
Introduction

Alginate fibres find wider and wider use in the manufac-

ture of modern dressing materials adapted to the type

and stage of wound heeling. Their basic advantages are

associated with high absorption properties and capabili-

ties to gelatinise under the influence of wound pus,

which makes it possible to painlessly remove the dress-

ing, especially important in the case of bedsores difficult

to heel and post-burn wounds [1–5]. Sodium alginate

fibres can gelatinise completely [6], while this capabil-

ity of calcium alginate fibres depends on the predomi-

nance of guluronic acid blocks (G) or mannuric acid

blocks (M) [7] in the fibre-forming material. The M/G
ratio affects also the character of the gel being formed

(rigid or elastic gels), its thermo-mechanical properties

and dynamic modulus. These parameters depend also on

the degree of transition of sodium alginate into calcium

alginate. From the studies on calcium alginate hydrogels

it follows that the degree of transition is also connected

with the immersion time [8]. In the case of alginate

fibres, the immersion time is very short and the transi-

tion degrees are at similar levels. Good sorption proper-

ties of alginate fibres are connected with the hydrophilic

character of the fibre-forming material as well as with its

porous structure formed during fibre formation [9].

Thermal properties of alginate fibres may be as-

sociated with the chemical composition of the fibrous

materials such as alginic acid, sodium alginate or

alginates substituted with various divalent metal ions

during the fibre spinning process. The thermal prop-

erties may be also dependent on the character of po-

rous structure and the quantity of incorporated silica

nanoparticles into the fibres. The knowledge of ther-

mal changes taking place in various alginate fibres is

important because of the utilisation of waste dressing

materials or hospital’s linen.

The fibres made from calcium alginate contain-

ing an addition of silica nanoparticles may constitute

a precursor to carbon fibres that owing to the presence

of calcium and silicon should assist in the process of

bone restoration. Thus, it is important to assess the ef-

fect of silica nanoparticles on the thermal changes in

calcium alginate fibres in connection with the selec-

tion of parameters for the carbonisation of the modi-

fied precursor.

The objective of the present study was to assess

the yet unreported effect of silica nanoparticles on the

chemical changes in calcium alginate fibres and the re-

lationship between the fibre-forming material structure

and the thermal stability of various alginate fibres.

Object of study

The object of our study included the following fibres

developed by us:

• Fibres made from sodium alginate, alginic acid or

zinc alginate designed for the manufacture of mod-

ern active dressing materials.
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• Fibres made from copper alginate designed mainly

for the manufacture of hospital linen and pressure

dressings.

• Precursor calcium alginate fibres containing silica

nanoparticles in amounts of 3 and 5% in relation to

the polymer mass. The particle size of silica (prod-

uct AGH University of Science and Technology in

Cracow) used by us ranged from 50 to 100 nm as

determined by electron microscopy.

During developing the manufacturing conditions

for these fibres, the selection of fibre forming parame-

ters was intended to obtain the best sorption or

strength properties depending on their specific appli-

cation. In the case of precursor alginate fibres, the aim

was to obtain strength properties that would be appro-

priate for the carbonisation process with a higher po-

rosity of fibres at the same time. This feature is desir-

able due to the use of carbon fibres as osteoconduc-

tive and osteoproductive materials.

Fibres were spun from 7–7.5% aqueous solutions

of sodium alginate, Protanal LF 20/60 (product FMC

Biopolymer AS), with a predominance of blocks de-

rived from guluronic acid. The apparent dynamic vis-

cosity ranged from 42 to 43 Pas. The fibres were spun

with the use of a laboratory spinning machine, whose

construction made it possible to stabilise the techno-

logical parameters at a required level under continuous

control, using spinnerets with 500 orifices, 0.08 mm in

diameter each.

The solidification of sodium alginate fibres was

carried out in a bath containing ethyl alcohol under

conditions given in [6]. Fibres from alginates substi-

tuted with divalent metal ions were solidified in a bath

containing chlorides of these metals in a quantity of

3%, while those from alginic acid in a bath of 2% HCl.

The fibres substituted with divalent metal ions

were drawn in two stages: in a plasticising bath with the

same concentration as the solidification bath at 50–75°C

and then under superheated steam at a temperature of

140°C. Sodium alginate fibres were drawn in a 75% so-

lution of ethyl alcohol at a low temperature of 10–15°C,

while the fibres of alginic acid were drawn in an aque-

ous plasticising bath at 50–70°C. After rinsing, the

fibres were dried at 20–60°C under isothermal condi-

tions (sodium alginate fibres were not rinsed).

The characteristics of the fibres are given in Ta-

bles 1 and 2.

Generally, the fibres of alginate substituted with

divalent metal ions are characterised by high values

of moisture absorption at 65% RH at a level of
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Table 1 Sorption and strength properties of alginate fibres made under the optimal conditions for the given type of fibres

Sample
symbol

As-spun draw
ratio/%

Total draw
ratio/%

Moisture absorption
at 65% RH

Moisture absorption
at 100% RH

Water
retention/%

Tenacity/
cN tex–1

Alg.Ca 70.37 54.65 23.21 45.68 69.68 23.53

Alg.Ca3%SiO 2
60.00 63.66 23.48 46.42 69.44 19.93

Alg.Ca5%SiO 2
90.23 59.03 22.36 45.58 66.35 19.29

Alg.acid 120.00 17.72 15.53 20.15 165.00 16.05

Alg.Na 32.00 25.00 22.65 52.08 177.04* 13.23

Alg.Zn 30.50 64.63 25.00 43.06 101.53 21.24

Alg.Cu 119.90 73.25 21.35 37.58 61.54 21.41

*Percentage of water absorbed by sodium alginate fibres from a moist substrate for 1 h; Alg.Ca – calcium alginate fibres;

Alg.Ca5%SiO
2

– calcium alginate fibres containing 5% of silica nano-particles per polymer; Alg.Ca3%SiO
2

– calcium alginate fibres

containing 3% of silica nano-particles per polymer; Alg.acid – alginic acid fibres; Alg.Na – sodium alginate fibres; Alg.Zn – zinc

alginate fibres; Alg.Cu – copper alginate fibres

Table 2 Total pore volume, internal surface and percentages of capillary sets of alginate fibres

Sample
symbol

Total pore volume/
mm3 g–1

Internal surface of pores/
m2 g–1

Percentage pore content/%

small
4–12.3 �m

medium
12.3–75 �m

large
75–750 �m

very large
750–7500 �m

Alg.Ca 54.32 1.80 6.82 0.0 11.36 81.72

Alg.Ca3%SiO 2
91.25 4.53 18.07 8.22 10.96 65.75

Alg.Ca5%SiO 2
90.70 5.53 16.67 11.54 10.26 61.53

Alg.acid 58.73 3.88 18.93 21.62 13.52 45.95

Alg.Na – – – – – –

Alg.Zn 47.67 1.60 9.76 0.0 7.2 82.90

Alg.Cu 146.15 4.98 7.89 14.48 15.79 61.84



22–25%, while the alginic acid fibres show an absorp-

tion of 15%, which is connected with the hydrophilic

character of the fibre-forming material. The value of

moisture absorption at 100% RH is also affected by

the total pore volume and the character of the formed

porous structure, which depend also on the fibre spin-

ning parameters (Table 2).

With a low total pore volume and a low content

of pores capable of moisture absorption through cap-

illary condensation, it is clear that the values of ab-

sorption at 100% RH are at a similar level 43–46%

except for alginic acid fibres for which this value is

20.15% despite a higher cumulative content of small

and medium pores from the initial range of this inter-

val. Thus, it is mainly the hydrophilic character of

material that exerts a decisive influence on this index.

High values of water retention, especially for fibres of

zinc alginate, are connected with the quantitative pre-

dominance of large and very large pores in the formed

structure and with the swelling of fibres due to water

penetration into their supermolecular structure. This

is particularly clearly seen in the case of alginic acid

fibres, for which the value of this index is very high

owing to a considerable solvation of COOH groups

by water penetrating the material structure.

Experimental

Methods

The methods used to examine the structure and proper-

ties of alginate fibres were the same as those used for

fibres made from a modified polyimidoamide [10].

Fibre porosity was measured by means of a mer-

cury porosimeter of Carlo–Erba linked with a com-

puter system to register the numerical values of the

measured parameters. The determinations included:

the total pore volume, total internal surface, volume

of capillary group with a defined radius and pore per-

centage content. This method allows one to determine

the pore percentage content with given ranges in the

capillary set with sizes of 5–7500 nm.

Moisture absorption at 65 and 100% RH was de-

termined by the desiccator method according to the

Polish Standard PN-71/P-04635.

Water retention was measured by the centrifuge

method. Fibre samples were immersed in distilled wa-

ter containing a surface-active agent (Rokafenol Nx-3

in an amount of 0.1%) for 24 h and then the absorbed

water was centrifuged off for 10 min at an accelera-

tion of 10000 m s–2.

Fibre tenacity and elongation at break were mea-

sured according to the Polish Standard

PN-85/P-04761/04, referring the breaking force to the

fibre linear density in tex.

The thermal analysis of fibres was carried out by

means of a derivatograph, (Paulik–Paulik–Erdey sys-

tem) and differential scanning calorimetry (DSC-204

microcalorimeter of Netzsch). The TG, DTG and

DTA measurements were carried out in air using

weighed portions of 60 mg at a heating rate of

7.9°C min–1 within the temperature range from 20 to

800°C. In the case of microcalorimetry the measure-

ments were performed in inert gas, using weighed

portions of 2.5 mg at a heating rate of 10°C min–1

within the temperature range from 30 to 600°C.

IR spectra were recorded by means of a Perkin-

Elmer System 2000 with a resolution of 4 cm–1, using

KBr tablets containing finely cut and ground fibres.

Results and discussion

From the complex analysis of the fibres it follows that

during heating from room temperature to 800°C they

are affected by complex physical and chemical pro-

cesses (Figs 1 and 2, Table 3). Within the temperature

range from 40 to 150°C in the DTA curves of all the

alginate fibres is shown a broad endothermic peak with

its maximum at T=90°C corresponding to water

desorption. This change is clearly observed in the DSC

curves of the examined fibres and its maximum under

neutral gas is slightly shifted towards higher tempera-
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Fig. 1 TG, DTG, DTA and T curves of calcium alginate fibres



tures (Fig. 3). As follows from the TG curves, the ab-

sorbed water content in fibres ranges from 12.5 to

23.3%, which is consistent with the moisture content

of these fibres at 65% RH (Table 1). The lowest water

content, 12.5%, is released in the mentioned tempera-

ture range from the fibres made from alginic acid,

which results from the lower moisture contents at both

65% and 100% RH. Measurements carried out by IR

spectroscopy have shown that the fibres from alginic

acid and calcium alginate maintain their characteristic

groups when heated in the derivatograph’s oven up to

170 and 200°C, respectively (Figs 4 and 5). The IR

spectra of both types of fibres show (similarly as those

of thermally untreated fibres) bands corresponding to

stretching and bending vibration of the glycoside bond

at the wavelengths 1128.20, 1086 and 1086.26 cm–1

and a strong band of stretching vibration at

1745.16 cm–1 confirming the presence of acidic groups

in the fibres made from alginic acid (Fig. 4). At wave-

lengths 1620 and 1419.76 cm–1 appear strong, sharp

bands related to the presence of stretching vibration on

ion carboxylic in calcium alginate fibres (Fig. 5).

Within the temperature range from 150 to 300°C,

the DTA curves of the fibres under investigation show

a broad peak with its maximum at T=280°C, reflecting

the dehydration of the fibre-forming material accom-

panied by the chemical redevelopment of its

macromolecules (Fig. 1) resulting from destruction

processes. This is confirmed by considerable differ-

ences in the spectra of both types of fibres heated to

300°C that is close to the temperature corresponding to

the maximal temperature of the exothermic transition

rate under consideration. In the spectrum of the alginic

acid fibre one can observe considerable decreases in

the band height of –OH stretching vibration at

3440 cm–1 and that of –CH at 2926 cm–1. There is no

change in the band at 2926 cm–1 corresponding to the
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Fig. 2 TG, DTG, DTA and T curves of alginic acid fibres

Fig. 3 DSC curve of calcium alginate fibres

Fig. 4 IR spectra of alginic acid fibres heated to 170°C and

300°C; 1 – fibres unheated, 2 – fibres heated to 170°C,

3 – fibres heated to 300°C

Fig. 5 IR spectra of calcium alginate fibres heated to 170°C and

300°C;. 1 – fibres unheated, 2 – fibres heated to 170°C,

3 – fibres heated to 300°C
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stretching vibration of the –CH group of calcium

alginate fibres. The two strong bands appearing at

1718 and 1600 cm–1 are absent in the spectra of un-

heated and heated fibres of alginic acid up to 170°C

(Fig. 4, curves 1 and 2). At the slope of the first of

them, from the higher wavelength end, one can ob-

served two shoulders at 1836 and 1774 cm–1. These are

the wave numbers ascribed to carbonyl groups in acid

anhydrides, while the previously mentioned bands ap-

pearing at 1718 and 1600 cm–1 can be ascribed to new

structures being formed, among which conjugated sys-

tems (wavenumber 1600 cm–1) are the most probable

to possess double bonds C=C and the cyclic and conju-

gated systems (wavenumber 1718 cm–1) to have car-

bonyl groups. A clearly marked band at 1600 cm–1 is

also observed in the spectrum of calcium alginate

fibres heated up to 300°C. In this spectrum one can

also observed a clear band at 1408 cm–1 that can be as-

cribed to carbonyl groups (Fig. 5).

The cleavage of C=O and C–C bonds is acceler-

ated at 260–510°C, which is accompanied by the forma-

tion of carbon structures and a slight, slow mass loss.

These processes are reflected in the DTA curves of the

examined fibres in the form of a small exothermic peak

at T=410°C (Fig. 1), while in the case of alginic acid

they occur at considerably lower temperatures, with a

maximum of transition recorded at T=320°C (Fig. 2).

In the DTA curves of the examined samples,

within the temperature range 320–570°C, is recorded

a high exothermic peak that is connected with the oxi-

dation of the previously formed carbon structures

(Figs 1 and 2). Maximal rates of this process in the

case of calcium alginate fibres, regardless of the con-

tent of silica nano-particles, are observed at T= 480°C

(Fig. 1). These processes resulting from heating fibres

of copper and zinc alginates and alginic acid takes

place at a considerably lower temperature (Table 3).

Once the oxidation process is completed, the ex-

amined samples contain, in addition to a low quantity of

carbon, inorganic salts of corresponding metals that are

decomposed to oxides at 580–670°C, as reflected by

low endothermic peaks in the DTA curves (Fig. 1). This

process is particularly visible in the thermal curves of

the fibres made from calcium alginate regardless of the

included silica nanoparticles (Fig. 1). This is due to a

partial decomposition of calcium carbonate resulting in

the formation of carbon dioxide and calcium oxide that

shows a high thermal stability [11]. These changes are

not observed in samples marked with Alg.acid and

AlgCu symbols. This is obvious in the case of alginic

acid sample. With the Alg.Cu sample the transition into

oxide takes place within the range of considerably lower

temperatures, which is due to the presence of the metal

with a variable valence. At temperatures higher than

400°C we deal with a residue consisting of 18.75% of

the fibre-forming material in relation to the initial sam-

ple mass (Table 3). Theoretically calculated mass of the

mentioned CuO residue is 19.23% assuming a complete

substitution of carboxylic groups with copper ions.

The thermal stability of the fibres under investiga-

tion was assessed on the basis of indicators T5 and T50

[10, 12, 13]. Regardless of the fact whether they are de-

termined in relation to the initial sample mass or to the

fibre-forming material contained in the initial sample

mass, the highest thermal stability is shown by the cal-

cium alginate fibres containing silica nano-particles

despite their slightly higher total pore volume in com-

parison to the fibres with no SiO2 (Tables 2 and 3). The

increased thermal stability is thus connected with the

presence of silica nano-particles in the fibre-forming

material, which is consistent with the literature reports

concerning other fibre-forming polymers [14].

The effect of fibre-forming material structure and

silica nanoparticles content is clearly visible in the ther-

mal stability of alginate fibres. Considering the value of

the thermal stability indicator T50 various types of

alginate fibres can be arranged in the following series:

T50:Alg.CaSiO2
>Alg.Ca>Alg.Zn>Alg.Cu>Alg.Na>Alg.acid

The fibres of sodium alginate and alginic acids

show also the lowest thermal stability defined by T5,

which may be connected with the fact that in this case

only secondary bonds occur between macromolecules.

On the other hand, in Alg.Cu fibres the metal with vari-

able valence facilitates decomposition processes.

The chemical composition of fibre-forming mate-

rial of the fibres under investigation affects the tempera-

ture range of particular thermal changes. Despite the

substantial similarity between the chemical composi-

tions of alginate and cellulose fibres, their thermal de-

compositions are different. Cellulose fibres undergo

quite a violent destruction, which causes their inflam-

mability as indicated by the value of LOI amounting to

18.0 [15]. The stage-wise thermal decomposition pro-

cesses of alginate fibres, as reflected in the TG curves,

as well as the wide temperature range of these processes

and the formation of CO2 and H2O during dehydration

decidedly make their combustion difficult. According to

the standard PN-EN-ISO6940 cellulose fibres are

classificated as combustible but alginate fibres are flame

resistance, glowing is observed under influence of the

flame. Glowing stopped after removal of the flame [16].

Conclusions

• The incorporation of silica nanoparticles into cal-

cium alginate fibres cause significant increases

their thermal stability as defined by indicator T50.

• The chemical composition of fibre-forming mate-

rial affects the thermal stability of alginate fibres.
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The order of T50 values of fibres substituted with

various divalent metals corresponds to the posi-

tions of these metals in the electrochemical series.

• The resulting from thermogarvimetric curves

stage-wise thermal processes of alginate fibres and

the wide temperature range of these processes, es-

pecially desorption and dehydration, followed by

the formation of carbon dioxide and water, make

their combustion difficult.
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