 Pyridine 12.5 1.5¢107° 8.3

3 Morpholine 7.3 211070 6.7

4 Piperidine 5.9 131073 7.2

5 DMF 38 ~1071° 7.6

6 Diglyme 7.4 20010718 9.4

*Basicity constant.
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1,4-dioxane used as a solvent (it has the lowest permittivity
among the investigated solvents). A fairly high sulfur content
(9.4 wt %) in sulfated galactomannan was obtained also with
diglyme used as a solvent.

3.2 Effect of an activator

The mechanism of sulfation with sulfamic acid still has
been understudied. It was assumed in [30-34] that a donor—
acceptor complex is formed, which has a stronger sulfating
ability than the initial sulfamic acid.

According to the proposed scheme (Fig. 2), under the
interaction of sulfamic acid and an organic base, a donor—
acceptor complex forms and the S—N bond weakens. This
can lead to the decomposition of sulfamic acid into ammonia
and sulfur trioxide, which is followed by sulfation of the
polysaccharide at OH groups (Fig. 1).

Organic bases are used as activators of sulfation of poly-
saccharides with sulfamic acid [30, 32, 35]. However, in the
cited studies, only few activators of this process were con-
sidered, which are 1,4-dioxane, N, N-dimethylformamide,
urea, pyridine, morpholine, and piperidine. In this study, we
examined the urea-based activators for enhancing the sulfur
content in galactomannan sulfates.

According to the data given in Table 2 , without an activa-
tor, the process of sulfation of galactomannan almost does
not occur. The use of an activator in the process can increase
the sulfur content in galactomannan sulfate by a factor of
up to 5.

With an increase in the alkyl radical length in the urea
derivatives, their activating ability in the reactions of sulfa-
tion with sulfamic acid naturally decreases. The presence
of a hydroxyl group in the urea derivatives almost does not
affect their activating ability. The presence of an additional
carbamate group in the random urea (for biuret) reduces its
activating ability as compared with the original urea.

It should be noted that the use of thiourea as an activator
of the galactomannan sulfation process also lowers the sulfur
levels in galactomannan sulfate as compared with urea. The
maximum sulfur content (10.5 wt %) is obtained with urea
used as an activator.

Fig.2 Scheme of the formation
of a donor—acceptor complex
of sulfamic acid and organic
base B

HSO_‘;NHZ + B —>»
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3.3 Box—Behnken design analysis
of the galactomannan sulfation process

In this study, we investigated the effect of an amount of
the sulfating complex and process temperature and time
on the degree of substitution in galactomannan sulfates.

In the investigations, the three factors used as inde-
pendent variables were (the values are in the parenthesis)
amount X, of the of sulfating complex per 1 g of galacto-
mannan (1.5, 2.5, and 3.5 mmol), galactomannan sulfation
temperature X, (75, 80, and 85 °C), and process time X,
(0.5, 1.75, and 3 h). The result of sulfation was charac-
terized by output parameter Y, which is the degree of
substitution (DS). The Box—Behnken experiment design
(BBD) was used. Each experiment was run in duplicate.
The variable designations are given in Table 3.

The experimental results are given in Table 4.

An increase in the process temperature should lead to an
increase in both the sulfation and depolymerization rates,
but to different extents [25]. Obviously, the low molecular
weight galactomannan fractions not only exhibit the high
reactivity in the sulfation reaction, but also undergo the
faster hydrolytic depolymerization under the action of sul-
famic acid. Since the depolymerization rate increases with
the process temperature [25], over time, a large amount
of the low molecular weight sulfated product with a suf-
ficiently high sulfur content is formed, which is removed
during the dialysis purification (Fig. 6, Sect. 3.5, “Gel Per-
meation Chromatography”).

According to the data given in Table 4, the highest DS
value (0.78) for galactomannan sulfates is obtained using
35 mmol of the sulfating complex at a process temperature
of 80 °C and a process time of 3 h.

The results of the analysis of variance (ANOVA) are
given in Table 5.

The BBD of the experiment appeared useful for the
development of an accurate experimental model among
the significant factors [36]. The experimental data on the
sulfur content in galactomannan sulfates were analyzed by
the ANOVA (see Table 5). The significant factors were

donor-acceptor complex of
sulfamic acid and organic base

5
5 |

H3N‘"/‘,S\<‘- B8+2 — > SO;+NH; +B
9/ \\08_

L %3 2
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Table 2 Effect of an activator No. Activator Formula Sulfur content, wt %
of sulfation with sulfamic i i
acid on the sulfur content 1 Without activator - 2.1
in galactomannan sulfate 6)
(the sulfation conditions are
1,4-dioxane, a temperature 2 Urea 10.5
of 85 °C, a time of 3 h, and
a sulfating complex amount HaN NH,
of 3.5 mmol per 1 g of S
galactomannan)

3 Thiourea 7.7

H,N NH,
o}
4 Methyl urea )J\ /CH 5 7.9
H,N N
H
(0}
5 Ethyl urea )J\ P 7.1
H,N N CH
2 N 3
o}
6 Hydroxyethyl urea /\/OH 7.0
H,N N
(0} O
7 Biuret )J\ )L 6.5
H,oN N NH
2 N 2

defined as p <0.05. For all the independent variables in the
region of the factor space, we have p <0.0003 (Table 6).
The ANOVA study showed that, under the specified
experimental conditions, the greatest contribution to the
total variance of the output parameter is made by the two
factors: the amount of the sulfating complex and the time
of the guar gum sulfation process. This is indicated by the
high values of dispersion coefficient F for the main effects,
which are also called the efficiencies. The data given in the
column containing the P values in Table 5 is interpreted

Table 3 Independent factors and output parameter (experimental
results)

Factors and parameters Notation in the Variation range

equations
Amount of sulfating complex, X, 15-35
mmol
Temperature, °C X, 75-85
Time, h X; 0.5-3.0

Degree of substitution Y, -

similarly. It should be noted that there is also the effect of the
process temperature, although weaker than that of the two
other factors. This is indicated by a P value of 0.0003 (with
an acceptable range of 0.05). The effect of the source of
variance on the output parameter is considered statistically
significant if the significance level is lower than a specified
critical value.

The dependence of the DS Y, in galactomannan sul-
fates on the variable process factors is approximated by the
regression equation:

Y, =2.04761 + 0.08285X, — 0.0998X, + 0.8428X,
— 0.0006625X,2 — 0.0005X, X, + 0.0018X, X,
+0.00085X,2 — 0.0064X,X; — 0.0648X,> 2

The predictive properties of Eq. (2) are shown in Fig. 3,
which compares the experimental values of output parameter
Y, with the values calculated using Eq. (2). The straight
corresponds to the calculated Y, values and symbols, to the
results of the observation. The proximity of the experimental
points to the straight confirms the good predictive properties
of Eq. (2).

@ Springer



10046

Biomass Conversion and Biorefinery (2023) 13:10041-10050

Table 4 Effect of the conditions of galactomannan sulfation with sul-
famic acid in dioxane in the presence of urea on the degree of substi-
tution in galactomannan sulfates

No Amount of sulfating Temperature, Time, h DS
complex, mmol °C
1 25 80 1.75 0.62
2 15 75 1.75 0.35
3 35 75 1.75 0.67
4 15 85 1.75 0.53
5 35 85 1.75 0.75
6 15 80 0.5 0.17
7 35 80 0.5 0.37
8 25 80 1.75 0.63
9 15 80 3 0.49
10 35 80 3 0.78
11 25 75 0.5 0.25
12 25 85 0.5 0.45
13 25 75 3 0.71
14 25 85 3 0.75
15 25 80 1.75 0.61
Tables Result of the analysis Sources of  Statistical charac-
AL variance teristics
Fratio P value

X, 240.63  0.0000

X5 75.11 0.0003

X; 97.98 0.0002

X2 120.04  0.0001

XX, 18.52 0.0077

X X5 15.00 0.0117

X2 12.35 0.0170

X,X5 47.41 0.0010

X33 28038 O

Df 14

R 99.7

R? 98.6

A graphic representation of Eq. (2) in the form of a
response surface is shown in Fig. 4.

The quality of the approximation is also characterized by
coefficient of determination Rzadj. In the problem under con-
sideration, we have Rzadj =98.6%, which points out the high
approximation quality. This evidences for the consistency of
Eq. (2) to the observation results and shows the adequacy of
the mathematical model to the process under study.

The calculated optimal conditions for sulfation of galac-
tomannan with sulfamic acid in dioxane in the presence of
urea are a sulfamic acid amount of 34 mmol per 1 g of galac-
tomannan, a temperature of 85 °C, and a time of 2.6 h.

@ Springer

Table 6 Comparison of the experimental and calculated DS values

No DS RE*
Experimental Calculated

1 0.62 0.62 0

2 0.32 0.36 10.80
3 0.71 0.67 6.16
4 0.49 0.53 8.20
5 0.8 0.74 7.34
6 0.19 0.17 10.53
7 0.34 0.37 8.72
8 0.62 0.62 0.00
9 0.52 0.49 6.25
10 0.73 0.79 7.59
11 0.24 0.25 4.48
12 0.43 0.46 5.75
13 0.72 0.70 2.26
14 0.75 0.75 0.17
15 0.62 0.62 0.00
Average** 5.22

*RE is the relative error (RE= (AF., —
lated as in [37]

**Calculated as a sum of all the relative errors divided by the number
of experiments.

AF..) 100%/AF,,;) calcu-

exp

Table 7 Number-average molecular weight M,, weight-average
molecular weight M, and polydispersity of the galactomannan sam-
ples

Sample M, (x10°g/ M, (x10°g/ PD*
mol) mol)
Initial galactomannan 4.57 8.30 1.816
Sulfated galactomannan 0.92 3.02 2.049
Sulfated galactomannan [25]  0.58 2.77 4.780
obtained in the deep eutec-
tic solvent SAA: U
Sulfated galactomannan [24]  0.66 1.76 26.530

obtained with chlorosul-
fonic acid in 1,4-dioxane

*Polydispersity.

Table 6 gives a comparison of the experimental and cal-
culated DS values for galactomannan sulfates. It can be seen
that the relative error ranges from 0.0 to 10.8%, depending
on the experimental conditions. The mean relative error is
no more than 5.5%.

3.4 FTIR spectroscopy

The initial and sulfated galactomannan were studied by
FTIR spectroscopy (Fig. 3).
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Fig.3 Results of observation vs values predicted by mathematical
model (2) for output parameter Y,

The introduction of the sulfate group into the galacto-
mannan structure was confirmed by the FTIR spectroscopy
data (Fig. 5). The FTIR spectra of galactomannan sulfate (in
contrast to those of initial galactomannan) contain absorp-
tion bands at 1249 and 817 cm™', which correspond to the
vibrations of sulfate groups [25, 31].

In the range of 2900—3600 em™!in galactomannan sul-
fate (Fig. 5), in contrast to the initial galactomannan, the
absorption bands of amino groups, hydroxyl groups, and
CH, groups overlap.

In addition, note that sulfation of galactomannan in
1,4-dioxane with sulfamic acid in the presence of urea leads
to the side carbamation reactions, which were observed
by Akman et al. [31], Kazachenko et al. [25], and Sirvio
et al. [38]. Thus, the absorption band of the C=0 group
(1715 cm™ ") appears in the spectra of galactomannan sulfate.

3.5 Gel permeation chromatography

In our previous studies of guar gum sulfation [24, 25], we
used GM (Cyamopsis tetraganoloba, LLC “Mast-sl”) as
the initial sample, which was characterized by a bimodal
weight distribution of particles and had a molecular weight
of ~6.0x 10° g/mol.

According to the galactomannan molecular weight distri-
bution (Table 7), the initial sample (Sigma-Aldrich) is a low
molecular weight-type galactomannan with an M,, value of
8.3% 10° g/mol, which has the monomodal mass distribution
of particles with a high molecular weight fraction with an
MM value of > 1.0 x 10° g/mol and a more homogeneous

X1=25 T
0.8 >
0.6! Wy s 2 2
~ | L N 77 |
>-0.4 A !
0.2§ S LA ) |
OL.‘_‘::JJ' Lo : B ~——_ |
T5 ey .
7779 gt 5T 152 27
X2 ' 83g50 Y X3

Fig.4 Response surface of the output parameters with different effects of the experimental conditions
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Fig.5 FTIR spectra for (1)
initial galactomannan and (2)

sulfated galactomannan with a
DS value of 0.78 obtained with —
sulfamic acid in the presence 3.
of urea in 1,4-dioxane at 80 °C o
for3 h -
o
c4i2
© ‘
L0 J
h ‘r
O
L7
-g 1
4000 3500

structure (a polydispersity of 1.816) than in our previous
studies [24, 25].

After the sulfation process, we can observe the molecular
weight redistribution in the sample. In contrast to the ini-
tial galactomannan, its sulfated derivative showed a rapid
decrease in M,, (the range from 8.3 x 10° to 3.02x 10° g/
mol). Furthermore, the molecular weight distribution for
sulfated galactomannan was much broader than that for the
initial sample. The molecular weight distribution curves for
galactomannan and its sulfated derivative are presented in
Fig. 6.

The high molecular weight fraction in the sample notice-
ably decreases and can be attributed to the partial depo-
lymerization of galactomannan and the ongoing competing
hydrolysis reactions. The molecular weight redistribution
leads to an increase in polydispersity from 1.816 to 2.049.

In our previous studies on sulfated guar gum [24, 25], the
M, value for the sulfated derivatives decreased after sulfa-
tion, which was caused by the multi-interaction of the fac-
tors, including the sulfating complex composition, tempera-
ture, and time. In summary, we can conclude that sulfation
and degradation occurred simultaneously in the sulfation
process in the form of a complex interaction in the acidic
environment.

Thus, sulfation of galactomannan with sulfamic acid in
1,4-dioxane in the presence of urea yields sulfated galacto-
mannan with a molecular weight of M,,=3.02 x 10> g/mol
and a polydispersity value of 2.049. This is indicative of the
less aggressive sulfation conditions and therefore weaker
degradation of galactomannan as a result of hydrolysis dur-
ing sulfation (Table 7, Fig. 7) as compared with the other
methods [24, 25].
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Fig.6 Molecular weight distributions for (1) initial galactomannan
and (2) sulfated galactomannan (DS 0.78) obtained with sulfamic
acid in the presence of urea in 1,4-dioxane at 80° C for 3 h

4 Conclusions

In this study, we proposed a new method for sulfation of
guar gum galactomannan with sulfamic acid in 1,4-dioxane
in the presence of urea-based activators. It was found that,
with an increase in the length of the N substituent of urea,
its activating ability in the reactions of sulfation with sul-
famic acid weakens. The optimal parameters for the sulfa-
tion of galactomannan with sulfamic acid in 1,4-dioxane in
the presence of urea were established by the Box—Behnken
design method. The introduction of a sulfate group was con-
firmed by the elemental analysis and FTIR spectroscopy.
The FTIR spectra of sulfated galactomannan, in contrast to
the initial galactomannan, contain absorption bands of the
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sulfate group. Sulfation of galactomannan with sulfamic acid
in 1,4-dioxane in the presence of urea leads to a decrease
in the molecular weight by a factor of 2.7 as a result of
depolymerization.
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