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Abstract

�e importance of biomaterials has been on 

the increase during the last years, especial-

ly in the �eld of biore�neries. �e most abun-

dant biopolymers are plant polysaccharides, 

which are potential materials for hydrocolloids 

and novel advanced natural materials. During 

the thermomechanical pulp (TMP) production, 

a huge amount of hemicelluloses with a great 

application potential are disposed with pro-

cess waters. Hemicelluloses from spruce wood 

were tested as the material for the production 

of biodegradable �lms and as hydrocolloids.  

�erefore, the adsorption process and stability 

of adsorbed hemicellulose �lms are important 

in the colloid and food chemistry. One of the 

techniques which can be used for the in situ ad-

sorption studies is quartz crystal microbalance 

with dissipation unit (QCM-D). In our study, 

QCM-D was used for monitoring the adsorp-

tion of hemicellulose from spruce wood onto 

model poly(ethyleneterephtalate) (PET) sur-

face. �e added salt increased the adsorption of 

hemicelluloses from so�wood due to the shield-

ing of repulsive forces between the negative 

charges of the PET surface and negative charge 

groups in hemicelluloses.
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Figure 1: Process scheme of thermomechanical pulp production
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1 Introduction

�e use of biopolymers has been increasing dur-

ing the last years, especially in the �eld of biore-

�neries. �e most abundant biopolymers are 

plant polysaccharides, which are potential mate-

rials for hydrocolloids and novel advanced natu-

ral materials. Certain hemicelluloses, e.g. gums 

from di!erent natural sources, have been ap-

plied in the areas such as papermaking, textiles, 

cosmetics, medicine, foodstu! and health care 

[1]. However, there is a huge source of water sol-

uble galactoglucomannans (GGMs), which are 

not e"ciently reused and can be isolated dur-

ing the pulp production from process water (cf. 

Figure 1). �ese hemicelluloses are now used in 

papermaking, improving the paper properties by 

absorbing on the �bre surface [2]. �e amount 

of hemicelluloses in dry wood is usually from 

20–30% and they mostly function as the support 

material in the cell walls associated to cellulose. 

�e composition and structure of hemicellulos-

es vary with di!erent plant species, as well as 

from the part of the plant. O-acetyl galactoglu-

comannans (cf. Figure 2) from so�woods consist 

of a backbone of β-(1→4)-D-mannopyranosyl 

and β-(1→4)-D-glucopyranosyl units carrying 

single α-D-galactopyranosyl residues that are 

1→6-linked to mannose units, and acetyl sub-

stituents are attached to the C-2 or C-3 posi-

tions of mannose [3]. �e ratio of anhydro man-

nose : glucose : galactose units of water-soluble 

spruce galactoglucomannans is approximate-

ly 4 : 1 : 0.5, and the degree of acetylation is up 

to 0.3, and it has been stated that only mano-

syl units bear acetyl groups [4]. �e molar mass-

es are about 20–60 kDa. GGMs have a great 

application potential. At the laboratory scale, 

GGMs have been tested as the raw material for 

the production of biodegradable �lms [5] and in 

therapeutic reagents [6] as biological response 

modi�ers. GGMs have also been studied as hy-

drocolloids [4] and as a potential source of novel 

anticoagulants production [7]. 

�erefore, the adsorption processes and stabil-

ity of adsorbed GGM �lms are important in Figure 2: Structural feature of spruce wood galactoglucomannan [1]

Keywords: QCM-D, hemicellulose, PET, ther-

momechanical pulp (TMP), galactoglucoman-
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the colloid and food chemistry. One of the tech-

niques which can be used for the in situ adsorp-

tion studies is quartz crystal microbalance with 

dissipation unit (QCM-D) [8–11].

In our research, QCM-D was used to monitor 

the adsorption of unmodi�ed GGM and sul-

phated GGM on the model PET surface. �e 

adsorption of GGMs was studied and the in-

'uence of both, calcium chloride (CaCl
2
) and 

sodium chloride (NaCl), on the GGM adsorp-

tion was examined using the QTools so�ware 

(QSense, Sweden). �e charges of both, un-

modi�ed and sulphated GGMs, were detected 

with cationic polyelectrolyte titration accord-

ing to Tanaka and Sakamoto [12], and the re-

sults were compared to the mass adsorbed on 

the PET �lm.

2 Experimental

Galactoglucomannans (GGMs)

GGM was recovered from the process water of 

thermomechanical pulping using spruce wood 

according to Willför et al [1, 13]. 

GGMSO
4
 was prepared according to the proce-

dure described elsewhere [7]. All other chemi-

cals were analytical grades, supplied by Fluka.

PET �lm

�e QCM-D analyses were performed on mod-

el PET surfaces which were prepared using the 

spin coating technique. For the substrate, we 

used AT-cut quartz crystals with gold plate 

electrodes (supplied by Q Sense AB, Sweden) 

with fundamental frequency (f
0
) = 5 MHz and 

sensitivity constant C = 0.177 mg/m2 Hz. Pri-

or to the spin coating, all crystals were cleaned 

in a 5 : 1 : 1 mixture of MQ water, H
2
O

2
 (30%) 

and NH
4
OH (25%) for 5 min at 70 °C. 

�e spin coated PET �lms were prepared by 

spin coating 1 wt.% PET solution in 1,1,2,2-tet-

rachloroethane (Fluka, 86960) onto quartz 

crystals. �e PET �lm thicknesses were estimat-

ed by measuring the mass of spin coated �lm 

in air with QCM-D and were found to be 48 ± 

10 nm. �e AFM imaging of model PET �lms 

showed that �lms were smooth and uniform 

with the average roughness S
a 
= 0.25 nm [14].
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Polyelectrolyte titrations 

Polyelectrolyte titrations were performed in 

order to determine the amount of negative 

charge, deriving from dissociated sulphate and 

acetate groups, on di!erent modi�ed polysac-

charide samples. Polyelectrolyte titrations were 

made with a cationic polyelectrolyte pDAD-

MAC as titrant (c ≈ 1 mM) and with Toluidine 

blue as a cationic indicator. �e Toluidine blue 

forms a complex with the negatively charged 

functional groups of the sample, which results 

in a red coloured solution. �e change in co-

lour from red to blue indicates the formation of 

a complex between the cationic polyelectrolyte 

and anionic polysaccharide. �e bonding stoi-

chiometry of polyelectrolyte to the negatively 

charged groups is 1 : 1. �e amount of negative-

ly charged groups can be determined from the 

volume of added polyelectrolyte at the point of 

equivalence [12, 15]. �e procedure is described 

in details elsewhere [7, 16, 17].

Quartz crystal microbalance with dissipa-

tion unit (QCM-D)

Quartz crystal microbalance with dissipation 

unit (QCM-D) is one of the few techniques that 

give direct information on the in situ adsorp-

tion process [8–10]. It is based on the change in 

the resonance frequency of a thin AT-cut piezo-

electric quartz crystal disc that oscillates in the 

shear mode when the AC voltage is applied 

across electrodes. �e AT-cut crystal has a crys-

talline orientation which generates shear waves. 

�e advantage of the AT-cut quartz crystal is 

also that it has nearly a zero frequency dri� in 

the temperature range 5–50 °C.

�e QCM-D device measures the mass of a thin 

�lm deposition onto the quartz crystal sand-

wiched between two electrodes. �e quartz 

crystal connected to power supply oscillates at 

its fundamental resonance frequency and sev-

eral overtones. �e frequency of the QCM de-

creases with increasing the mass, viscosity and 

electrodes roughness.

�e adsorbed amount (ng/cm2) can be cal-

culated from the frequency shi� using the 

Sauerbrey equation (1). However, the Sau-

erbrey equation is valid only for rigid, even-

ly distributed thin adsorbed layers (Equa-
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tion 1); where C is mass sensitivity constant 

(17.7 ng/cm2 Hz for a 5 MHz quartz crystal), 

n is the overtone number (1, 3, 5, 7, 9, 11, 

13), ∆m is change in mass and ∆f is frequen-

cy change.

It is also possible to estimate the layer thickness 

of the adhering layer if we know the density of 

the adsorbed layer.

3 Results and discussion 

Figure 3 shows the QCM-D system (E4, QSense, 

Sweden) for the adsorption study of GGMs. �e 

solution of GGM was pumped with a peristaltic 

pump (IPC, Ismatec, Swiss) over the model PET 

�lm surface at the 'ow rate 0.1 ml/min. Prior 

to the adsorption step, the surfaces were rinsed 

with milliQ water (Direct 8, Millipore, France) 

for 20 minutes at the 'ow rate 0.25 ml/min.

Figure 4 shows the frequency change in the case 

when GGM (50 mg/l) was adsorbed on the 

model PET �lm with and without the added 

electrolyte. �e change in the frequency repre-

sents the mass adsorbed on the surface and it 

is obvious from the �gure that the added salt 

increased adsorption of GGM on the PET sur-

face. �e frequency decreased by around 20 Hz 

a�er the water rinsing step, which means that 

this change represents an irreversible adsorp-

tion, since the mass cannot be washed away. 

When 0.1 M NaCl was in the GGM solution, 

the frequency decreased by approximately 40 

Hz. From the timeline, the adsorption rate can 

be observed; the latter can be de�ned as slow, 

since the adsorption plateau was not reached 

even a�er 2 h. In the case of added salt, the ad-

sorption was must faster.    

Figure 3: QCM-D system for adsorption studies

-

-

-

-

 

Figure 4: Frequency change during adsorption of GGM onto PET 
with and without salt
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je dodana sol, kar pa ne velja tedaj, ko je raztopina galaktogluko-

Figure 5: Dissipation change-during adsorption of GGM onto PET 
with and without salt

-
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Figure 6: Adsorbed GGMs (ng/cm2) estimated with Sauerbrey equa-
tion

Figure 5 represents the dissipation change for 

the same experiment. �e dissipation chang-

es provide valuable information about the vis-

coelastic properties of the adsorbed layer. It can 

be seen that salt, which increases adsorption, 

also changes the viscoelastic properties of the 

adsorbed GGM. �e layer became so�er with 

more water incorporated in the adsorbed layer; 

however, a�er the rinsing step, the dissipation 

decreased by 1 · 10–6 in the case of added salt, 

which could not be observed when there was no 

electrolyte in the solution.

�e diagram in Figure 6 shows adsorbed mass 

of GGM (100 mg/l) and GGMSO
4
 (100 mg/l) 

on the PET surface without added salt, and 

with added NaCl and CaCl
2
 (both 0.1 M). �e 

mass was estimated from the frequency chang-

es a�er adsorbing and a�er rinsing with milliQ 

water using so�ware QTools (QSense, Sweden). 

From the diagram, it can be seen that the sul-

phated GGM (100 mg/l) does not adsorb on 

PET, which is a consequence of its negative 

charge. �e uncharged GGM adsorbs quite well 

and almost 700 ng/cm2 was adsorbed from 100 

mg/l of the GGM solution. �e added salt in-

creased adsorption up to 900 ng/cm2. In the 

case of GGMSO
4
 adsorption, the salt e!ect is 

much more pronounced, as with added NaCl, 

the adsorption increased to 200 ng/cm2 and 

with added CaCl
2
, the adsorption increased 

to almost 600 ng/cm2. Figure 7 shows the con-

nection between the adsorption of GGMs and 

charge. 

GGM which is not charged adsorbs on PET 

and the negatively charged GGMSO
4
 with the 

charge of almost 5 mmol/l does not adsorb on 

PET. It can be concluded that the adsorption 

between the negatively charged PET surface 

and negatively charged biopolymers increas-

es with added salt due to the shielding of repul-

sive forces. �e QCM-D is a convenient tool for 

the in situ adsorption studies and is easy to per-

form on various surfaces; however, the main 

drawback is that we are limited to model sur-

faces only.    

4 Conclusions

QCM-D is a useful tool for the characterisa-

tion of the formation of thin �lms (proteins, 
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Figure 7: Charge and adsorbed amount of nonmodi�ed and sulphat-
ed GGMs

-

-

-

-

-

in situ adsorpcijskih 
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polymers, cells etc) on di!erent surfaces and as 

such, it can be applied in the characterisation of 

the GGM adsorption on PET. �e PET surface 

is more negatively charged; the species with a 

higher negative charge (GGMSO
4
) thus do not 

adsorb well on the PET surface, as the repul-

sion forces are high. On the other hand, GGM 

which is not charged adsorbs quite well on PET. 

�is study demonstrates that in the presence 

of electrolytes, the adsorption of GGMs on the 

PET �lm increases, the e!ect being higher for 

more negatively charged GGMSO
4
 in the case 

of a divalent cation.
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