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Abstract The temperature-dependent association

between methyl nanocellulose and hydrophobically

modified ethyl(hydroxyethyl)cellulose (EHEC) was

determined. Methyl nanocellulose was mixed under

different concentrations with EHEC in aqueous media.

The hydrophobic association, cloud point and tem-

perature-dependent flocculation were studied using

turbidity, rheometry and laser diffraction analysis. The

phase separation of EHEC samples containing differ-

ent amounts of methyl nanocellulose in 1.0 wt%

solution was measured between 20 and 70 �C, show-
ing that the cloud point of the solutions increased with

increasing nanocellulose content. An increase in the

low shear viscosity and gelation behavior of the

mixture with the highest methyl nanocellulose content

in conjunction with changes in cloud point indicated

that the hydrophobic nanocellulose strengthened the

hydrophobic association and the gel network. A

bimodal particle size distribution was observed for

both the pure EHEC and hydrophobically modified

nanocellulose reference solutions, whereas the mix-

ture had a trimodal particle size distribution when

being diluted. The colloidal stability and re-structuring

mechanism of the dilute methyl nanocellulose sus-

pension after shear and the role of birefringence are

discussed.

Keywords Gel � Hydrophobically modified

ethyl(hydroxyethyl)cellulose � Methyl nanocellulose �
Phase separation � Rheology

Introduction

Water-soluble cellulose derivatives can be modified

with hydrophobic groups in order to provide charac-

teristic features in various formulations such as paints,

inks, cosmetics, food and personal care products. In

the case of cellulose derivatives such as ethyl(hydrox-

yethyl)cellulose (EHEC), a small amount of branched

hydrophobic side groups are grafted to the cellulosic

backbone (Thuresson and Lindman 1997). Through

modification of the level and position of the hydropho-

bic groups, temperature-dependent solubility and self-

associative behavior can be controlled. Various pub-

lished articles have shown the role of the interaction

between polymer and surfactant where micellar-like

aggregation occurs via hydrophobic groups
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(Kjøniksen et al. 1998; Nyström et al. 1996; Thuresson

and Lindman 1997). The level of surfactant addition

has a strong influence on the rheological properties

(Thuresson and Lindman 1997; Nyström et al. 1995)

as well as, for example, type of surfactants and total

solid of the system. The addition of anionic surfactant

to hydrophobically modified EHEC first increases the

solid-like behavior in the solution until it achieves a

maximum value and then starts to decrease (Piculell

et al. 1996).

The association between EHEC and surfactants has

been determined with cloud point measurements.

When the EHEC solution is heated it starts to separate

at a certain temperature into polymer-rich and poly-

mer-poor phases and becomes cloudy (Carlsson et al.

1986; Joabsson et al. 1998; Khuman et al. 2014). It is

known that the concentration and type of electrolyte

affect the cloud point of EHEC. Addition of sodium

chloride (NaCl), for example, reduces the solubility of

EHEC and hence lowers the cloud point. NaCl

facilitates the phase separation since it makes the

solution more polar, and hydrophobic interactions

become stronger. (Carlsson et al. 1986; Khuman et al.

2014; Nyström et al. 1996).

Thermoresponsive methylcellulose is a cellulose

derivative, which gels at elevated temperatures but has

a good solubility in water at lower temperatures

(Arvidson et al. 2013; Kamitakahara et al. 2008). The

concentration and especially the heating rate affect the

gelation of the methylcellulose. Higher methylcellu-

lose concentrations reduce the gelation and cloud

point temperatures and a lower heating rate lowers the

gelation temperature. (Arvidson et al. 2013). In

general, the mechanism of gel formation of methyl-

cellulose is not well understood. One hypothesis is that

in aqueous solution the polymer is surrounded by

water molecules and that at an elevated temperature

the hydrogen bonds become weaker, which facilitates

the aggregation of hydrophobic groups in the polymer

(Fairclough et al. 2012). One explanation for this

behavior could be the self- association of amphiphilic

parts in the polymer. (Kamitakahara et al. 2008).

In addition to the widely studied EHEC-surfactant

interactions, the various interactions between nanocel-

lulose and surfactants have been studied to some

extent (Tardy et al. 2017). Binding between methyl-

cellulose and cellulose nanocrystals (CNC) was stud-

ied with a fixed amount of methylcellulose and with an

increasing amount of CNC by McKee et al. (2014).

The CNC concentration was found to affect the gel

stiffness (McKee et al. 2014). However, there is a lack

of understanding of the temperature-dependent inter-

action between hydrophobic nanocellulose and

hydrophobically modified cellulose derivatives. Espe-

cially cellulose nanocrystals are known to self-asso-

ciate and exhibit either isotropic or liquid crystalline

behavior dependent on the solid concentration (Orts

et al. 1998), which might be due to the fact that

cellulose itself, however, has an inherent hydrophobic

character where hydrophobic groups can interact

(Tardy et al. 2017).

The aim of this study was to investigate the

interaction between hydrophobically modified

ethyl(hydroxyethyl)cellulose and nanocellulose pre-

pared from methylcellulose. Both polymers are ther-

moresponsive. In addition to the temperature-

dependence, the role of electrolyte concentration on

the interactions were determined. Phase separation

behavior was determined using cloud point and a

rheometer operated in a bob-cup mode. In addition, the

particle size and shear-stability of the dilute suspen-

sions were determined in order to confirm flocculation

and associate interactions.

Materials and methods

Aqueous solutions were prepared having different

concentrations and ratios of non-ionic hydrophobi-

cally modified ethyl(hydroxyethyl)cellulose, EHEC

(Bermocoll EHM 200, AkzoNobel Functional Chem-

icals AB, Sweden) and methyl nanocellulose (MeCel-

losic acid (MCA), Innotech Materials LLC, United

States). Methyl nanocellulose is prepared from

methylcellulose through catalytic oxidation (Jin

2017). The salt content of EHEC was max. 4.5 wt%

according to the supplier. 1 wt% solutions were

prepared in distilled water to an ionic strength of

0.01 M sodium chloride (NaCl, Merck KGaA, Ger-

many) using different ratios of nanocellulose and

EHEC.

The cloud point was detected visually and the

change in turbidity measured using a turbidimeter

(Hach 2100AN IS Turbidimeter) for 1 wt% solutions.

The suspensions were heated from 20 to 70 �C in

sealed glass tubes using a water bath at a heating rate

of 0.5 �C/min and equilibrated at each temperature

(Kjøniksen et al. 1998; Olsson et al. 2005). In addition,
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solutions were heated above the cloud point until

separation into two separate phases occurred, the

phase separation being detected visually.

Viscosity and oscillatory measurements were con-

ducted with a Modular Compact Rheometer (MCR

302, Anton Paar) operated in bob and cup mode using

the standardized CC27 measurement cylinder. For the

temperature-dependent behavior, the viscosities were

measured by heating the solution from 20 to 70 �C and

using a shear rate of 50 s-1 at a heating rate of 0.5 �C/
min. Temperature-dependent viscoelastic behavior

was determined under constant shear conditions, at

an angular frequency, x, of 5 rad/s and a strain

amplitude, c, of 1%. The shear rate was 50 s-1 and the

heating rate 0.5 �C/min. Before the oscillatory mea-

surements, the linear viscoelastic range was deter-

mined with amplitude sweep measurements to ensure

that the selected amplitude is in the linear viscoelastic

region in the frequency sweeps. A covering plate was

used to avoid evaporation at elevated temperatures.

The particle size of the samples were measured

using a Zetasizer ZS Nano (Malvern Instruments Ltd,

UK), equipped with HeNe gas laser (633 nm). Laser

doppler velocimetry (LDV) was used to determine the

electrophoretic mobility while the zeta potentials were

calculated from the measured electrophoretic mobility

using Henry equation with Smoluchowski

approximation.

The particle size and stability were determined

using dynamic light scattering (DLS). The samples

were diluted to a concentration of 0.4 wt%. Measure-

ments were performed at a temperature of 25 �C. The
samples were diluted which could influence the

concentration-dependent interaction between the

nanocellulose and EHEC. The nanocellulose, how-

ever, required a higher concentration than EHEC for a

sufficient backscatter signal, and this resulted in

different measuring concentrations for the different

samples. Two different sample preparation procedures

were applied.

A dilution-stirring procedure was applied to break

the flock or agglomerates. The dilution-stirring pro-

cedure consisted of five minutes stirring with a

magnetic stirrer, followed by dilution and a further

stirring for five minutes. The sample was then diluted

again to the desired measurement concentration and

the sample was stirred for two minutes at 1300 rpm.

The measurement immediately after stirring included

60 s stabilization time in the measurement cell. Five

parallel measurements were made to determine the

particle size and size distribution at 25 �C, using

concentrations of 0.4; 0.08; 0.06; 0.05 and 0.04 wt%

for Me100, E25:Me75, E50:Me50, E75:Me25 and

E100, respectively. The different concentrations were

selected in order to ensure a suitable detection signal.

After the initial cycle of mixing and dilution, a

second set of particle size measurements was made on

a sample at rest using a procedure that allowed ca.

20 min resting time prior to the first measurement.

During this time the sample was stabilized to 20 �C.
The particle sizes were measured at temperatures of

20, 25, 30, 40, 50 and 60 �C by applying subsequent

heating. Five parallel measurements were made at

each temperature. A heating rate of approximately

0.5 �C/min was used. After the heating series was

completed, the sample chamber temperature was set to

20 �C and the particle size was measured after 2 h of

stabilization. For each sample, two parallel measure-

ment series were run.

Results

Cloud point determinations of the 1.0 wt% EHEC-

methyl nanocellulose solutions were conducted visu-

ally and the change in turbidity was determined with

turbidity measurements. The pure and transparent

EHEC solution turned from clear to cloudy already at

25–30 �C revealing a relatively low cloud point for

EHEC (Fig. 1). The initial turbidity of EHEC was 20

NTU, which decreased with increasing methyl

nanocellulose content in the EHEC-methyl nanocel-

lulose mixtures. The addition of methyl nanocellulose

increased the cloud point, whereas an increase in solid

content from 0.25 to 1.0 wt% lowered the cloud point

for the pure EHEC and methyl nanocellulose solu-

tions. At dilute concentrations, the cloud point of

EHEC decreases significantly with increasing con-

centration, which indicates an increased interaction

between the polymers (Joabsson et al. 1998). The

turbidity of the EHEC-methyl nanocellulose compo-

sitions increased when the solution was heated to

25 �C, but then the decreased until the temperature

reached 40 �C and the started to increase again. The

turbidity of the methyl nanocellulose solution

remained unchanged until the solution became cloudy,

after which the turbidity started to increase rapidly.
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At 20 �C all the EHEC-methyl nanocellulose

compositions were perfectly clear and transparent,

but at 35 �C the pure EHEC and the E75:M25 solution

were cloudy (Fig. 2). The pure EHEC solution became

cloudy already at 25 �C and the E75:Me25 solution at

30 �C as shown in Fig. 1. When the temperature

increased to 45 �C, small flocs or particles were seen

in the E50:Me50 and in the E25:Me75 solution, but the

floc size was smaller in the E25:Me75 solution.

Similar flocs were seen in the E75:M25 solution at

55 �C. It was noticed that when the solution reached

the cloud point temperature, the turbidity started to

increase rapidly in the nanocellulose-containing sam-

ples. No macromolecular phase separation occurred in

the methyl nanocellulose-containing solutions at

70 �C.
It was noticed that the addition of methyl nanocel-

lulose increased the cloud point. According to the
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Fig. 1 Turbidity and the

cloud point temperatures of

the EHEC-methyl

nanocellulose solutions. E
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Fig. 2 Phase separation of the EHEC-methyl nanocellulose solutions. Samples from the left EHEC100, EHEC75:Me25,

EHEC50:Me50, EHEC25:Me75, Me100

123

7082 Cellulose (2019) 26:7079–7087



literature, association between EHEC and anionic

surfactants changes the phase behavior and cloud

point increases when the degree of surfactant binding

is high, while a lower degree of surfactant binding

reduces the cloud point (Thuresson et al. 1995; Olsson

et al. 2005). In addition, it is known that a high

concentration of NaCl decreases the cloud point. pH of

EHEC solution varied between 5.1 and 5.4 when

heated from 20 to 70 �C. The corresponding change in
pHmeasured for methyl nanocellulose was from 3.2 to

2.8. At these pH values the electrophoretic mobility

was - 0.04 for EHEC and between - 0.04 and

- 0.05 lmcm/Vs for methyl nanocellulose and zeta

potential - 0.5 for EHEC and between - 0.5 and

- 0.7 mV for methyl nanocellulose, thus confirming

that they are both non-ionic or very weakly anionically

charged.

Figure 3 shows the gel behavior and the changes in

network structure of EHEC-nanocellulose composi-

tions determined by viscosity measurements. The

viscosity of the pure EHEC solution decreased with

increasing temperature. EHEC-methyl nanocellulose

mixtures had a lower viscosity than the pure EHEC

solution at a given solids content, which is simply

explained by the lower viscosity enhancing effect of

methyl nanocellulose. Gelation of the pure methyl

nanocellulose solution starts at 48 �C while the

gelation temperature of the EHEC-methyl nanocellu-

lose composition E75:Me25 starts at 58 �C. The

gelation temperature determined from the point where

the viscosity is at a minimum shows that gelation is

more pronounced with a higher methyl nanocellulose

content. This behavior with increasing concentration

of methyl nanocellulose is partly due to an associate

interaction (Lott et al. 2013).

The gelation temperature of the E25:Me75 solution

is two degrees lower than of the 0.75 wt% methyl

nanocellulose solution (Fig. 3), but other composi-

tions had gelation temperatures similar to pure

methylcellulose solutions. In addition, the initial

viscosity of E25:Me75 was higher than that of the

pure 0.25 wt% EHEC solution, which indicates that

there is an interaction between EHEC and methyl

nanocellulose, since a similar viscosity increase has

been observed when anionic surfactant is added to an

EHEC solution (Piculell et al. 1996).

Figure 4 shows the temperature dependence of the

viscosity determined at different concentrations. The

gelation temperature of pure methylcellulose

decreased when the concentration increased. Methyl

nanocellulose showed a clear thickening effect when

the solution entered the gel phase, and this was also

observed with the EHEC-methyl nanocellulose

mixtures.

The temperature-dependent viscoelastic behavior

of the EHEC-methyl nanocellulose mixtures is seen in

Fig. 5. At 1% strain and 5 rad/s frequency, the EHEC

solution shows liquid-like behavior in the studied

temperature range as the loss modulus G’’ is higher

than the storage modulus G’, but when the temperature

reached 58 �C, the solution showed only loss modulus.

With samples E75:Me25 and E50:Me50, only G’’

values were detected until the temperature reached

43–45 �C, which is the point where gelation starts, i.e.
where G’=G’’. Above the gel point, solutions have an

elastic structure where G’ is higher than G’’ corre-

sponding to 61 �C for E75:Me25 and to 57 �C for

E50:M50. G’ increases rapidly with increased tem-

perature and the ratio G’:G’’ becomes larger indicat-

ing, that the structure is more gel-like and stiffer. The

decrease in tan d (= G’’/G’) value confirms that the

solution becomes more elastic. Pure methyl nanocel-

lulose and the solution containing 75% methyl

nanocellulose behaved similarly and showed only

liquid-like behavior until 57–58 �C, where both

solutions have a gel point and an elastic structure,

but the tan d value shows that the E25:Me75 mixture is
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nanocellulose mixtures in the 20–70 �C temperature range with

the heating rate of 0.5 �C/min
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more elastic than pure methyl nanocellulose when the

solution reaches the gel point temperature.

The storage modulus of E25:Me75 and of the pure

methyl nanocellulose solution remained unchanged

when the solutions were heated to 58 and 57 �C,
respectively, where the solutions have their gel point

and where a simultaneous drop in loss modulus was

seen. The loss modulus of solutions containing methyl

nanocellulose decreased until the temperature reached

40 �C. With E75:Me25 and E50:M50 this indicates

the beginning of the sol–gel transition while the

storage modulus was seen 3 �C higher. The G’ value

of the EHEC solution also decreased up to 40 �C. A
similar behavior was seen in turbidity measurements

with all the EHEC-methyl nanocellulose mixtures.

Higher methyl nanocellulose concentrations gave

lower gelation temperatures. The difference in

gelation temperature between pure and blended solu-

tion containing 75%methyl nanocellulose was 0.5 �C.
The tan d value showed that the increase in methyl

nanocellulose content increased the ratio of G’:G’’

rapidly which is characteristic of temperature-respon-

sive gels. The sharp drop in G’’ value before the

gelation starts, which is characteristic of hydrox-

ypropylmethylcellulose (Fairclough et al. 2012), has

not been observed for methylcellulose solutions

(Fairclough et al. 2012).

The particle sizes of the samples determined at rest

and for pre-agitated samples differed for all cases, see

Fig. 6. The difference was associated with the forma-

tion of weak flocs breakable by stirring. More

significantly, the floc forming and floc association of

the EHEC differed from those of the nanocellulose.

The particle size of the EHEC sample was 60% greater
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than that of pre-agitated sample, confirming self-

association and molecular interaction rather than the

aggregation of large flocs. In the case of the methyl

nanocellulose suspension, the particle size decreased

14%, although the change was statistically insignifi-

cant. This could also be explained by the increase in

birefringence, which is characteristic of individual

cellulose nanocrystals (Parker et al. 2018).

The increase in EHEC particle size at rest is due

self-association of the polymer. The association was

apparently weak, since the particle size decreased

significantly after stirring. The particle sizes of EHEC

and methyl nanocellulose at rest were similar. No

obvious trend in particle size was observed when the

sample composition was changed at rest, but in the

stirred sample, the particle size was decreased linearly

when the composition was changed towards EHEC.

The particle size distribution of the recently stirred

samples shown in Fig. 6 indicates the same phe-

nomenon as in Fig. 7, replacing the nanocellulose with

the EHEC reduced the sample particle size when the

sample was stirred prior to measurement, but the size

distribution was bimodal, and in the ease of E25:Me75

a trimodal distribution was observed. In addition, the

sample consisting of EHEC and the nanocellulose

compositions had a narrower main peak than the pure

samples. The E50:Me50 peak was especially narrow

in comparison with the other peaks. The polydispersity

indices from cumulant fits showed the same order of

relative widths for the distributions. The narrower

particle size distributions were thought to indicate an

interaction between the nanocellulose and the EHEC.

When samples at rest were heated, no significant

change in particle size was observed up to a temper-

ature of 40 �C, at which the EHEC was beginning to

show an increase in particle size (Fig. 8). At 50 �C, the
sedimentation of EHEC made the sample unsuit-

able for the measurement. For E75:Me25, the devel-

opment of sedimentation was similar but less

pronounced. In the cloud point measurement of the

samples containing methyl nanocellulose, a significant

increase in turbidity was found after 50 �C.

0

100

200

300

400

500

600

0 25 50 75 100

P
ar

tic
le

 s
iz

e 
[n

m
]

Sample composition [0=Me, 100=EHEC]

Pre-agitated
Rested

Fig. 6 Particle sizes of EHEC, methyl nanocellulose (Me) and

their mixtures were measured at 25 �C (error bars 95%

confidence interval)

0

5

10

15

20

25

30

1 10 100

P
ar

tic
le

 d
en

si
ty

 b
y 

in
te

ns
ity

, [
%

]

Particle size class, diameter, [nm]

E
E75:Me25
E50:Me50
E25:Me75
Me

Fig. 7 Particle size

distribution of EHEC,

methyl nanocellulose and

their compositions at 25 �C

123

Cellulose (2019) 26:7079–7087 7085



The methyl nanocellulose solution, on the other

hand, showed a different behavior compered to EHEC

solutions. Although, methyl nanocellulose showed a

clear cloud point at 45 �C, no change in particle size

was observed even at a temperature of 50 �C. The
concentration may have been too dilute to observe the

cloud point, since the cloud point temperature

decreases when the concentration is reduced. An

increase in average scattering intensity at 40–50 �C
without any increase in particle size indicates a change

in particle concentration in the sample or a change in

the optical properties. The relatively small particle

size, also observed for E25:Me75 and E50:Me50 even

at temperature of 60 �C, could partially explain the

lack of phase separation of samples consisting both

EHEC and methyl nanocellulose.

Conclusions

The temperature-dependent interaction between

hydrophobically modified EHEC and methyl nanocel-

lulose has been determined. An increase in concen-

tration of methyl nanocellulose lowered the gelation

and cloud point temperatures of the solution, but in the

case of the EHEC-methyl nanocellulose solutions the

cloud point temperature increased with increasing

content of methyl nanocellulose and the cloud point of

EHEC25:Me75 solution was higher than the cloud

point of pure methyl nanocellulose solution. The

turbidity measurements confirmed that the turbidity

started to increase rapidly above the cloud point

temperature with increasing addition of methyl

nanocellulose.

Oscillatory measurements showed that pure and

75% methyl-nanocellulose-containing solutions

behaved similarly when heated. The gel point tem-

peratures were also similar, although the 75%

nanocellulose-containing mixture was more elastic at

the gel point temperature. The 75% nanocellulose-

containing mixture also showed a higher initial

viscosity value than the pure EHEC solution, which

indicates the association of EHEC and methyl

nanocellulose. Interestingly, the loss modulus value

of methyl nanocellulose had a sharp drop before the

gelation of the solution started. In addition, both the

turbidity and oscillatory measurements revealed that

the turbidity and loss modulus G’’ decrease up to

40 �C and then start to increase. The increasing

turbidity while heating observed with pure EHEC and

methyl nanocellulose solutions is due to the decrease

in solubility of the compounds in the solution.

The particle size distribution was bimodal for the

pure solutions, whereas the E75:Me25 had a trimodal

size distribution. The particle sizes of EHEC and

methyl nanocellulose were found similar at rest,

however, after stirring the particle size of EHEC

decreased indicating a weak association of the poly-

mer. Only pure EHEC and E75:Me25 showed a

significant increase in particle size when the solutions

were heated. Instead, the methyl nanocellulose

showed a change in the number of particles with

increasing temperature.
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