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Structural (crystallinity), textural (pore volume, Vp, specific surface area, SBET, pore size distribution, 

PSD) and adsorption characteristics of bleached flax fibres and cotton fibres have been determined using 

equilibrium adsorption of nitrogen, water, chlorhexidine diacetate (CHX) and methylene blue (MB), 

adsorption-desorption kinetics of MB and CHX, X-ray diffraction, thermogravimetry, differential 10 

scanning calorimetry (DSC) and DSC cryoporometry. Air-dry, degassed, wetted (RH  95%), swollen (24 

h in water) and air-dried and heated (120 oC for 1 h) fibres were studied. Flax fibres have higher 

crystallinity, adsorption capacity (MB, CHX, water), and smaller MB desorption than cotton fibres. 

Cotton fibres have larger Vp value (nitrogen adsorption) and the SBET,N2 similar to that of flax. Water 

vapour adsorption is higher on flax since the adsorbed water volume is Vp,w = 0.19 and 0.14 cm3/g for flax 15 

and cotton, respectively, at RH  95%. Wetted fibres are characterised by Vp,w larger by an order of 

magnitude than Vp,N2 for degassed samples because of swelling effect. However, nanopores at radius R < 

1 nm are practically absent in all samples studied regardless of the characterisation technique. The 

adsorption of MB and CHX on flax fibres is much larger than that for cotton fibres. The specific surface 

area determined from MB adsorption is 51 m2/g (close to SBET,w estimated from water adsorption but 20 

larger than SBET,N2) and 8 m2/g (much smaller than SBET,N2 and SBET,w ) for flax and cotton fibres, 

respectively. 

Introduction 

Cotton, flax and other natural plant fibres have a long history of 

industrial and health care applications1-3 and have been a subject 25 

of numerous studies.4-7 However, there is insufficient quantitative 

information regarding their structural, textural and adsorption 

characteristics. In this paper we present results of a detailed 

comparative analysis of these properties of flax and cotton fibres. 

Plant fibres consist of elongated cells (of a cylindrical shape at 2-30 

4 cm in average length for cotton and flax fibres) with a wall 

thickened by apposition of so-called secondary cellulosic wall 

(CW-II).3 The main structural feature of the CW-II is a large 

content of crystalline cellulose. Nevertheless, there is a large 

morphological and structural difference between cotton and flax 35 

fibres. Cotton fibres originate from the seed capsules as 

elementary trichome cells, and mature in air over 2-3 weeks. The 

CW-II is mainly composed of cellulose. Its layers are integrated 

in the CW-II and the total CW-II thickness rarely exceeds 2 µm. 

Therefore, during the drying process, the cotton fibre cells adopt 40 

so-called kidney shape. Flax fibres developing in the stems 

between the cortex and the wood, within bundles, are linked 

together by their middle lamellae and tricellular junctions. They 

differentiate over several weeks, so that the cells are completely 

filled by CW-II and their shapes vary from slightly oval to 45 

hexagonal depending on the weather and the process of stem 

drying. The flax CW-II has some specific structural properties. 

Although its main component is cellulose (80-90%), it is actually 

a multilayer composite with cellulosic fibrils embedded in 

hemicellulose (up to 7%), pectins (up to 5%) and proteins (0-50 

1.5%). A few phenolics (<1%), waxes and fats (0.5-1.0%), 

minerals (1%) are also present. In the main middle part of CW-II 

the orientation of cellulose microfibrils almost follows the 

longitudinal axis of fibres.3-5 Therefore their textural (porosity, 

Vp, specific surface area, S, and pore size distribution, PSD) and 55 

structural (chemical composition, crystallinity, etc.) features are 

linked to cellulose fibrils. Fibrils have a high degree of 

polymerisation (~104, diameter ~2 nm) embedded in a lignin 

matrix.5-7 The main portion (65-85%) of fibres is crystalline with 

cellulose I having the lattice constants a = 0.835 nm, b = 1.03 nm, 60 

c = 0.79 nm.8 A smaller portion of fibres is amorphous. However, 

crystalline and amorphous contributions in fibres depend on their 

origin and treatment history. For instance, bleached fibres have a 

higher crystallinity because of removal of noncrystalline 

components during treatment. Cellulose fibrils aligned along the 65 

fibre length provide tensile and flexural strength and rigidity of 
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fibres, that can be higher for flax than cotton fibres due to the 

difference in their structure.6,9 Their structural and textural 

organisation creates certain inner porosity in fibres as voids 

between adjacent fibrils and other supramolecular structures.5,10 

This porosity is not fixed by covalent bonding of neighbour 5 

fibrils or other supramolecular structures. Their integrity is 

maintained by the hydrogen bonding, dispersion interactions and 

electrostatic forces. Therefore, the fibre porosity can significantly 

change by interaction with water, especially by soaking and 

swelling for long time, and the adsorption-desorption processes 10 

and the adsorption capacity of fibres can strongly differ for air-

dry and swollen materials. Thus, adsorption of gases, vapours 

(air-dry fibres contain 4-8 wt% water adsorbed from air) or 

compounds dissolved in liquid media depends on the origin and 

“history” of fibre – water interaction and media characteristics. 15 

 The efficiency of natural fibres in many applications depends 

on their nanoscale and microscale textural characteristics, 

chemical structure, crystallinity, amount and distribution of 

bound water.5,6,11 The aim of this paper is to compare the 

crystalline, textural (at nano- and microscale levels) and 20 

adsorption characteristics of bleached flax and cotton fibres using 

a number of complementary physical and physicochemical 

methods described in the next section.  

Experimental 

Materials 25 

Bleached cottonised flax fibres were prepared from waste 

products of flax scutching (Makarov Lenzavod, Kiev region, 

Ukraine). Short fibres were carded in order to separate the 

technical fibres still linked by their tri-cellular junctions into 

elementary fibres similar to cotton fibres. This flax material is 30 

designated as cottonised flax fibres. Commercial carded cotton 

fibres were purchased from Sigma/Fisher.  

Methods 

Nitrogen adsorption-desorption isotherms were recorded at 77.4 

K using an Autosorb (Quantachome Instruments, USA) 35 

adsorption analyser. Pores in natural fibres have a complex 

shape.5,10 Therefore, the pore size distributions (PSDs) were 

calculated using several models. First, a mixture of slit-shaped 

and cylindrical pores (SC-model) in carbon materials was used 

with non-local density functional theory (NLDFT) method 40 

(Quantachrome Instruments software, version 2.02, which does 

not include the parameters for polymer materials). Second, the 

model with cylindrical pores (C-model) was used. Third, a model 

using a mixture of slit-shaped and cylindrical pores and voids 

between spherical particles (SCV-model) in carbohydrate 45 

polymers was employed in a modified Nguyen-Do (MND) 

method.13,14 The differential PSDs f(R) ~ dV/dR ( f(R)dR ~ Vp, 

where R is the radius or half-width of pores) were converted into 

incremental PSDs, IPSDs ( (Ri) ~ Vp). This was done for better 

view of the PSDs over the total range of pore sizes, especially at 50 

large R values, where dV/dR typically has very low intensity. The 

integration of the dV/dR and dS/dR functions was used to estimate 

contributions of nanopores (R < 1 nm), mesopores (1 < R < 25 

nm) and macropores (R > 25 nm) into total porosity (Vp) and 

specific surface area (SBET). The SBET values were determined 55 

from the nitrogen adsorption using the standard BET method.15 

The total pore volume Vp was evaluated from the nitrogen 

adsorption at p/p0 = 0.98–0.99 (p and p0 denote the equilibrium 

pressure and the saturation pressure of nitrogen at 77.4 K, 

respectively). 60 

 The adsorption capacity of fibres was evaluated using 

methylene blue (MB) as the adsorptive. MB has been frequently 

used because of its chemical and spectroscopic characteristics to 

study the adsorption properties of different adsorbents including 

materials of biological origin.12 65 

 For equilibrium adsorption of methylene blue, a fibre sample 

(0.5 g), was soaked and stirred (by a glass rod) with 50 mL of 

distilled water for 5 min. Then 50 mL of an aqueous solution of 

MB was added (final MB concentration was in the 2.5-220 mg/L 

range) and shaken at 180 rpm, 24±1°C for 24 h (i.e. the MB 70 

adsorption occurs in parallel with fibre swelling). The optical 

density (OD) of the equilibrium MB solution was measured at  

= 664 nm using a Shimadzu 2401 PC spectrophotometer. The 

amount a of MB adsorbed was calculated as a = (C0 - Ceq)V/m, 

where C0 and Ceq are the initial and equilibrium MB 75 

concentrations in the solution respectively, V is the volume of the 

solution, and m is the weight of a dry fibre sample. Equilibrium 

adsorption of cationic antimicrobial substance chlorhexidine 

(CHX), 2-[N'-[6-[[amino-[[amino-[(4-chlorophenyl)-

amino]methylidene]amino], diacetate (Sigma) was studied using 80 

solutions in a water/ethanol (0.65/0.35) mixture and OD 

measured at 260 nm.  

 To study the adsorption kinetics of MB, a fibre sample (0.5 g) 

was soaked and stirred for 5 min with 50 mL of distilled water. 

Then 50 mL of the MB solution at a concentration of 20 mg/L 85 

was added, shaken at 24±1°C and centrifuged at 7500 rpm for 5 

min. The MB adsorption measurements were carried out at 

certain time (2, 3, 5 min, ... 30 h, and 48 h, i.e. the fibre swelling 

was varied). The OD of the control sample with the MB solution 

(10 mg/L) was measured after centrifugation at 7500 rpm for 5 90 

min. The OD values of the MB solutions were measured using a 

1-cm quartz cuvette. The adsorption kinetics of CHX was studied 

in a similar manner but from the water/ethanol (0.65/0.35) 

mixture and OD measurements at 260 nm. 

 The kinetics of MB or CHX desorption from fibres was 95 

studied by washing-off of fibres with the pre-adsorbed to fibres, 

in distilled water and then in phosphate buffered saline (PBS) 

using the same sample. . Each sample (0.2 g fibres) was washed 

2-6 times with 10 mL of water or PBS by shaking for 30 min. All 

adsorption-desorption experiments were carried out three times 100 

and the average values were calculated (average relative error 

was smaller than 3%). Calculations of an adsorption rate 

constant and energetic characteristics (adsorption energy, 

adsorption potential and adsorption free energy) from the 

equilibrium and kinetic data are described in detail in Electronic 105 

Supplementary Information (ESI†). 

 Interactions of MB molecules with cellulose fragments were 

analysed using semiempirical quantum chemical PM6 method 

(MOPAC 2009, version 11.038L).17 

 The calorimetric measurements were performed using a 110 

differential scanning calorimeter (DSC 822e, Mettler Toledo) 

equipped with an intracooler. Air-dry and swollen fibre samples 

Page 2 of 16Journal of Materials Chemistry



 

This journal is © The Royal Society of Chemistry [year] J. Mater. Chem. [2011], [vol], 00–00 | 3 

(5.0 0.01 mg) were cooled at a cooling rate of 5 oC/min from 

room temperature to T = 60 oC and heated to 200 oC. Flax and 

cotton samples were swollen in distilled water for 24 h (as in the 

case of the equilibrium MB adsorption) and then excess water 

was removed with filter paper. Residual hydration was h = 0.52 g 5 

of water per gram of dry fibres. A set of initial and swollen 

samples were analysed in triplicate. 

 Freezing temperature of water in narrow pores is below normal 

freezing point of 0 oC at lower temperatures as described by the 

Gibbs-Thomson equation (1) for the freezing point depression for 10 

liquids confined in cylindrical pore of radius Rp
18  

0

33.32
68.0)(

mm

p
TT

nmR ,    (1) 

where Tm and Tm0 are the melting temperatures of confined and 

bulk water, respectively. The pore size distribution, dV/dR can be 

calculated from water melting thermograms18 15 

)(33.32

)(

)(

2

0
113

THm

TT
dt

dq

gnmcm
dR

dV mm
, (2) 

where dq/dt, , , m and H(T) are the DSC heat flow, the water 

density, the heating rate, the sample mass and the melting 

enthalpy of water, respectively. The H(T) function can be 

estimated as follows18 20 

2

00

1 )(155.0)(39.11332)g J)(( mmmm TTTTTH .
 (3) 

 Water vapour sorption by fibres was studied at 25.0±0.1°C 

using an automated electronic microbalance (Cahn D200 with a 

mass resolution of 0.1 μg) with an automated gravimetric 

dynamic vapour sorption system DVS1 Advantage (Surface 25 

Measurement Systems Ltd). Water vapour adsorption isotherms 

were used to calculate the textural characteristics with the model 

of cylindrical pores using the corresponding Lennard-Jones 

potentials.15 Calculations of the adsorption energy distribution 

f(E) were carried out assuming clustered adsorption of water and 30 

using the corresponding integral equation (see ESI†).14 

 The X-ray diffraction (XRD) patterns of flax and cotton fibres 

were recorded at room temperature using a DRON-4-07 

(Burevestnik, St. Petersburg) diffractometer with Cu K  (λ = 

0.154178 nm) radiation and a Ni filter in the 2  range from 5 to 35 

60 degrees with a step of 0.1 degree. The crystallinity was 

estimated using two methods (from integral and peak intensities) 

as described in detail elsewhere.8,19 The XRD patterns were 

recorded for fibres air-dry, swollen for 24 h, blotted (~27 wt% 

water according to thermogravimetric data), dried in air for 1-4 40 

days, and heated at 120 oC for 1 h. 

Results and discussion 

Morphology and structural aspects (crystallinity) of fibres  

Despite difference in the shape (cylindrical, slightly oval or 

kidney-like) (Fig. 1), flax and cotton fibres studied are 45 

characterised by relatively similar distribution functions of the 

cross-section fibre diameter, f(d) in the range of 3-50 m 

(according to Fiji image processing package) or 5-52 m 

(ImageJ) (Fig. 2).  

 50 

Fig. 1 SEM images of (a, c) flax and (b, d) cotton fibres obtained with 

SEM JSM-6310 (Japan Electron Optics Ltd). 

 
Fig. 2 Normalised distribution functions of cross-section fibre diameter 

for flax (curves 1) and cotton (curves 2) samples calculated from 26 SEM 55 

images using ImageJ (granulometry plugin, lower curves) and Fiji (local 

thickness plugin with a maximum entropy threshold). 

The f(d) functions have been calculated from 26 different SEM 

images of samples using the Fiji (local thickness plugin with a 

maximum entropy threshold)20 and ImageJ (granulometry 60 

plugin)21 software. The f(d) functions show that flax fibres are 

slightly thinner than cotton fibres. For instance, their average 

diameter determined as the first moment of the f(d) distribution 

<d> = df(d)dd/ f(d)dd is equal to 21.4 and 26.2 m 

(granulometry plugin) for flax and cotton fibres, respectively. 65 

However, f(d) at d < 7 m (local thickness plugin) can be 

considered as underestimation of the fibre diameter3 due to the 

image treatment software effects, e.g. one fibre can be considered 

as composed of two-three fibres because of its bending, the 

formation of helical structures and the presence of fibre cracks. 70 

Whatever the value, one can assume that thinner fibres would 

show a greater adsorption capacity, and faster adsorption kinetics, 

because of both a higher outer surface and faster penetration of 

adsorbed molecules into inner pores of thinner fibres under the 

same experimental conditions.  75 

The XRD patterns of air-dry fibres (Fig. 3) are typical of 

cellulosic materials.8,22  
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Fig. 3 XRD patterns of air-dry flax (curve 1) and cotton (2) fibres. 

A relative crystallinity of fibres estimated from integral intensity 

of three main XRD peaks and amorphous contribution19 in the 

range of 2  = 10-30o (Fig. 3 and Fig. S4 in ESI†) is higher for 5 

flax (73±2%) than cotton (65±2%). A simpler estimation of the 

crystallinity index CI(%) = 100 (I002-Iam)/I002 from the intensity 

of the main peak (002) (Fig. 3) and the intensity of the 

amorphous part (Iam) in a minimum point at ~18o,8,19 also gives a 

higher crystallinity value for flax (86.5%) than cotton (84.1%). 10 

The difference between these values is smaller than that for the 

integral values. The difference in the crystallinity estimated using 

integral (65-73%) and peak (84-87%) XRD intensity is typical of 

natural cellulosic materials.23 Additionally, the smaller values 

obtained from the integral intensity are similar to the CI values 15 

estimated from NMR measurements of cellulosic materials.23 

Low-intensity peaks at 2  = 33.7o and 46.1o (Fig. 3) can be 

attributed to structures with the hydrogen bonds. The length of 

these bonds was estimated for air-dry fibres as: rOH O = 0.195 nm 

between H and O atoms and rOO = 0.268 nm between O and O 20 

atoms of neighbouring groups. These values are similar for flax 

and cotton samples because their XRD patterns are identical at 2  

= 25-60o. However, fibril packing appears to be more ordered in 

flax, which has higher XRD intensity at 2  = 10-25o.  

Variations in the crystallinity of fibres can influence their 25 

textural characteristics, especially during interactions with water 

resulting in swelling. It should be noted that swelling (24 h, 

adsorbed 27 wt.% water), air-drying (1-4 days), and heating (120 
oC for 1 h) all affect the fibre crystallinity (Fig. S5 in ESI†). 

These changes are more significant for cotton than flax fibres. 30 

For instance, rOH O = 0.196 and 0.197 nm, rOO = 0.264 and 0.262 

nm (swollen), rOH O = 0.197 and 0.194 nm, rOO = 0.264 and 

0.262 nm (heated at 120oC) for flax and cotton fibres, 

respectively. Thus, the rOH O values increased but the rOO values 

decreased during swelling and heating of fibres. These changes 35 

can be caused by changes in the hydrogen bond angles 

( O H O); i.e., the crystalline structure becomes slightly 

distorted during swelling-heating. This distortion results in a 

diminution or even disappearance of splitting of the (101) and 

(10 1)  peaks, especially for cotton (Fig. S5 in ESI†). In other 40 

words, flax fibres are more stable during swelling-drying-heating 

than cotton fibres perhaps owing to a higher crystallinity, the 

difference in CW-II composition, and the presence of 

approximately 10 % of non-cellulosic components encrusting 

fibrils and interacting with water load during swelling. 45 

Textural and adsorption characteristics  

For detailed and reliable analysis of the textural 

characteristics of fibres possessing pores of a complex shape, 

several models of pores (voids) (C-, SC- and SCV-models) and 

three different techniques (low-temperature nitrogen adsorption, 50 

water adsorption at room temperature and DSC cryoporometry of 

air-dry and swollen fibres at T = 60 - 0 oC) were applied (Table 

1, Figs. 4 and 5c).  

 
Fig. 4 Pore size distributions: (a, b) incremental with the C-model (cyl) 55 

(MND method for polymers), SC-model (slit/cyl) with NLDFT method 

for carbons, and SCV-model (slit/cyl/void) (MND method for polymers); 

IPSDV for (a) cotton and (b) flax and (c) PSD (DSC cryoporometry) for 

dry and swollen fibre samples. 

The results based on the nitrogen adsorption show that flax and 60 

cotton fibres have practically the same SBET (pore-shape 

independent parameter) and Smeso (pore-shape dependent) values 

(Table 1). The average SBET values for eight flax and eight cotton 

samples are 26.4 10.2 m2/g and 27.0 18.6 m2/g, respectively. 

However, there is some difference in the textural characteristics 65 

of fibres due to the difference in their partial swelling caused by 

water adsorption. Small water molecules can penetrate into polar 

carbohydrate supramolecular structures in fibres and incorporate 
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into their hydrogen bond network.  

 
Fig. 5 (a) Water adsorption isotherms and the distribution functions of (b) 

adsorption potential (Eq. (S12)) for water and nitrogen; (c) pore sizes 

(IPSDV) calculated from water adsorption isotherms using the C-model; 5 

(d) free energy (Eq. (S9) in ESI†) and (e) energy of water adsorption (Eq. 

(S11) in ESI†). 

This causes swelling and changes in the textural (Fig. 4, Table 1) 

and crystalline (Fig. S5, ESI†) characteristics of fibres wetted by 

water vapour or swollen in the aqueous media. Many of the 10 

textural characteristics shown in Table 1 have larger values if 

determined from water vapour adsorption (because of partial 

swelling) than those determined from nitrogen adsorption 

(without swelling) (Table 1). A decrease in macroporosity (Vmacro, 

Smacro) and a parallel increase in mesoporosity (Vmeso, Smeso) 15 

determined from water adsorption can be explained by „mesopore 

swelling‟ (Vmeso,H2O >> Vmeso,N2) with contraction of macropores 

because the adsorption potential for water is higher in narrower 

pores.15 Additionally, this „mesopore swelling‟ results in a 

decrease in the hydrogen bond lengths and a certain compaction 20 

of the crystalline lattice of fibrils (Fig. S5). Water tends to be 

adsorbed in narrower pores, despie its clustered adsorption since 

these clusters can include only a few molecules. Both nitrogen 

and water (adsorbed from the gas or vapour phase) can fill 

macropores only partially because the adsorption potential there 25 

is very low (A << 0.5 kJ/mol for both adsorbates, Fig. 5b) at large 

distances from the pore walls.  

The PSD of flax obtained with from mercury porosimetry 

data (Fig. S1 in ESI†) has the main maximum at R = 77 m (with 

zero PSD intensity at R < 150 nm and marked intensity appearing 30 

only at R > 5 m) that can be attributed to voids between 

neighbouring fibres (Fig. 1) in their wool beads because the fibre 

thickness is smaller than the size of these macropores. The 

mercury porosimetry gives the pore volume ~0.2 cm3/g at R < 30 

m but at R < 5 m it is very low (~0.001 cm3/g). In other words, 35 

during intrusion phase, mercury possessing very high surface 

tension, cannot practically penetrate into inner mesopores of 

fibres (in contrast to water or nitrogen) and remains between 

fibres in their wool beads. Thus, this measurement confirms low 

inner macroporosity of flax fibres.The inner porosity of fibres at 40 

R > 25 nm is very low as estimated from the water or nitrogen 

adsorption (Table 1, Vmacro, Smacro). This is in agreement with 

electron microscopy images (Fig. 1) showing relatively smooth 

surface of fibres without cracks. Thus, fibres have smooth surface 

at a microscale level practically without visible macropores (Figs. 45 

1c and 1d). The shape of the PSDs at 25 < R < 100 nm based on 

the nitrogen adsorption data (Fig. 4 shows only incremental PSDs 

as differential PSD dV/dR is low in this range) and at 25 < R < 35 

nm based on water adsorption (Fig. 5c, IPSD) suggests that both 

water (RH < 95 %) and nitrogen (p/p0  0.995) are mainly 50 

adsorbed in inner mesopores of fibres.  

 

Table 1 Textural characteristics of flax and cotton fibres determined from nitrogen (SCV-model) and water (C-model) adsorption 

isotherms 

Sample SBET 

m2/g 

Snano 

m2/g 

Smeso 

m2/g 

Smacro 

m2/g 

Vp 

cm3/g 

Vnano 

cm3/g 

Vmeso 

cm3/g 

Vmacro 

cm3/g 

D Adsorbate 

Flax 27.6 0 26.8 0.8 0.018 0 0.013 0.005 2.609 N2 

46 0 46 0.1 0.194 0 0.192 0.002 2.670 H2O 

Cotton 27.3 0 26.7 0.6 0.036 0 0.029 0.007 2.617 N2 

34 0 34 0 0.141 0 0.140 0.001 2.684 H2O 
Note. Nanopores (Snano and Vnano) are at pore radius R < 1 nm, mesopores (Smeso and Vmeso) at 1 < R < 25 nm, and macropores (Smacro and Vmacro) at 25 < R < 55 

100 nm; D is the fractal dimension calculated with the Frenkel–Halsey–Hill equation. 

 The fibres studied have similar PSDs in respect to the pore 

volume (Figs. 4a, 4b and 5c). This is due to a certain similarity of 

both structural and textural features of natural fibres. Notice that 

nitrogen adsorption-desorption isotherms were recorded for 60 

samples degassed at 80 oC for 24 h (residual content of water < 1 

wt%). In the case of air-dry fibres, water content was about 4 

wt% (thermogravimetric measurements, Fig. S3, and sample 

weighting after DSC measurements). The textural and structural 

characteristics of natural fibres can depend on the amounts of 65 

bound water adsorbed from air, vapour atmosphere (Table 1) or 

aqueous media resulting in increased swelling. Therefore, the 

textural characteristics of non-degassed air-dry and swollen (24 h 

in distilled water at room temperature) samples were estimated 

using the DSC cryoporometry (Fig. 4c). After swelling of fibres, 70 

the PSD becomes much broader and the peak shifts towards 

larger pore size at R ~ 5 nm (Fig. 4c). The DSC PSDs for air-dry 

samples have a maximum at R ~ 2 nm (similar to that based on 

water adsorption, Fig. 5c) and a peak at smaller R values. 
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However, the shape of these PSDs differs because of variations in 

the amounts of water (h  0.01, 0.05, 0.52 and 0.2 g/g, 

respectively) affecting the PSDs. 

 The fractality of fibres (Table 1, D) increases due to water 

adsorption. The surface becomes rougher and/or the pore shape 5 

becomes more complex but nanopores are absent (Vnano, Snano); 

these results are in agreement with the nitrogen adsorption data. 

Enlarging mainly inter-fibrillar distances can be during water 

adsorption. This results in partial swelling of fibres (mesopore 

swelling) without decomposition of the inner-fibrillar hydrogen 10 

bonds between adjacent cellulose chains. It means that during 

water adsorption, the inner structure of fibres remains dense with 

tight contacts between cellulose chains in fibrils. The estimation 

of the specific surface area using a molecular model of cellulose 

gives about 3000 m2/g for individual chains. Triple twisted 15 

cellulose coils can have the S value of approximately 1000 m2/g. 

However, strong interactions in supramolecular structures in 

fibres including strongly bound water result in denser packing 

(without nanopores) of cellulose macromolecules in microfibrils 

and other components in fibres that result in low SBET < 50 m2/g 20 

according to both nitrogen and water adsorption data (Table 1). 

These results can be interpreted so that strongly coiled and folded 

supramolecular structures with a continuous network of hydrogen 

bonds (with contributions of electrostatic and dispersion 

interactions) keep the fibre integrity during interaction with water 25 

vapour or aqueous medium.  

As noted above, the similar shapes of water adsorption 

isotherms (Fig. 5a) for flax and cotton originate from the 

predominance of the cellulose network. They are hydrophilic 

materials; therefore, the adsorption potential, A (affinity) and the 30 

distribution f(A) functions for water are much greater than those 

for nitrogen (Fig. 5b). The energetic characteristics of water 

adsorption expressed as changes in free energy ( G) (Fig. 5d) 

and adsorption energy (E) were calculated assuming that water is 

adsorbed in clusters of five water molecules (plus OH group of 35 

cellulose that give stable six-member rings) in the average cluster 

per an adsorption site (Fig. 5e) (see also ESI†). These 

calculations show that the water adsorption is characterised by 

low energy since non-zero distribution functions are at G < 9 

kJ/mol and E < 30 kJ/mol, respectively. However, strong 40 

hydrogen bonds can give G > 20 kJ/mol and E = 40-50 

kJ/mol.13-15 This result can be explained by the formation of the 

hydrogen bonds CO H OH2, CO(H) HOH, =CO(C ) HOH 

and H2O HOH without significant contribution of charged 

structures providing much stronger hydrogen bonds. 45 

Additionally, very strongly bound water can remain in fibres 

during degassing of samples before the water adsorption 

measurements. The PSDs (Fig. 5c) calculated from water 

adsorption isotherms (Fig. 5a) give a more detailed picture of 

mesopores filled by water than the DSC PSDs of swollen fibres 50 

(Fig. 4c). This difference can be explained by a larger amount of 

water retained by fibres in DSC measurements of swollen 

samples (h = 0.52 g/g) than in water vapour adsorption (h < 0.2 

g/g). Additionally, during heating of samples containing a 

relatively large amount of water (especially bulk water), the DSC 55 

method has relatively low sensitivity in respect to strongly bound 

water masked by bulk water. A significant portion of water in 

swollen fibres at h = 0.52 g/g can be attributed to bulk or very 

weakly bound water since a very sharp exotherm of water 

crystallisation is observed at 10 - 13oC (Fig. 6a).  60 

 
Fig. 6 DSC thermograms for (a) wetted (h = 0.52 g/g) and (b) dry (h = 

0.08 (1) and 0.04 (2) g/g) flax and cotton fibres. 

This water reduces the resolving ability of the DSC 

cryoporometry (Fig. 4c, compare curves for air-dry and swollen 65 

samples). The main intensity of melting endotherm is at T > 0 oC 

(Fig. 6a) but the DSC cryoporometry can be applied to the DSC 

thermograms only at T < 0 oC. The DSC method has been 

successfully used for the analysis of the amount and state of 

absorbed water in polymers.24 The DSC thermograms of swollen 70 

(Fig. 6a) or air-dry (Fig. 6b) samples are similar for flax and 

cotton fibres. However, there is some difference in an exotherm 

of water crystallisation (Tcr = 10.6 oC for cotton and 12.7 oC 

for flax) and an endotherm of water evaporation (98.8 oC for 

cotton and 94.6 oC for flax) despite the same amount of water in 75 

swollen fibres (Fig. 6a, h = 0.52 g/g). The difference in the Tcr 

value can be explained by larger SBET, Smeso and Vmeso values of 

flax (i.e. a larger number of narrower pores filled by water) than 

those of cotton for both degassed (nitrogen adsorption) and 

wetted (water adsorption) samples (Table 1).  80 

For air-dry samples, the shape of DCS thermograms (Fig. 6b) 

strongly differs from that of swollen samples (Fig. 6a). Both a 

bulk water crystallisation exotherm and a melting endoterm are 

absent in air-dry samples. It means that bound water (~4 wt%) 

does not form large structures capable to form ice crystallites in 85 

air-dry samples. This water is strongly bound.13,14 A broad 

endotherm at 64-66 oC (Fig. 6b) can be attributed to residual 

water evaporation, enthalpic relaxation and melting of some weak 

associates in fibres.25 A very small endotherm at 131-132 oC 

(insert in Fig. 6b) can be attributed to melting of some stronger 90 

water associates, since glass transition of dry cellulose is around 

200 oC.4,25 The results obtained presented here for water 
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adsorption and swelling of flax and cotton fibres are in good 

agreement with data published previously that showed greater 

water adsorption on flax than cotton fibres.26 

Adsorption/desorption of MB and CHX 

Adsorptive properties of cotton, flax or hemp fibres are utilised in 5 

materials used for health care, wound dressings, and for removing 

organic pollutants from aqueous media.27 For instance, cotton 

demonstrated a high adsorption capacity for such dyes as basic 

red 2 and acid blue 25.27 In this paper, the adsorption of low 

molecular weight substances MB (as a model organic pollutant) 10 

and CHX (as a common antimicrobial agent) has been studied..  

The flax fibres studied have much larger equilibrium 

adsorption capacity towards MB and CHX than cotton (Fig. 7 and 

Fig. 8). The specific surface area calculated from plateau 

adsorption of MB (Fig. 7) using the surface area of 1.19 тm2 15 

occupied by a MB molecule (Fig. S1 in ESI†) is 51 and 8 m2/g 

for flax and cotton, respectively. For flax this value is close to 

SBET,H2O flax and smaller than SBET,N2, but for cotton it is much 

lower than SBET,H2O or SBET,N2 (Table 1). The adsorption capacity 

of flax for MB is greater than that of cotton (Fig. 7).  20 

 
Fig. 7 Adsorption isotherms and percentage removal of MB by flax and 

cotton fibres as a function of equilibrium MB concentration in solution. 

 
Fig. 8 Adsorption isotherms of CHX on flax and cotton fibres from 25 

water/ethanol mixture. 

The observed decrease in the MB adsorption at Ceq > 100 mg/L 

(Fig. 7) is reproducible and cannot be explained by the 

experimental errors. It can be explained by several effects 

enhanced with increasing Ceq value, such as (i) faster MB 30 

adsorption and blocking of free adsorption sites, and (ii) 

formation of MB dimmers, which have different adsorption 

characteristics. Natural fibres are texturally nonuniform (Figs. 2-

5). Therefore, MB adsorption isotherms have a complex shape 

(Fig. 7) and correspond to broad (flax) or bimodal (cotton) 35 

distribution functions of the Gibbs free energy of adsorption, 

f( G) (Fig. 9). MB adsorption is stronger on flax than cotton 

since the average value < G> for the former is greater. 

However, for both materials the < G> values are relatively 

small because of (i) desolvation effects accompanying the 40 

adsorption of MB possessing a polar structure (cation MB+ with 

Cl  as a counterion), (ii) destabilising contribution of entropy 

changes to the adsorption onto hydrophilic adsorbents, (iii) the 

absence of nanopores accessible for MB. The adsorption of CHX 

has similar features (Fig. 8). However, the adsorption capacity for 45 

CHX of both flax and cottobn fibres is much lower than that for 

MB, Therefore, the f( G) peaks for the CHX adsorption on both 

fibres are located at small G values (Fig. 9).  

 
Fig. 9 Distribution of Gibbs free energy of MB and CHX adsorption onto 50 

flax and cotton fibres from aqueous and water/alcohol mixture. 

 The use of kinetic adsorption equations of pseudo-first-order, 

Eq. (S2) and pseudo-second-order, Eq. (S3) (in ESI†) gives the k 

values (Table 2) greater for the MB adsorption on flax than 

cotton (Fig. S6). The calculations with Eqs. (S2) and (S3) give 55 

much worse fitting (Fig. 10a) than that with the integral equation 

(S4) with appropriate weights w1 and w2 (Fig. 10b). However, the 

best fitting was obtained with a complex integral equation (S5).  

 
Fig. 10 Adsorption kinetics of MB on cotton and flax fibres: experimental 60 

(symbols) and theoretical (lines) with (a) non-integral and (b) integral 

equations. Labels Eq. (S4)-(S2) or (S4)-(S3) correspond to calculations 

using Eq. (S4) with the kernel corresponding to Eq. (S2) or (S3), 

respectively. 

Each MB+ cation can form several hydrogen bonds with OH- and 65 

O-containing groups in cellulose and bound water molecules 

(Fig. 11). The interaction energy is smaller ( 41 kJ/mol per MB+ 

with several hydrogen bonds with cellulose or water, method 

PM6) in the complex with a partial solvation shell (Fig. 11a) than 

without this shell, Et = 51 kJ/mol (Fig. 11b). The interaction 70 
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energy between MB+ and cellulose reduces in water as a polar 

solvent with high permittivity. The water permittivity reduces for 

water clusters and domains in confined space in narrow pores.14 

Therefore, the diminution in the interaction energy of MB with 

fibres can be smaller in narrower pores where water is less active 5 

as a solvent. 

Table 2 MB adsorption rate constant for flax and cotton fibres calculated 

with different equations (as a constant k with non-integral equations (S2) 

and (S3) in ESI† or as the average <k> obtained from the f(k) distribution 
functions with integral equations (S4) and (S5) in ESI†) 10 

Sample Equation k or <k> 

Flax (S2) 0.198 

Cotton (S2) 0.095 
Flax (S3) 0.175 

Cotton (S3) 0.104 

Flax (S2)-(S4) 1.563 
Flax (S3)-(S4) 0.541 

Flax (S4) 0.437 

Cotton (S2)-(S4) 0.288 
Cotton (S3)-(S4) 0.550 

Cotton (S4) 0.480 

Flax (S5) 0.176 
Cotton (S5) 0.038 

Note. Labels Eq. (S4)-(S2) or (S4)-(S3) correspond to calculations with 

Eq. (S4) with the kernel corresponding to Eq. (S2) (i.e. w1 = 1 and w2=0 
in Eq. (S4)) or (S3) (w1 = 0, w2=1), respectively. 

 These effects can explain the observed differences in the 

adsorption/desorption of MB (and CHX) on flax and cotton 15 

possessing different PSDs affected by swelling in water. The 

MB-cellulose-water interaction features (depending on the pore 

size where this adsorption occurs) can affect the k and G values 

and the shape of the f( G) distribution functions of the MB 

adsorption. Despite the difference in the equations used (S2)-(S5) 20 

(in ESI†), the k or <k> values (Table 2) are similar for flax and 

cotton fibres since these materials have relatively similar 

structural, textural and adsorption characteristics after interaction 

with water (Figs. 1-5, Table 1).  

 25 

 
Fig. 11 Interaction of MB cations with cellulose (a) in the presence of 

water molecules (energy Et = 41.2 kJ/mol per each MB, PM6 

geometry) or (b) without water ( Et = 51.0 kJ/mol) with different types 

of fields (FieldView 2.0.228) around of a cellulose fragment and a MB 30 

molecular ion. Positive field (dark red) is around positively charged H 

atoms, negative field (light blue) is due to negatively charged O, N, S and 

Cl atoms, and hydrophobic field (yellow) is around hydrophobic CH 

groups.  

Flax fibres adsorb more and desorb less MB than cotton 35 

fibres (Fig. 12) as well as in the case of the CHX desorption (vide 

infra).  

 
Fig. 12 Relative desorption of MB from (1, 2) cotton and (3, 4) flax in 

water (1, 3) water and then in PBS (2, 4) using the same samples after 40 

desorption in water.  

 Features and differences of the adsorption kinetics of CHX on 

flax and cotton fibres from the water/ethanol mixture (Fig. 13) 

are similar to those observed for MB (Fig. 10).  

 45 

Fig. 13 Kinetic adsorption of CHX onto flax and cotton fibres. 

The plateau of CHX adsorption is similar to that of MB and 

reached at similar time (Figs. 10 and 13). Interaction of twice 

protonated CHX with the cellulose hydroxyls as a proton-donor is 

characterised by lower interaction energy than that of monovalent 50 

MB cation (Fig. 9).  

 

 
Fig. 14 Structure of hydrated CHX in a compacted form (PM6 geometry, 

almost all water molecules were not shown in the left structure).  55 

The lower CHX adsorption is also due to a strong negative field 

around CHX (Fig. 14), which forms a compacted salt structure in 

Page 8 of 16Journal of Materials Chemistry



 

This journal is © The Royal Society of Chemistry [year] J. Mater. Chem. [2011], [vol], 00–00 | 9 

water to minimise interaction of hydrophobic fragments with 

water molecules. Therefore, the adsorption rate is larger for 

smaller and almost planar and less charged MB (Table 2). 

Relative desorption of CHX is much higher than that of MB, 

especially in PBS (Fig. 17). This can be explained by more 5 

shallow penetration of CHX into fibres than MB. 

 
Fig. 15 Relative desorption of CHX from flax and cotton fibres in water 

or PBS as a function of the washing number.  

Relative desorption of CHX is higher in PBS than water for both 10 

cotton and flax (Figs. 15 and S7). These results show that the 

ionic component of CHX interactions with fibres is predominant. 

In non-aqueous medium CHX transforms into the molecular form 

with less folded structure according to ab initio calculations (Fig. 

S8). 15 

 

Conclusions 

Air-dry bleached flax and cotton fibres are characterised by a 

relatively high crystallinity (CI  85%) but a low specific surface 

area S  27 m2/g (nitrogen adsorption). Wetted (RH  95%) or 20 

swollen in aqueous medium for 24 h fibres have larger S values. 

Degassed dry fibres have very low inner porosity Vp  0.04 cm3/g 

because of a high crystallinity, compacted supramolecular 

structures and a small amount of residual strongly bound water. 

For wetted fibres, the porosity Vp is larger for flax than cotton and 25 

it is larger than Vp estimated from the nitrogen adsorption on 

degassed dry samples by an order of magnitude. Water-swollen 

fibres have increased mesoporosity and surface area; however, 

swelling does not generate nanopores and decreases 

macroporosity. The crystallinity is not affected by swelling (for 30 

24 h), drying (for several days in air) or heating at 120 oC (for 1 

h). 

 More strongly enlarged specific surface area and pore volume 

of flax during its interaction with water lead to a greater 

equilibrium adsorption and faster adsorption kinetics of 35 

methylene blue from an aqueous solution and CHX from a 

water/alcohol mixture than on cotton. MB adsorption on flax is 

characterised by more negative Gibbs free energy of the 

equilibrium adsorption and a higher adsorption rate constant than 

those on cotton. Relative desorption of MB from cotton is larger 40 

than from flax fibres. Thus, bleached flax is a more effective 

adsorbent than cotton for such polyaromatic organics as 

methylene blue and CHX. Flax fibres retain MB and CHX on 

washing-off stronger than cotton fibres. 
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More strongly enlarged specific surface area and pore volume of flax fibres during interaction with 

water cause greater equilibrium and kinetic adsorption of methylene blue and chlorhexidine acetate 

to flax than cotton fibres. 
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Experimental 

Methods 

Mercury porosimetry 10 

Mercury porosimetry with a PoreMaster (Quantachome 

Instruments, USA) was used to determine the macropore size 

distribution of flax fibres (differential PSD f(D) ~ dV/dD, Fig. S1, 

shown for better view as –dV/d(logD) where D is the pore 

diameter). 15 

 
Fig. S1 Macropore size distribution in a bead with flax fibres (mercury 

intrusion mode). 

Adsorption of methyltne blue (MB) 

To calculate the free energy distribution (f( G)) of MB 20 

adsorption, the Langmuir equation1 was used as the kernel of the 

Fredholm integral equation of the first kind2,3  

exp( / )
( ) ( )

1 exp( / )

eq g

m eq g

C G R Ta
f G d G

a C G R T
 (S1) 

where Ceq is the equilibrium MB concentration in a solution, a is 

the MB adsorption, am is the monolayer capacity, and Rg is the 25 

gas constant.  

 The specific surface area was calculated from the MB 

adsorption isotherms using the area occupied by a MB cation 

equal to 1.19 nm2 estimated from the adsorption complex (Fig. 

S2). 30 

 
Fig. S2 Adsorption complex of two MB cations in slitshaped nanoropore 

(calculations by CharMM force field with Vega ZZ 2.4.04). 

 Kinetics of MB adsorption onto flax and cotton fibres depends 

on several processes such as (i) molecular diffusion of MB to a 35 

surface and within pores in fibres; (ii) adsorption of individual 

MB molecules in narrow pores; (iii) adsorption of MB (individual 

molecules, dimers and oligomers) in broad pores. The MB 

adsorption kinetics could be described by the pseudo-first-order 

(Eq. (S2)) or pseudo-second-order (Eq. (S3)) kinetics 40 

1

( )
( ( ))eq

da t
k a a t

dt
 or 

1ln( ( )) lneq eqa a t a k t  (S2) 
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2
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( ( ))eq

da t
k a a t

dt
 or 2

2

( )

1

eq

eq eq

k a ta t

a k a t
 (S3) 

where a(t) is the adsorption (experimental data) as a function of 

time t, aeq is the equilibrium plateau adsorption, k1 (in min-1) and 

k2 (dm3 min-1 g-1) are the adsorption constants. These equations 

describe saturation effect when MB adsorption reaches a plateau. 5 

The second equation in (S3) is a kinetic analogue of the 

Langmuir adsorption equation.1,3  

 Natural fibres such as flax and cotton have a complex 

nonuniform structure. Therefore, the MB adsorption kinetics 

including several processes mentioned above can be described by 10 

overall equation based on Eqs. (S2) and (S3) 

max

min

0

1 2

0

/
( ) (1 exp( )) ( )

1 /

k

eq

eq

eqk

kta a
a t a w kt w f k dk

kta a
 (S4) 

where w1 and w2 are the weight of the pseudo-first-order and 

pseudo-second-order kinetics, a0 corresponds to the adsorption of 

the total amount of dissolved MB, kmin and kmax are the minimal 15 

and maximal values of the effective adsorption rate (measured in 

min 1 units) on integration, f(k) is the distribution function of the 

effective adsorption rate constant.2 The f(k) distributions were 

calculated using a regularisation procedure with unfixed 

regularisation parameter determined on analysis of experimental 20 

data using the F-test and the parsimony principle. Another 

integral equation describing several types of adsorption kinetics 

and diffusion can be also used  

max

min

0 1

2 3

( ) ( (1 exp( ( ) ))

1
(1 ) ln(1 )) ( )

k

k

a t w w kt

w w kt f k dk
kt

 (S5) 

wi and  are equation constants. Eq. (S5) describes both non-25 

saturated and saturated adsorption. The k1, k2, wi and  constants 

in Eqs. (S2) – (S5) were calculated using minimisation of the 

functional 

max

min

2

experimental 1

theoretical

( )
( , , ) min

( , , , )

t

i i

t i i

a t
w k t dt

a t k w
 (S6) 

where atheoretical corresponds to Eqs. (S2) and (S3) or the kernels 30 

in Eqs. (S4) and (S5). Calculations with all equations were 

performed for the total time range of the experimental data. For 

clearness of changes in the f(k) shape over a broad k range 

(several orders of magnitude), the f(k) distributions were re-

calculated into incremental distributions 35 

(ki) = (f(ki+1) + f(ki)) (ki+1  ki)/2 (S7) 

The first moment <x> of a distribution function f(x) was 

calculated with equation 

max max

min min

( ) / ( )

x x

x x

x f x xdx f x dx  (S8) 

Water adsorption 40 

To calculate the free energy distribution (f( G)) of water 

adsorption, the Langmuir equation was used as the kernel of the 

Fredholm integral equation of the first kind3  

exp( / )
( ) ( )

1 exp( / )

g

m g

p G R Ta
f G d G

a p G R T

 (S9) 

where p is the vapour pressure. 45 

Cluster adsorption of water can be described by the equation 

m

i

i

i

m

i

i

i

m bxbx

bxibx

a

a

2

1

2

1

)(11

)(1
 (S10) 

where am is the monolayer capacity, b = z0q1/(q0qa), 

z0=exp( 0/RgT) absolute activity, qi statistical sum of adsorption 

complex with i molecules, i = exp(–i( Ei – E0)/RgT), Ei 50 

energy of adsorption of the i-th molecule, x = p/ps, m the number 

of molecules in a cluster at adsorption site. Equation (S10) can be 

transformed into integral equation 

dE

bxTREbx

bxTREibx

Ef
a

a
m

i

i

g

m

i

i

gE

Em

2

1

2

1

))(/exp(11

))(/exp(1

)(
max

min

 (S11) 

where f(E) is the distribution function of adsorption energy of 55 

water molecule in adsorbed clusters.3 Eqs. (S9) and (S11) were 

solved using regularisation procedure2 with unfixed regularisation 

parameter. Eq. (10) was solved using the minimisation of a 

functional similar Eq. (S6). 

 The PSD of flax and cotton samples was calculated using 60 

water adsorption isotherms with the model of cylindrical pores 

with the Lennard-Jones parameters for water ff = 0.3137 nm, 

ff/kB = 480 K, and water interaction with polymer fs/kB = 78.2 K 

and fs = 0.24 nm 5 using the MND method and the regularisation 

procedure.3,6 65 

 To characterise the adsorption properties of fibres, the 

adsorption potential (A) distribution (f(A)) was calculated as 

f(A)= d[spline(a(p/p0)]/dA  (S12) 

where a refers to the adsorbed amount of nitrogen or water; and A 

= G = RgTln(p0/p) and represents the differential molar work 70 

equal to the negative change in the Gibbs free energy.7 A cubic 

spline applied to adsorption isotherm a(p/p0) was used to 

calculate f(A). 

 

TG/DTA measurements 75 

The thermogravimetric (TG) measurements carried out using a Q-

1550D (Paulik, Paulik & Erdey, MOM, Budapest) apparatus 

show that desorption of water (3.7 and 3.9 wt%, respectively, at T 

< 150 oC), depolymerisation and oxidation of organics (300-500 
oC) occur in the same temperature ranges for flax and cotton 80 

fibres (Fig. S3). The weight loss (TG), differential TG (DTG) and 

differential thermal analysis (DTA) curves have similar shapes 

for them (Fig. S3). Swollen fibres contained approximately 27 
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wt% of water decomposed at slightly lower temperatures than air-

dry samples (Fig. S3). Ash (mineral residue) was not formed on 

oxidising of cotton to 700 oC in contrast to flax giving 4.1 wt% of 

ash.  

 
(a) 

 
(b) 

Fig. S3 TG (1, 2), DTG (3, 4) and DTA (5, 6) data for (a) flax and (b) cotton fibres air-dry (1, 3, 5) and swollen for 24 h (2, 4, 6). 5 

XRD 

The crystallinity was estimated from integral intensity of XRD 

patterns (Fig. S4) as described in detail elsewhere.8 

 
Fig. S4 Determination of crystallinity from integral XRD intensity of crystalline and amorphous fractions of (a, b) flax and (c, d) cotton fibres, (b, d) 10 

patterns after subtraction of contribution of amorphous part. 

Crystalline structure of fibres changes on swelling (Figs. S5a-c), 

drying in air (Fig. S5d) and then heating in an oven at 120 oC for 

1 h (Fig. S5e). These changes are stronger for cotton than flax. 

Certain decreases in the size of crystalline structures are observed 15 

Page 14 of 16Journal of Materials Chemistry



 

4  |  J. Mater. Chem., [2011], [vol], 00–00 This journal is © The Royal Society of Chemistry [2011] 

(XRD peaks shift towards larger 2  values) and these changes are greater for cotton fibres.  

 
Fig. S5 XRD patterns of air-dry and 24h swollen fibres: (a) flax, (b) cotton, (c) swollen flax and cotton; (d) swollen fibres dried in air 1-4 days; (e) 

swollen fibres dried in air and then in oven at 120 oC for 1 h. 5 

In other words, crystallinity of flax is higher and its crystalline structure is more stable than that of cotton fibres.  
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Adsorption of MB and CHX 

 
Fig. S6 Distribution functions of MB adsorption rate constant for flax and 

cotton calculated with integral equations: (a) Eq. (S4) with different 

weights (w1 and w2) of the terms corresponding to pseudo-first and 5 

pseudo-second order of adsorption; and (b) Eq. (S5). 

 
Fig. S7 Distribution functions of CHX adsorption rate constant for flax 

and cotton calculated with integral equation Eq. (S4) at weights w1 = 

0.333 and w2 = 0.667 of the terms corresponding to pseudo-first and 10 

pseudo-second order of adsorption. 

 
Fig. S8 Chlorhexidine diacetat (6-31G(d,p)9 geometry without the 

hydration effects). 
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