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Figure 3b, d shows significant changes in dissipa-

tion as a function of time when cationic PECs with the

charge ratio of 0.2 and 0.3 were adsorbed on silica

surface and on CNF model surface, respectively. The

clear changes in dissipation indicate that the adsorbed

layers are soft, more mobile and water rich when

adsorbed on solid surface with anionic charge.

PEC with the charge ratio of 0.5 shows severe

precipitation due to the charge neutralisation and

therefore, the interpretation of the QCM-D data with

respect to true complex adsorption behaviour is not

meaningful.

Finally, it can be noted that the adsorption of PECs

on the CNF model surface followed the same trends as

shown on silica surface, see Fig. 3c, d. Furthermore,

the results clearly show that the amount of polyelec-

trolyte complexes adsorbed on silica was higher than

on the cellulose nanofibril surface. At a given pH, the

silica surface presents a higher surface charge than

cellulose surfaces (Kontturi et al. 2008). It has been

reported that the distance between anionic charges in

the case of pure cellulose surfaces is 20 nm, while the

distance is about one order of magnitude lower in the

case of silica (0.2–0.3 nm) at neutral pH (Kontturi

et al. 2008; Tadros and Lyklema 1968). Although the

true charge density of CNF surface can be expected to

be higher due to presence of acidic side groups of

hemicelluloses, the CNF anionic charge is notably

lower compared to that of silica surface. This could

explain the higher amount of PECs adsorbed on silica

surface.

Surface plasmon resonance (SPR)

Figure 4 illustrates the adsorption of PECs on silica

surface and CNF model surface monitored by SPR, at

different charge ratios and ionic strength of 10 mM

NaCl. Results show that a maximum adsorption of

PECs can be observed at a charge ratio of 0.3 on silica

surface and 0.2 on CNF model surface. Additionally,

in all determinations, an increase of the DSPR angle

after rinsing with 10 mMNaCl solution was observed.

This may be caused by conformational changes of

PECs adsorbed on surfaces upon rinsing (Malmström

et al. 2013).

Table 4 shows the mass adsorbed and percent water

content of the layer of PECs on surfaces determined by

QCM-D and SPR. The masses of complexes deter-

mined by QCM-D were found to be significantly

higher than the ones obtained from SPR measure-

ments. This difference is related to water coupling on

the PEC structures, indicating that the PECs structures

are highly hydrated.

Morphology

Figure 5 shows the topography AFM images of silica

surface and complexes of Xyl/PAH (prepared at

different charge ratios and in 10 mM NaCl solution)

adsorbed on silica surface. When PECs with charge

ratios of 0.2 and 0.3 were adsorbed, spherical shape of

the PECs and a uniform layer with few aggregates

were observed (Fig. 5b, c). The average diameters of

the PECs obtained from 120 measurements were

60.44 ± 7.5 and 63.75 ± 7.1 nm at charge ratios of

0.2 and 0.3, respectively. Since in this case, measure-

ments were performed on dried complexes, their sizes

were lower than the corresponding sizes measured by

Zetasizer (Table 3). Complex films completely cov-

ered the silica surface and the topography was

moderately smooth when there were no aggregates

present. However, at a charge ratio of 0.5 (Fig. 5d), a

larger amount of aggregates and a high roughness

average (Ra) were observed. This can be ascribed to

the low charge of the complexes, which induce to

coagulation or flocculation.

bFig. 6 Topographic AFM images of (a) cellulose nanofibrils,

(b) Xyl/PAH complexes at charge ratios of 0.2, (c) 0.3 and

(d) 0.5 adsorbed on cellulose nanofibrils. Ionic strength: 10 mM

NaCl. Ra: is the roughness average. The image size is 2 9 2 lm
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Fig. 7 Specific retention of Xyl/PAH complexes as a function
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NaCl at pH 7.5
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Figure 6 shows the AFM images of cellulose

nanofibrils adsorbed on quartz crystals coated with

silica surface and complexes (prepared at different

charge ratios and in 10 mM NaCl solution) adsorbed

on CNF surface. Figure 6a shows that the CNFs

completely covered the silica surface. Figure 6b–d

also shows that the complexes with different charge

ratios adsorbed on this surface are also spherical and

aggregates can also be observed.

PEC retention curves

Figure 7 shows the specific retention of Xyl/PAH

complexes onto cellulosic pulp as a function of the

PEC concentrations in the filtrate. An ionic strength of

10 mMNaCl was considered. The amount of complex

retained was indirectly determined based on Eq. (3)

and using the phenol–sulphuric acid method. The

retention levels of PECs on pulp were similar for

charge ratios of 0.2 and 0.3, being slightly higher for

the former. This is in agreement with the results of the

SPR analysis, which showed the dry mass per unit of

surface area adsorbed on the CNF model surface.

The highest retention was observed at a charge ratio

of 0.5. This behavior could be ascribed to the larger

amount of aggregates present in this case (Fig. 5d),

which can be more easily retained by the pulp. This

result differs with the QCM and SPR results, probably

because these instruments consider a sum of several

interactions such as electrical, as well as van der

Walls; hydrophobic and dipole–dipole.

Conclusions

The polyelectrolyte charge ratio had a significant

effect on electric charge, morphology and adsorption

behavior of the Xyl/PAH complexes.

According to the QCM-D results, for both surfaces

studied (silica and CNF) at low ionic strength (1 mM

NaCl), the amount of complex adsorbed was low. The

adsorption was clearly increased when ionic strength

was increased to 10 mM NaCl. The highest amount of

complex adsorbed was obtained for a Xyl/PAH charge

ratio of 0.3. At this ratio, the charge density of the

complex is only slightly cationic.

Taking into account the QCM-D and SPR results,

the layers of complexes adsorbed were viscoelastic

and a significant portion of them corresponded to

coupled water on the PEC structures.

For a Xyl/PAH charge ratios of 0.2 and 0.3, AFM

images showed spherical cationic complexes forming

a uniform adsorption surface with few aggregates.

These complexes in solution can be considered as

systems with incipient instability. Differently, PECs

with a charge ratio of 0.5 that showed a charge density

close to zero, are highly instable and thus, a larger

amount of aggregates could be observed when they

were adsorbed.

The maximum retention of complexes on cellulosic

pulp was obtained for a Xyl/PAH charge ratio of 0.5 at

10 mM NaCl solution. This behavior could be due to

the higher size of the complexes formed under these

conditions.
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Saarinen T, Österberg M, Laine J (2008) Adsorption of poly-

electrolyte multilayers and complexes on silica and cellu-

lose surfaces studied by QCM-D. Colloids Surf A

Physcochem Eng Asp 330:134–142

Saether HV, Holme HK, Maurstad G, Smidsrod O, Stokke BT

(2008) Polyelectrolyte complex formation using alginate

and chitosan. Carbohydr Polym 74:813–821

Sambles JR, Bradbery GW, Yang F (1991) Optical excitation of

surface plasmons: an introduction. Contemp Phys

32(3):173–183
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