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Abstract
The synthesis of galactoglucomannan sulfates using a sulfamic acid/urea mixture in 
1,4-dioxane was studied for the first time. The effect of the galactoglucomannan sul-
fation time and temperature on the sulfur content in the galactoglucomannan sulfates 
was investigated. The introduction of sulfate groups into the galactoglucomannan 
structure was confirmed by the elemental analysis and Fourier transform infrared 
spectroscopy. The initial and sulfated galactoglucomannans were identified by X-ray 
diffraction, electron microscopy, and gel permeation chromatography. The thermal 
analysis has shown that sulfated galactoglucomannan, after the endothermic peak 
related to the moisture removal, yields a pronounced high-intensity exothermic peak 
with a maximum at 216 °C, and above 230 °C, the heat absorption effect (endother-
mic peak) characteristic of decomposition of the parent substance in the range of 
230–335 °C is observed. According to the scanning electron microscopy data, the 
initial galactoglucomannan consists of irregular asymmetric particles with an aver-
age size from 400 to 900 µm, and the sulfated galactoglucomannan ammonium salt 
consists of particles 200–500 µm in size with different shapes. It was shown by gel 
permeation chromatography that, after the sulfation process, the main galactoglu-
comannan peak shifts toward higher molecular masses (from 24 to 26 kDa).
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Introduction

Plant biomass is a promising inexhaustible source for producing valuable organic 
matter, including natural polymers and their derivatives. At present, plant-derived 
polysaccharides have found increasing application as bioactive agents. They exhibit 
the immunomodulatory, hypolipidemic, mitogenic, prebiotic, hepatoprotective, anti-
mutagenic, and gastroprotective properties (Medvedeva et al. 2003; Dushkin et al. 
2013; Willför et al 2008; Liun et al. 2015; Hu et al. 2018; Singh et al. 2015). In addi-
tion, polysaccharides have many benefits, including the low toxicity, high water sol-
ubility, ability to lock in fat and moisture, and the dispersing properties. With such a 
wide range of unique properties, polysaccharides are candidates for use in medicine, 
pharmacy, veterinary, food manufacturing, and cosmetics industry (Dushkin et  al. 
2013; Willför et al. 2008).

Galactoglucomannans (GGMs) belonging to hemicelluloses are of particular 
importance for different fields of industry (pulp and paper, textile, pharmaceuti-
cal, food, and agricultural) (Willför et  al 2008; Kopania et  al. 2012). They occur 
in nature as components of coniferous and deciduous wood hemicelluloses and as 
reserve substances in legume seeds. The highest natural content (from 10 to 20%) of 
water-soluble GGMs was found in conifers, although their composition and struc-
ture are different for different plant resources (Willför et al. 2008). The study of the 
structure, properties, modification, biogenesis, and application of GGMs is highly 
urgent, which is evidenced by the ever-growing number of research findings in this 
class of biopolymers (Willför et al 2008; Kopania et al. 2012; Xu et al. 2007; Loz-
hechnikova et al. 2014; Martinichen-Herrero et al. 2005).

A promising direction in the modification of polysaccharides is the synthesis of 
their derivatives containing sulfate groups. The sulfate groups included in polysac-
charides can increase their specific and nonspecific binding to a wide range of bio-
logically important proteins. To date, it has been established that the anticoagulant 
properties are inherent, to a greater or lesser extent, to different sulfated polysaccha-
rides, both natural (chondroitin sulfates and other sulfated glycosaminoglycans) and 
synthetic (dextran sulfates, chitosan sulfates, etc.) (Liun et al. 2015; Mestechkina and 
Shcherbukhin 2010; Alban et al. 2002; Drozd et al. 2006; Fan et al. 2012; Kostyro 
et al. 2011; Xu et al. 2019; Pereira et al. 2002; Dore et al. 2013; Oliveira et al. 2016; 
Vo and Kim 2010; Martinichen-Herrero et al. 2005). Sulfated polysaccharides are 
widespread in nature. They are found in animals, plants, and microorganisms (Dore 
et al. 2013; Oliveira et al. 2016; Vo and Kim 2010). Some sulfated polysaccharides, 
in addition to their functional properties, exhibit various pharmacological activi-
ties: antiviral, antiparasitic, antiproliferative, anticoagulant, antithrombotic, antiath-
erosclerotic, antiulcer, radioprotective, and others (Mestechkina and Shcherbukhin 
2010; Alban et al. 2002; Drozd et al. 2006; Fan et al. 2012; Kostyro et al. 2011; Xu 
et al. 2019; Pereira et al. 2002; Dore et al. 2013; Oliveira et al. 2016; Vo and Kim 
2010). Among sulfated polysaccharides, special attention is paid to the compounds 
that suppress retroviral propagation (Vo and Kim 2010).

The biological activity of polysaccharides is believed to be directly related to their 
structural features, i.e., the length and structure of the main and side carbohydrate 
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chains, the molecular mass, and the ability to form intramolecular and intermolecu-
lar complexes (Xu et al. 2019; Oliveira et al. 2016). In sulfation of polysaccharides 
and related compounds, the complexes of sulfuric anhydride with different basic 
reagents are widely used (Xu et al. 2019; Martinichen-Herrero et al. 2005; Fan et al. 
2012; Gilbert 1965; Huang and Zhang 2010). In Martinichen-Herrero et al. (2005) 
and Il’ina et al. (2009), sulfation of GGM with chlorosulfonic acid in the presence 
of formamide and pyridine at a temperature of 4 °C for 12 h was reported. However, 
the sulfating agents used are toxic and corrosive, which imposes certain restrictions 
on their large-scale production.

The obvious advantages of sulfamic acid over chlorosulfonic acid are that the for-
mer is nontoxic and noncorrosive (Al-Horani and Desai 2010).

The aim of this study was to synthesize GGM sulfates by sulfamic acid in 
1,4-dioxane and to investigate them by Fourier transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and gel per-
meation chromatography (GPC).

Experimental

The sawdust (a fraction of 2.0–5.0 mm) of the Siberian larch (Larix sibirica) grown 
in the Krasnoyarsk Territory was used. The main larch wood components (wt%) 
were cellulose (42.2), lignin (28.1), hemicelluloses (26.7), extractive substances 
(2.0), and ash (1.0).

The larch wood was analyzed using the conventional techniques described in 
Sjöström and Alén (1999)

Preparation of galactoglucomannan sulfate

Isolation of arabinogalactan

The air-dried larch wood sawdust (a fraction of 2.0–5.0 mm) was loaded in a glass 
reflux flask by stirring; then, distilled water (HYDROKIT 15) was added and incu-
bated in water bath for 5 h. The hot solution was separated from the wood using 
a Buchner filtering funnel. The solution was concentrated to 20 vol% on a rotary 
evaporator. Arabinogalactan was isolated by precipitation with the quintuple etha-
nol volume (96 wt%) under stirring. The solution with the precipitate was kept in a 
refrigerator for 12 h; after that, the isolated arabinogalactan was separated by filter-
ing and dried in an Inei-6 freeze dryer. The arabinogalactan yield was 8.3 wt%.

Larch wood delignification

The shredded larch wood was delignified in a 250-ml glass reactor equipped with a 
stirrer and a reflux condenser. The delignification solution consisted of glacial acetic 
acid (30 wt%), hydrogen peroxide (6 wt%), and distilled water. The hydromodulus 
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(HM) was 15. The process was carried out for 4 h at 90 °C under constant stirring. 
When the delignification was completed, a fixed residue (the cellulosic product) was 
separated from the liquid delignification products using a Buchner filtering funnel, 
washed until neutral pH, and dried in air.

The residual hemicellulose content in the obtained cellulose product was found to 
be 3.8 wt%.

Galactoglucomannan extraction

The liquid delignification products were concentrated to 20 vol% with a rotary evap-
orator. Then, solvent was removed with rotary evaporator. To remove acetic acid, the 
procedure was repeated twice. Galactoglucomannan was precipitated with the quin-
tuple ethanol volume (96 wt%) under slow stirring and, then, kept for 12 h at a tem-
perature of 4 °C. The obtained white hemicellulose precipitate was separated from 
the lignin depolymerization products using a Buchner filtering funnel, followed by 
washing with ethanol, freezing, and drying in an Inei-6 freeze dryer.

The hemicellulose yield was 12.9 mass% of the wood quantity or 88.4 wt% of the 
hemicellulose content in the initial wood. To determine the monosaccharide compo-
sition of the obtained hemicelluloses, the latter were subjected to hydrolysis in the 
HCl solution (2%) for 3 h. The individual composition and monosaccharide content 
in the hydrolysates were determined using a Varian-450 GC gas chromatograph. The 
hydrolysate test portion was pre-derivatized using the technique proposed in Ruiz-
Matute et al. (2011) with the formation of trimethylsilyl derivatives.

The monosaccharides contained in the obtained hemicelluloses were (wt%) 
xylose (4.4), arabinose (1.8), glucose (15.9), mannose (49.5), and galactose (16.8). 
The high mannose, galactose, and glucose contents in the hemicelluloses indicate 
that the dominant polysaccharide is GGM with a mannose: galactose: glucose ratio 

Table 1  Effect of the conditions of galactoglucomannan sulfation by a mixture of sulfamic acid and urea 
in 1,4-dioxane on the sulfated galactoglucomannan yield and sulfur content

Nos. Tem-
perature 
(°C)

Time (h) GGM:SC 
(g:mmol)

Sulfur 
content 
(wt%)

Yield (exp) (g) Yield (theor.) (g) Yield (%)

1 90 0.5 1:31.25 8.5 2.47 2.81 87.90
2 90 1.5 1:31.25 13.4 2.90 3.37 86.05
3 90 2.5 1:31.25 16.7 3.41 4.05 84.20
4 90 2.5 1:25 11.6 2.60 3.08 84.41
5 90 2.5 1:62.5 17.1 3.53 4.15 8506
6 80 0.5 1:31.25 7.1 2.26 2.55 88.63
7 80 1.5 1:31.25 10.2 2.60 2.89 89.97
8 80 2.5 1:31.25 12.9 2.85 3.28 86.89
9 80 2.5 1:62. 5 14.3 3.08 3.53 87.25
10 70 2.5 1: 31.25 7.5 2.36 2.58 91.47
11 70 2.5 1: 62.5 8.2 2.45 2.67 91.76
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of 3:1:1, which is typical of conifers and consistent with the literature data (Bajpai 
2018; Timell 1967).

Sulfation of galactoglucomannan in the presence of urea

Galactoglucomannan was sulfated by sulfamic acid in dioxane in the presence of 
urea under different conditions (Table  1). For this purpose, dioxane (40 ml), sul-
famic acid (4.9–12.1 g or 50–125 mmol), and urea (3.0–7.5 g or 50–125 mmol) were 
placed into a 100-ml three-neck reflux flask with a thermometer and a mechanical 
stirrer. The mixture was heated to 70–90 °C under constant stirring, and then, air-
dried GGM was added (2 g) and thermostated for 0.5–2.5 h at a specified tempera-
ture. After completion of sulfation, the solvent was decanted and the residue was 
dissolved in water (25 ml). The excess sulfamic acid was neutralized with aqueous 
ammonia (25%) until neutral reaction. The target product was purified by dialysis 
against distilled water. After that, the aqueous solution of sulfated GGM (SGGM) 
was evaporated to dryness in vacuum on a rotary evaporator with the formation of a 
fixed residue, which was the SGGM ammonium salt.

Sulfation of galactoglucomannan in the presence of organic bases

Galactoglucomannan was sulfated by sulfamic acid in dioxane in the presence of 
different organic bases (pyridine, dimethylformamide, piperidine, and morpholine). 
The reagent dosing and purification of the product were performed as described in 
Sect. “Sulfation of galactoglucomannan in the presence of urea”. The sulfation was 
carried out for 2.5 h at a temperature of 90 °C using sulfamic acid (12.1 g or 125 
mmol) and one of the above-listed organic bases (125 mmol). The sulfation results 
are given in Table 2.

Table 2  Effect of the nature 
of a base catalyst on the 
sulfur content (wt%) in 
galactoglucomannan sulfated in 
1,4-dioxanea

a The sulfation was carried out for 2.5 h at a temperature of 90 °C 
with the sulfating complex at a GGM: SC ratio of 1: 31.25 g/mmol

Nos. Basic catalyst Sulfur 
content, % 
(wt)Name Basicity constant

1 1,4-Dioxane 1.2 ×  10−17 1.9
2 N,N-dimethylformamide  ~  10−15 3.9
3 Urea 1.51 ×  10−14 16.7
4 Pyridine 1.51 ×  10−9 5.2
5 Morpholine 2.14 ×  10−6 4.4
6 Piperidine 1.32 ×  10−3 4.7
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Dialysis of sulfated galactoglucomannan

The SGGM ammonium salt was purified by dialysis against distilled water in an 
MF-503-46 MFPI cellophane dialyzing sac (US) with a pore size of 3.5 kDa (− 0.1 
μm). The product was dialyzed for 10 h with replacing the water every 1–2 h.

Calculating the yield

The theoretical yield as a function of the sulfur content in the product was calculated 
using the formula

where mtheor is the theoretical SGGM yield (g), m is the SGGM mass (g), and S is 
the sulfur content (wt%).

The experimental yield (%) was calculated using the formula

where Yexp is the experimental SGGM yield (%) and mexp is the mass of the obtained 
SGGM (g).

Methods of the physicochemical analysis

Determining the sulfur content

The sulfur content in the SGGM was determined on a ThermoQuest FlashEA-1112 
elemental analyzer (Italy).

Fourier transform infrared spectroscopy

The FTIR spectra of the initial GGM and SGGM were recorded on a Shimadzu 
IRTracer-100 FTIR spectrometer (Japan) in the wavelength range from 400 to 4000 
 cm‒1. The spectral data were analyzed using the OPUS software (version 5.0). Solid 
specimens in the form of tablets in a KBr matrix (2-mg specimen/1000 mg of KBr) 
were prepared for the analysis.

X‑ray diffraction

The XRD study was carried out on a DRON-3 X-ray diffractometer (CuKα-
monochromatized radiation with λ = 0.154 nm) at a voltage of 30 kV and a current 
of 25 mA. The scanning step was 0.02°, and the intervals were 1 s per data point. 
The measurements were taken in the Bragg angle (2Θ) range from 5.00 to 70.00.

(1)mtheor =
32m

32 − 0.97S

(2)Yexp =
mexp(32 − 0.97S)

32m
× 100%
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Scanning electron microscopy

Electron microscopy images were obtained on a Hitachi TM-1000 scanning electron 
microscope (Japan) at an accelerating voltage of 15 kV, a magnification from 100 to 
10,000 × , and a resolution of 30 nm. The images were processed using the ImageJ 
software (version 1.8.0_112).

The GGM and SGGM specimens for the SEM analysis were prepared in the fol-
lowing way. A specimen with a weight of 2 g was dissolved in 20 ml of distilled 
water; then, 150 ml of ethanol (96 wt%) was added. The forming precipitate was 
filtered on a paper filter and dried in air to constant weight.

Thermogravimetric analysis (TGA), derivative thermogravimetry (DTG), 
and differential scanning calorimetry (DSC)

The TGA, DTG, and DSC study was carried out on a NETZSCH STA 449 F1 Jupi-
ter simultaneous thermal analysis instrument (Germany). The thermal decomposi-
tion of the samples was analyzed in argon in the temperature range from 30 to 600 
°C. The protective and blowout gas flow rates were 20 and 50 ml/min, respectively. 
The samples were heated in corundum crucibles in the dynamic temperature regime 
(10 °C/min). The measurement data were processed using the NETZSCH. Proteus 
Thermal Analysis. 5.1.0 software supplied with the instrument.

Gel permeation chromatography

The weight-average molecular mass Mw, number-average molecular mass Mn, and 
polydispersity of the SGGM samples were determined by GPC using an Agilent 
1260 Infinity II Multi-Detector GPC/SEC System chromatograph with two detec-
tors: a refractometer (RI) and a viscometer (VS). The separation was made on two 
Agilent PL aquagel-OH columns using the aqueous solution of 0.2 M  NaNO3  + 
0.01 M  NaH2 PO4 (pH 7) as a mobile phase. The column was calibrated using the 
polyethylene glycol standards (Agilent, US). The eluent flow rate was 1 ml/min, and 
the sample volume was 100 μl. Prior to the analysis, the samples were dissolved in 
the mobile phase (1–5 mg/ml) and filtered through a 0.22-μm Agilent PES mem-
brane filter. The data were collected and processed using the Agilent GPC/SEC 
MDS software.

Results and discussion

Sulfation of galactoglucomannan by sulfamic acid in 1,4‑dioxane

The sulfation of GGM by sulfamic acid in dioxane in the presence of urea was 
performed for 0.5–2.5 h at a temperature of 70–90 °C and different ratios between 
GGM and the sulfating complex (SC), which was an equimolar mixture of sulfamic 
acid and urea. The data on the effect of the GGM sulfation conditions on the SGGM 
yield and sulfur content are given in Table 1.
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According to these data, the SGGM yield is no higher than 91.76% and increases 
with a decrease in the process temperature. Obviously, along with the sulfation of 
GGM by sulfamic acid, the simultaneous depolymerization occurs, which is caused 
by the rupture of glycosidic bonds in both the GGM macromolecule and the sulfated 
biopolymer. This is supported by the GPC data (Sect. “Gel permeation chromatog-
raphy”). At the SGGM extraction, the depolymerized polymers are removed during 
the dialysis of the reaction mass. With an increase in the sulfation temperature, the 
depolymerization rate grows, which reduces the GGM sulfate yield. The study of 
sulfation of GGM by sulfamic acid in dioxane showed that the maximum sulfur con-
tent (16.7%) in SGGM can be obtained at a GGM: SC ratio of 1: 31.25 g/mmol, a 
process temperature of 90 °C, and a process time of 2.5 h.

The investigation of sulfation of GGM by sulfamic acid in dioxane demon-
strated that the maximum sulfur content (16.7%) in the synthesized SGGM is 
comparable with that in the SGGM obtained using the well-known technique pro-
posed in Martinichen-Herrero et  al. (2005) and can be attained at a GGM: SC 
ratio of 1: 31.25 g/mol and a process temperature of 90 °C for 2.5 h. Note that, 
under these conditions, an increase in the ratio SC:GGM to 62.5 mmol/g does not 
significantly affect the sulfur content and the reaction yield. For comparison, dur-
ing sulfation of arabinogalactan (AG)—a water-soluble biologically active poly-
saccharide of the Siberian larch wood—by sulfamic acid in dioxane in the pres-
ence of the base catalyst (urea), the high degree of AG sulfation (11.5–11.8%) is 
obtained when it is performed for 2.5–3.0 h at 85–90 °C and an AG: SC reagent 
ratio of no less than 1: 14 g/mmol (Vasil’eva et al. 2015).

The lower degree of sulfation of AG as compared with sulfation of GGM is 
probably related to the difference between the AG and GGM structures. The AG 
molecule has a highly branched structure; the AG macromolecules are believed to 
exist in a highly compact spherical form (Babkin et al. 2016). Due to the linear 
structure of GGM and the lower degree of its branching as compared with AG, 
the GGM hydroxyl groups are easier to sulfate (Kopania et al. 2012).

According to the data given in Table  1, the SGGM yield increases with a 
decrease in the process temperature and does not exceed 91.76%. Obviously, 
along with the sulfation of GGM by sulfamic acid, the parallel depolymeriza-
tion occurs, which is caused by the rupture of glycosidic bonds of both the GGM 
macromolecule and the sulfated biopolymer. This was confirmed by the GPC data 
(see Sect. “Gel permeation chromatography”). In the process of SGGM isolation, 
the depolymerized polymers are removed during the dialysis of the reaction mass. 
As the sulfation temperature increases, the depolymerization rate grows, which 
leads to a decrease in the SGGM yield.

The sulfation of the initial GGM was performed with sulfamic acid in dioxane in 
the presence of urea, pyridine, dimethylformamide, piperidine, morpholine and in 
the absence of a base catalyst for 2.5 h at a temperature of 90 °C at a GGM: SC ratio 
of 1: 31.25 g/mmol. The sulfation results are given in Table 2.

The mechanism of sulfation of polysaccharides by sulfamic acid remains 
understudied. However, it was assumed (Al-Horani and Desai 2010; Spillane and 
Malaubier 2014) that, upon sulfation of alcohols, the reaction is first order for sul-
famic acid and zero order for alcohol. This points out that the limiting stage is a 



1099

1 3

Wood Science and Technology (2021) 55:1091–1107 

certain transformation in the acid molecule, which can be its decomposition into 
ammonia and sulfur trioxide (Fig. 1).

It was found that the rate of the direct interaction of alcohols with sulfamic acid 
is lower than the catalyzed sulfation rate (Table  2). The enhanced reactivity of 
sulfamic acid in the presence of base catalysts is explained by the formation of a 
donor–acceptor complex. Since the S–N bond in donor–acceptor complex I (Fig. 1) 
is weaker than in sulfamic acid, at the limiting stage the rate of decomposition of 
sulfamic acid into sulfur trioxide and ammonia increases. In addition, complex I can 
transform into stable products of interaction between sulfamic acid and a base, for 
example, in the complexes of this base and sulfur trioxide (Fig. 1); the reactivity of 
these complexes is determined by the strength of the base.

The use of bases stronger than urea, for example, piperidine or morpholine, as 
catalysts leads to the lower degree of GGM sulfation because of the possible for-
mation of the lower-reactivity complexes of sulfuric anhydride with these bases 
(Fig. 1) (Gilbert 1965). The lower degree of sulfation of GGM by sulfamic acid in 
dioxane with the use of dimethylformamide (weaker base than urea) confirms the 
above assumption (Benson and Spillane 1980) with regard to the effect of bases 
on the sulfation rate.

The increased reactivity of sulfamic acid in the presence of base catalysts is 
explained by the formation of a donor–acceptor complex with high sulfation reac-
tivity (Spillane and Malaubier 2014; Akman et al. 2020; Kazachenko et al. 2020a, 
b). The rate of direct interaction of alcohols with sulfamic acid is lower than the 
catalyzed sulfation rate, since the S–N bond in sulfamic acid is stronger than 
in the donor–acceptor complex (Spillane and Malaubier 2014; Kuznetsov et  al. 
2020; Benson and Spillane 1980).

Fig. 1  Schematic of the sulfamic acid decomposition

Fig. 2  Scheme of the sulfation of larch wood galactoglucomannan by sulfamic acid in 1,4-dioxane
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The preliminary experiments showed that, in the absence of the base catalyst, 
sulfation of GGM with sulfamic acid almost does not occur.

Based on the results obtained, it can be assumed that the use of strong bases, 
for example, piperidine or morpholine, as catalysts leads to a lower degree of 
GGM sulfation, probably due to the formation of lower-reactivity complexes of 
these bases with sulfur trioxide at the limiting stage. A low degree of GGM sulfa-
tion was also observed with dimethylformamide used as a catalyst.

Thus, the data obtained showed that it is expedient to catalyze the GGM sulfa-
tion by sulfamic acid in dioxane with urea.

The process of sulfation of the larch wood GMM by the sulfamic acid–urea 
complex is illustrated in Fig. 2.

Gel permeation chromatography

The initial larch wood GGM samples, as most plant oligosaccharides, have a low 
molecular mass (see Table  3 and Fig.  3). Their fairly high polydispersity (2.3) 
is ensured by the bimodal distribution of the polymer molecular masses in the 

Table 3  Molecular mass 
distribution data for the GGM 
and SGGM samples

Sample Mn Mw PD

GGM 9400 21700 2.32
SGGM 7800 19500 2.50

Fig. 3  Molecular mass distributions for the GGM and SGGM samples
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sample: the main peak is located at MM 24 kDa and the shoulder, around MM 8 
kDa.

After the sulfation, the molecular masses in the modified SGGM polysaccha-
ride sample containing 16.7 wt% of sulfur are redistributed. In particular, the 
main GGM peak shifts toward higher (up to 26 kDa) molecular masses, which 
suggests a “soft” action of the reagents during the sulfation process, while the 
side hydrolysis almost does not occur. In the region of lower molecular masses, 
the picture is somewhat different. The minor peak with MM 8 kDa becomes more 
pronounced, probably due to the higher reactivity. In this case, the peak almost 
does not shift, since, in the shorter oligosaccharide chains, the contribution of 
partial depolymerization of the polymer chains can increase, which leads to the 
appearance of a peak with MM 3 kDa, and smaller molecules are removed during 
dialysis. The combination of these factors leads to a slight (up to 2.5) increase in 
polydispersity.

FTIR spectroscopy study of galactoglucomannan sulfates

The initial and sulfated larch wood GGMs were studied by FTIR spectroscopy 
(Fig. 4).

The introduction of a sulfate group into the GGM macromolecule was con-
firmed by the FTIR spectroscopy data (Fig.  4). The FTIR spectra of SGGM, 
in contrast to those of the initial GGM, contain a high-intensity band at 1251 
 cm‒1 corresponding to the asymmetric stretching vibrations υas (O=S=O) and 
consistent with the results reported in Martinichen-Herrero et  al. (2005). The 
absorption bands in the range of 795–810  cm–1, which are not observed in the 
FTIR spectrum of the initial GGM, are also indicative of the presence of a sul-
fate group in the GGM sulfate and ammonium salts. The absorption band in the 
range of 3434–2925  cm‒1 corresponding to the stretching vibrations of the O–H 
and C–H bonds is broadened due to the superposition of the absorption bands of 
the stretching vibrations of the N–H bond in the ammonium cation. In addition, 
there is a high-intensity band at 1445  cm‒1, which corresponds to the vibrations 

Fig. 4  FTIR spectra of (1) the initial and (2) sulfated galactoglucomannan
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of the N–H bonds of the ammonium cation (Akman et al. 2020; Kazachenko et al. 
2020b).

X‑ray diffraction

As is known, the galacto- and glucomannans are X-ray amorphous (Mudgil et  al. 
2012; Ogawa et al. 1991). The comparison of XRD patterns of the GGM samples 
and the ammonium salt of the GGM sulfate showed (Fig. 5) that, during sulfation, 
the structure of a material is further amorphized. The XRD pattern of the GGM 
sulfate ammonium salt sample shows that the peaks in the angular range between 12 
and 30° 2°Θ are smoothed (Fig. 5). According to the XRD data, the introduction of 
a sulfate group into the polysaccharide structure leads to its amorphization, which is 

Fig. 5  X-ray diffraction patterns of (1) the initial galactoglucomannan and (2) galactoglucomannan sul-
fate ammonium salt

Fig. 6  SEM images of (1) the initial and (2) sulfated galactoglucomannan
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consistent with the data from various studies (Kuznetsov et al. 2014; Romanchenko 
et al. 2015; Šimkovic et al. 2014; Vasilyeva et al. 2014).

The XRD pattern of SGGM differs from the patterns of some natural sulfated 
polysaccharides, which, in contrast to GGM, are semicrystalline polymers with five 
main crystal reflections at 13.1°, 23.2°, 26.4°, 32.6°, and 39.4° (Kolsi et al. 2016; 
Alves et al. 2010).

As was shown in some studies (Kundu et al. 2016; Dassanayake et al. 2019; Su 
et al. 2013; Adeyanju et al. 2017), the chemical modification of different mannans 
leads to their amorphization.

Scanning electron microscopy

According to the SEM data, the GGM sample contains irregular asymmetric parti-
cles with an average size ranging from 400 to 900 µm (Fig. 6). After sulfation, the 
patterns have a morphology somewhat different from the initial GGM morphology 
(Fig. 6). The SGGM ammonium salt consists of particles 200–400 µm in size and of 
different shapes.

Fig. 7  a DSC, b TGA, and c DTG curves for (1) the initial and (2) sulfated galactoglucomannan
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Thermal analysis

Figure 7a shows the thermal effects of substance decomposition. At the initial heat-
ing stage (up to 180 °C), the endothermic effect related to the moisture removal was 
observed. In the GGM sample, no noticeable thermal effects were detected upon fur-
ther heating. For the sulfated sample after the endothermic peak related to the mois-
ture removal, a pronounced exothermic peak with a maximum at 216 °C appears. 
Taking into account that, at this temperature, the intense mass loss is observed in 
the TG curve (Fig. 7b), this is, most likely, a point of decomposition of the sulfate 
groups with the change in the oxidation degree (the redox reactions). This hypoth-
esis is supported by the fact that this temperature (216 °C) corresponds to the high-
intensity narrow peak in the DTG curve (Fig. 7c) and indicates the similar character 
of decomposition of the compounds.

Above 230 °C, the sulfated sample exhibits the thermal effect of heat absorption 
(endothermic peak) typical of the primary decomposition of the substances (range 
of 230–335 °C).

In the TG/DTG curves (Fig.  7b, c), one can distinguish three portions: (I) 
removal of moisture and volatile components from 30 to 210 °C, where both sam-
ples lose about 6% of their initial mass; (II) the main decomposition from 210 to 
320 °C for GGM and from 210 to 325 °C for SGGM (a weight loss of 53 and 74%, 
respectively), where the precipitation of sulfate groups is assumed and, probably, the 
weight loss can occur both due to the dehydration of pyranose rings and the opening 
of the latter (Novikov et al. 2020); and (III) the final thermolysis stage from 320 to 
600 °C. At the end of the thermolysis, the GGM sample has a residue of 28% and 
the SGGM sample of 18%; hence, the sulfated sample consists of compounds with a 
lower decomposition temperature than the initial sample.

Conclusion

In this study, an environmentally friendly method for sulfating GGM by sulfamic 
acid in 1,4-dioxane in the presence of urea was proposed. It was shown that the 
water-soluble GGM sulfate with high (17 wt%) sulfur content can be prepared at a 
temperature of 90 °C for 2.5 h.

The introduction of sulfate groups into the GGM structure was confirmed by the 
elemental analysis and FTIR spectroscopy. The FTIR spectra of the SGGM include 
the absorption bands at 1251 and 795–810  cm‒1, which are indicative of the pres-
ence of a sulfate group in the GGM molecule.

The initial and sulfated GGMs were analyzed by the XRD, TGA/DSC, SEM, 
and GPC techniques. The XRD data showed that amorphization of GGM is intensi-
fied during the sulfation. The thermograms of galactoglucomannan sulfate show an 
exothermic peak with a maximum at 216 °C, and an endothermic peak is observed 
above 230 °C. Decomposition of galactoglucomannan sulfate is observed in the tem-
perature range from 230 to 335 °C.
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According to GPC data, the sulfation process does not degrade the main chain of 
the polysaccharide. The main MMD peak shifts to the high molecular weight area 
in proportion to the number of introduced sulfate groups (from 24 to 26 kDa). The 
absence of a low molecular weight area in the SGGM is a consequence of the dialy-
sis process.
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