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a  b  s  t  r  a  c  t

The  effects  of  different  inorganic  cations  (Na+, K+, Ca2+ and  Al3+)  on  the rheological  properties  of  single
and  mixture  polysaccharide  solutions  have been  systematically  investigated.  The  apparent  viscosity  and
viscoelasticity  of  welan  solutions  decrease  with  the  addition  of  inorganic  cations.  Meanwhile,  the  addition
of  Al3+ and  K+, respectively,  enhances  the apparent  viscosity  and  viscoelasticity  of  xanthan  and  gellan
solutions  by  promoting  the  gelation.  The  viscosity  retention  rate  of  welan/xanthan  mixtures  is  higher
than  that  of the  single  components  in  Na+, K+ and  Ca2+ solutions,  and  the viscosity  retention  rate  of
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norganic cation

welan/gellan  mixtures  is  higher  than  that  of  the single  components  in  Ca2+ solutions.  The  salt  induced
gelation  expands  the  application  for  polysaccharides,  and  it  is  also  believed  that  the  method  of combining
welan  and  xanthan  (or  gellan)  is  an  effective  strategy  to control  the  rheology  and  morphology  of solutions
in  the  presence  of inorganic  salts.

©  2014  Elsevier  Ltd. All  rights  reserved.

iscosity retention rate

. Introduction

Microbial polysaccharides are widely employed in terms of
hickening, emulsifying, stabilizing and gelation, due to their spe-
ial physical and chemical properties (Hamcerencu, Desbrieres,
opa & Riess, 2009; Maruyama, Mikami, Hashimoto & Murata,
007; Moreira, Coimbra, Nunes, Simoes, & Domingues, 2011; Paul,
orin & Monsan, 1986). Furthermore, microbial polysaccharides

re both biocompatible and biodegradable, and are expected to be
enewable resources, which can act as alternatives to products in
he chemical industry.

To date, several bacteria have been found to be capable of secret-
ng polysaccharides. Welan is a microbial polysaccharide, secreted
y Alcaligenes sp., which consists of a pentasaccharide repeating
nit, �-1,3-d-glucopyranosyl, �-1,4-d-glucuronopyranosyl, �-1,4-
-glucopyranosyl and �-1,4-l-rhamnopyranosyl, and a single
onosaccharide side-chain at the O-3 of the 4-linked glucopy-

anosyl. The monosaccharide may  be either l-rhamnopyranosyl

r l-mannopyranosyl, in the approximate ratio of 2:1, and about
alf, or more, of the repeating units have acetyl and glyceryl sub-
tituents (Rinaudo, 2004; Tako, Teruya, Tamaki & Konishi, 2009).

∗ Corresponding author at: Department of Chemical and Petroleum Engineering,
niversity of Calgary, Calgary, AB, Canada T2N 1N4. Tel.: +1 4032107642;

ax: +1 4032844852.
E-mail address: Mingzhe.dong@ucalgary.ca (M.  Dong).

ttp://dx.doi.org/10.1016/j.carbpol.2014.12.030
144-8617/© 2014 Elsevier Ltd. All rights reserved.
Xanthan is a high molecular extracellular polysaccharide, produced
by the bacterium Xanthomonas campestris, which has a cellulosic
backbone consisting of five monosaccharides, to give a pentasac-
charide repeating unit. The cellulosic backbone is substituted at C-3
on alternate �-1,4-d-glucopyranosyl residues with trisaccharide
side chains of �-d-rhamnopyranosyl, �-1,4-d-glucuronopyranosyl
and �-1,2-d-mannopyranosyl, with various amounts of acetyl and
pyruvate substituents (De Jong & Van de Velde, 2007; Mukherjee,
Sarkar & Moulik, 2010; Rodd, Dunstan & Boger, 2000). Gel-
lan is a linear, anionic heteropolysaccharide produced by the
microorganism Sphingomonas elodea.  The structure is based on a
tetrasaccharide repeating unit composed of (1-3)-b-d-glucose, (1-
4)-b-d-glucuronic acid, (1-4)-b-d-glucose, and (1-4)-a-l-rhamnose
as the backbone (Jansson, Lindberg & Sandford, 1983; Whittaker,
Al-Ruqaie, Kasapis & Richardson, 1997).

Recently, polysaccharides have increasingly attracted more
attention for their applications in the petroleum industry (Sun et al.,
2011; Xu et al., 2014). They can be used to improve the sweep
efficiency in enhanced oil recovery (EOR), due to their ability to
control water mobility and reduce the permeability in a reservoir
by increasing the viscosity of the injected fluid. However, the pres-
ence of mineralized ions in the formation water usually reduces
the viscosity of the polymers used (Saadatabadi, Nourani & Emadi,

2010), reducing the displacement efficiency. Therefore, it is very
important to study the influence of inorganic ions on the proper-
ties of polysaccharides. The intrinsic viscosity of Balangu seed gum,
studied by Mohammad Amini and Razavi (2012) was markedly

dx.doi.org/10.1016/j.carbpol.2014.12.030
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.12.030&domain=pdf
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1  Polymers 121 (2015) 147–154

r
i
h
a
e
c
l
t
i
i
S
m
c
i
2
a
2
T
i
2
s
t
i
6
o
d
a
A
a
n
o
m

r
e
v
o
r
p
T
c
c
m
s
p
m

2

2

R
m
(
n
2
C
m
a
m
A
C
m
s

O
O

H2C

HO
O

O
O

COO-M+

OH

OH

O
O

CH2OH

OH

O
CH3 O

OHOH

O
CH3

O

OHOH

HO O
CH2OH

OHOH

HO

or

welan

n

O
C

H3C
O

C

O
CH2OH

OH

R

R:

O
CH2OH

OH

OH

O
CH2OH

OH

O n

O
CH2OCCH3

OH

OH

O

O
O

+M-OOC

OH

OH

O

O
CH2

OH OH
O

O
C

O+M-OOC

H3C

xanthan

O

OH

O O

CH2OH

HO

O
O

COO-M+

OH

OH

O

OH

O

CH2OH

OH

O
CH3

OHOH

n

48 L. Xu et al. / Carbohydrate

educed by the presence of NaCl, and decreased by increasing the
onic strength of the solution. Ma  and Pawlik (2007) found that, at
igher electrolyte concentrations (≥0.1 M),  the state of the guar
ggregation depended on the kosmotropic or chaotropic prop-
rties of the background electrolytes. The presence of strongly
haotropic ions, such as K+ and Cs+, seemed to induce the disso-
ution of guar aggregates into individual molecules. Contrary to
his, guar chains underwent an even more extensive aggregation
n the presence of Kosmotropic ions, such as Li+ and Na+, form-
ng larger structures, which resulted in higher intrinsic viscosities.
ynergistic interactions may  occur by blending different biopoly-
ers, which always results in the optimization of the physical and

hemical properties of the mixtures, such as enhancing the viscos-
ty, gelation, and so on (Fitzpatrick, Meadows, Ratcliffe & Williams,
013). Lopes, Andrade, Milas and Rinaudo (1992) reported that

 small synergistic effect occurred between xanthan and guar in
0 mM NaCl, and that the effect became more pronounced in water.
hey concluded that xanthan adopted a disordered conformation
n water, whereas the conformation was in an ordered form in
0 mM NaCl. Similar results were reported by Dalbe (1992). They
tudied xanthan/glucomannan mixtures using a small deforma-
ion oscillation method, and reported that a dramatic decrease
n gel strength was caused by the addition of 85.55 mM NaCl or
7.07 mM KCl to the mixtures, but not with the further addition
f electrolytes. Also, Wang, Wang and Sun (2002) noticed that a
ecrease in the viscosity of xanthan/LBG mixture solutions was
ssociated with the addition of 40 mM NaCl. Khouryieh, Herald,
ramouni and Alavi (2007) reported that the intermolecular inter-
ction occurred between xanthan and guar in 2 mM NaCl, but did
ot occur in 40 mM  NaCl, from which it was inferred that the degree
f disordering of xanthan played a critical role in xanthan/guar
ixtures.
From the above, we know that most polysaccharides show a

eduction in viscosity upon encountering mineralized water. How-
ver, different mineral ions may  have different effects on the
iscosity of the polysaccharide solutions. Much work has focused
n the effect of monovalent ions on the properties of polysaccha-
ides, and their inherent viscoelastic properties; the evaluation of
olysaccharides in solution has been studied to a lesser extent.
herefore, in this study, the effects of different valent inorganic
ations (Na+, K+, Ca2+ and Al3+) on the apparent viscosity and vis-
oelasticity of aqueous welan, xanthan, gellan solutions, and their
ixtures, have been investigated in detail, using the steady-state

hear and dynamic oscillation methods. The aim of this study is to
rovide basic data and a theory base for the application of biopoly-
ers in EOR.

. Experimental

.1. Materials

Welan was supplied by the Food Fermentation Industry
esearch Institute of Shandong Province, China. The average
olecular weight was approximately 6.6 × 105 g mol−1. Xanthan

FUFENG 80) was produced by Inner Mongolia Fufeng Biotech-
ology Co., Ltd. The average molecular weight was  approximately
.0 × 106 g mol−1. Gellan was purchased from the Zhengzhou
hemical Co., Ltd. The average molecular weight was  approxi-
ately 7.0 × 105 g mol−1. The intrinsic viscosities of welan, xanthan

nd gellan were 6479, 7627 and 1444 mL  g−1, respectively, deter-

ined by the Ubbelohde viscometer at 25 ◦C. NaCl, KCl, CaCl2, and
lCl3, purchased from the Sinopharm Chemical Reagent Co., Ltd.,
hina, were all of the reagent grade. Water used in the experi-
ent was triply distilled by a quartz water purification system. The

tructures of welan, xanthan and gellan are depicted in Fig. 1.
gellan
Fig. 1. Structures of welan, xanthan and gellan.

2.2. Preparation of polysaccharide solutions

The stock solutions were prepared by dispersing dry samples
in distilled water, while continuously stirring, at the ambient tem-
perature. The experimental solutions were obtained by diluting the
stock solutions. The percentage content of welan in the mixtures
was changed from 0% to 100%, and the concentrations of the mix-
tures were fixed at 1750 mg  L−1. To study the effects of different
valent inorganic cations on polysaccharides, appropriate amounts
of NaCl, KCl, CaCl2 and AlCl3 were added and completely dissolved
to make salt solutions of 50 mM inorganic strength.

2.3. Rheological measurements

In rheology, the intrinsic viscosity is a useful experimen-
tal parameter in studying the inherent characteristic of the
polymer aqueous solutions. The intrinsic viscosity reflects the
hydrodynamic volume occupied by a macromolecule, which is
closely related to the size and conformation of the molecular

chains in the solvent (Lai & Chiang, 2002). When the poly-
mer  chains are separate, the intrinsic viscosity of a polymer
in solution depends only on the dimensions of the molecular
chain. Consequently, the intrinsic viscosity provides insight into
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ig. 2. The apparent viscosities (�) of aqueous (a) welan, (b) xanthan and (c) gellan
queous welan, xanthan and gellan solutions, with increasing concentrations, at sh

he molecular characteristics of a biopolymer (Khouryieh et al.,
007).

The intrinsic viscosity is determined through extrapolation to
nfinite dilution, according to the Huggins empirical expression
Huggins, 1942):

�sp

C
= [�] + k[�]2C (1)

here k is the Huggins constant, C is the polymer concentration,
nd [�] and �sp are the intrinsic viscosity and the specific viscosity,
espectively. Extrapolation to zero concentration is determined by
lotting �sp/C vs C, which would result in straight lines:

�] = lim
C→0

�sp

C
(2)

The specific viscosity (�sp) in Eqs. (1) and (2) is defined as:

sp = �

�s
− 1 (3)

here � and �s are the apparent viscosities of the solution and the
olvent, respectively. In this study, the intrinsic viscosity [�] was
etermined for each solution by measuring the apparent viscosities
f polysaccharide solutions at different concentrations and shear

ates.

The Maxwell model is widely used to describe the viscoelasticity
f polymer solutions. It is a two-parameter model in which the
torage modulus (G′) and loss modulus (G′′) can be described at all
ions as a function of the shear rate at different concentrations. (d) Variation of � of
te of 0.1 s−1.

frequencies. The frequency dependence of G′ and G′′ is expressed
in the following equations (Tam, Jenkins, Winnik & Bassett, 1998):

G′ = G0
ω2�2

R

1 + ω2�2
R

(4)

G′′ = G0
ω�R

1 + ω2�2
R

(5)

where G0 is the plateau modulus, �R is the relaxation time, ω = 2�f
is the radian frequency, and f is the frequency in Hertz. G′ and G′′

reflect the viscous and elastic components of the solution samples,
respectively.

The steady-state shear and dynamic oscillation measurements
were carried out on a Haake MARS III Rheometer (Germany) with
a coaxial cylinder sensor system, Z41-Ti. The maximum allowable
temperature deviation was ±0.1 ◦C. Samples were kept stationary
for more than 24 h before measuring, in order to guarantee that
there were no bubbles in them. In the frequency oscillation, a stress
of 0.1 Pa was selected to ensure that samples were within the lin-

ear viscoelastic region, and, the oscillatory frequency sweep was
carried out within the frequency range of 0.01–10.00 Hz, in the
oscillation mode OSC.

All of the measurements were performed at 25.0 ± 0.1 ◦C.
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. Results and discussion

.1. The rheology of welan, xanthan and gellan in salt free water

The apparent viscosities of aqueous welan, xanthan and gellan
olutions at different concentrations, investigated in the steady-
ate shearing experiments, are plotted in Fig. 2a–c. The apparent
iscosities of aqueous polysaccharide solutions gradually decrease
ith an increase in the shear rate. Namely, the polysaccharide sys-

em belongs to the typical pseudoplastic fluid. The shear thinning
ehavior of the polysaccharide system is related to the orientation
f its macromolecules along the stream line of the flow (Chagas,
achado, Haag, De Souza, & Lucas, 2004). The stretching macro-
olecules of the polysaccharide intertwine to form aggregates in

he low shear rate; the flow resistance of many aggregates results
n the high viscosity. However, the aggregates will be destroyed as
he shear rate increases, dispersing macromolecules along the flow
irection, causing the apparent viscosity to decrease as a result.
ig. 2d shows the effects of concentration on the apparent vis-
osities of aqueous welan, xanthan and gellan solutions at the
hear rate of 0.1 s−1. The apparent viscosities of welan and xan-
han solutions increase with increasing the concentration, while
hat of gellan solutions is only increased slightly. At the same con-
entration, the apparent viscosity of welan is the highest, that of
ellan is the smallest, and that of xanthan is in between. Taking
750 mg  L−1 as an example concentration, the apparent viscosity of
elan (7665 mPa  s) is nearly 60 times of that of gellan (2776 mPa  s),

nd 2.7 times of that of xanthan (128 mPa  s). The thickening capa-
ility of welan is stronger than that of both xanthan and gellan,
hich can be attributed to the significant difference in their chain

rrangement. This is can be inferred from the intrinsic viscosity of
queous welan, xanthan and gellan solutions, as shown in Fig. 3.
sing Eqs. (2) and (3), the intercepts in Eq. (1) at different polysac-
haride concentrations and shear rates can be obtained. Because the
ntrinsic viscosity depends only on the dimensions of the separate

olecular chains, it becomes constant when the aggregation tran-
itions to separate molecules. Consequently, the inflection of the
ntercept represents the conformation transition of the polysaccha-
ide molecules in solutions. The intercept is the intrinsic viscosity
hen the molecular chain is separate. The intrinsic viscosities of

queous welan, xanthan and gellan solutions are 6.3 L g−1, 7.8 L g−1

nd 1.4 L g−1, respectively, which are consistent with the results
easured using the Ubbelohde viscometer. The shear rate, corre-

ponding to the inflection, is defined as the critical shear rate. The
ritical shear rate values of welan, xanthan and gellan are 142.8 s−1,
29.6 s−1 and 36.3 s−1, respectively, indicating that the molecular
ggregation of welan can bear higher stress. Welan has a stronger
ntramolecular interaction than the random-coil conformation of
anthan and gellan, which may  increase the chain dimensions,
esulting in a higher viscosity.
The macromolecular motion contains different microscopic
otion hierarchies and forms. Frequency scanning is an important

omponent of dynamic viscoelasticity experiments, which may
Fig. 4. Variation of the storage modulus (G′ , solid) and loss modulus (G′′ , hollow) of
aqueous welan, xanthan and gellan solutions, with increasing concentrations, at the
dynamic oscillating frequency of 0.1 Hz.

characterize the features of the motion unit, including the variety
of different molecules, coils and chain segments within the speci-
men  system (Gopakumar, Lee, Kontopoulou & Parent, 2002; Xin,
Xu, Gong, Bai, & Tan, 2008). Fig. S1, in the supporting informa-
tion, shows the storage modulus (G′) and loss modulus (G′′) as a
function of the frequency for aqueous welan, xanthan and gellan
solutions. G′ and G′′ represent elasticity and viscosity of an aque-
ous polysaccharide solution, respectively. Fig. 4 shows G′ and G′′ of
aqueous welan, xanthan and gellan solutions at the dynamic oscil-
lating frequency of 0.1 Hz. The dynamic modulus of the aqueous
polysaccharide solutions increases with the increasing polysac-
charide concentration. G′ of welan is higher than G′′ in the range
of experimental concentrations, except for 750 mg  L−1. The elastic
component is dominant in the viscoelasticity, indicating that a gel
structure is formed. Differently than the welan solution, G′ of gellan
solution is lower than G′′ in all experimental concentrations, show-
ing the typical nature of ordered structure. Another characteristic
of this structure is the strong dependence of the modulus on the
frequency, as shown in Fig. S2. This rheological behavior indicates
that viscosity is the main factor in the flow of the gellan solution.
For the xanthan solution, when the concentration is lower than
1500 mg  L−1, G′ is lower than G′′. When the concentration exceeds
1500 mg  L−1, G′ is higher than G′′. Therefore, increasing concentra-
tion results in the xanthan solution gradually transforming from
the viscous fluid to the elastomer; the solution exhibits a gel-like
nature at high concentrations. G′ and G′′ of welan are higher than
those of xanthan and gellan, indicating that the viscoelasticity of
welan is the highest among the three polysaccharides. The inter-
molecular association of welan may  take place between the methyl
group of the l-rhamnosyl residue and the counter hemiacetal oxy-
gen atom of the l-rhamnosyl residue on different molecules via van
der Waals forces, and between side and backbone chains of dif-
ferent molecules by hydrogen bonding (Member & Morris, 1995;
Morris, Gothard, Hember, Manning, & Robinson, 1996). It is possi-
ble that two  or more double helices arrange in parallel, such as in
the zipper model reported by Xu, Xu, Liu, Chen, and Gong (2013).
While the helices of gellan are associated by weak interactions
(Tako et al., 2009), and the network structure formed by xanthan is
just a transient one (Choppe, Puaud, Nicolai & Benyahia, 2010).

3.2. Effects of inorganic cations on the rheology of aqueous
welan, xanthan and gellan solutions

Generally, the addition of inorganic ions screens the elec-
trostatic repulsion between charges along the backbone of the
polyelectrolyte chain. The screening of the electrostatic interac-
tions, in turn, allows the chain to fold up and assume a smaller,
molecule’s conformation shrinks may  be dependent on the stiff-
ness of the macromolecular chain in solution (Cohen & Priel,
1989; Wyatt, Gunther & Liberatore, 2011). Since the molecular
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an solutions, with the addition of different inorganic cations, at the shear rate of
.1  s−1. The polysaccharide concentration is 1750 mg  L−1 and the ionic strength of
alt solutions is 50 mM.

onfiguration changes, the solution rheology may  also change. In
ost instances, the existence of inorganic salts is a disadvantage

or the viscosity of the polyelectrolyte solutions, due to the electro-
tatic shielding of the inorganic ions. However, unlike the effects
hey have on the traditional polyelectrolytes, inorganic cations may
ave a distinct influence on the rheology of some polysaccharides.

The apparent viscosities of the aqueous welan, xanthan and
ellan solutions as a function of the shear rate, with NaCl, KCl,
aCl2 and AlCl3, respectively, have been shown in Fig. S2. The ionic
trength of salt solutions is 50 mM.  The aqueous polysaccharide
olutions still maintain the characteristics of the pseudoplastic fluid
hen different inorganic salts are added. Fig. 5 shows the appar-

nt viscosities of welan, xanthan and gellan in water and inorganic
alts at the shear rate of 0.1 s−1. The apparent viscosity of welan
olutions decreases in the presence of the salt, showing the typi-
al behavior of polyelectrolytes. At an ionic strength of 50 mM,  the
rder of the apparent viscosity values of welan in salt solutions
s None > Na+ ≈ K+ > Ca2+ > Al3+. The viscosity retention rate (�, the
atio of the viscosity in different inorganic cations and the viscos-
ty in pure water) decreases with increasing the ionic strength, as
hown in Table 1. The results indicate that the ionic strength is not
n only determining factor in the apparent viscosity of the welan
olution which also depends on the species of inorganic cation.

hile at the same ionic strength, the value of � has a relation-
hip with the valence of inorganic cations. The inorganic cation
ith high valence is easier to cause the reduction in the viscosity of
elan solutions. The electrostatic repulsion between the charged

roups of welan is screened by inorganic cations, allowing macro-
olecules to adopt a more compact conformation, and causing a

eduction in the hydrodynamic size of the macromolecules (Jin
t al., 2014; Samanta, Bera, Ojha & Mandal, 2010). The screening
ffect by the high valence inorganic cation like except Al3+ on the
elan molecular structure is more intensive.

For xanthan, the variation of the apparent viscosity in salt
olution is different from that of welan. The apparent viscos-
ty of xanthan significantly increases in the AlCl3 solution, even
xceeding that of welan. At the same ionic strength, the order
f the apparent viscosity value for xanthan in salt solutions is
l3+ > None > Na+ > K+ > Ca2+. The value of � of xanthan with Al3+

s 391.1%, which is far greater than that in other inorganic salts.
n aqueous solutions, the structure of xanthan undergoes an order-
isorder transition from helix to coil (Baradossi & Brant, 1982). This
onformational transition is significantly affected by different inor-
anic cations. Xanthan is in the disordered conformation in salt free
ater, whereas, in Na+, K+ and Ca2+ solutions, xanthan starts to take

n an ordered conformation, due to the charge screening effect. The
2+
creening effect of the divalent cation (Ca ) is more notable than

hose of the monovalent cations (Na+ and K+). Similar results were
ound by Zhong, Oostrom, Truex, Vermeul, and Szecsody (2013). For
he conformation transition of xanthan in salt water, Rochefort and
ers 121 (2015) 147–154 151

Middleman (1987) reported that a complete ordered conformation
can be obtained in 10 mM  NaCl for a 250 mg  L−1 xanthan solution. In
a study by Mohammed, Haque, Richardson and Morris (2007), the
gel-like state of xanthan was  disrupted when the concentration of
Ca2+ ions was  increased to 200% stoichiometric equivalence. How-
ever, in this study, the ordered conformation of xanthan did not
occur in 50 mM Al3+. Instead, molecules of xanthan tended to form
a more dense conformation, which could be inferred by the gel-like
appearance of the solution. Such an effect is mainly attributed to
the fact that Al3+ acts as a cross-linker, which binds to individual
carboxyl groups in the side chains of xanthan, thus favoring the
conformation of the network. This phenomenon of xanthan in the
Al3+ solution has not been reported in previous studies.

For gellan, the variation of the apparent viscosity in the salt
solutions is more interesting. The maximum apparent viscosity of
gellan appears in the K+ solution, and, at the same ionic strength,
the order of the apparent viscosity values in salt solutions is
K+ > None > Al3+ > Ca2+ > Na+. The value of � of gellan with K+ is
726.5%, which is more than 7 times of that in salt free water,
while values of � in other inorganic cations are all less than
1. K+ has a greater effect on both the structural and the rhe-
ological properties of gellan than the salt free water and other
inorganic cations, even the multivalent cations. The presence of
K+ leads to the enhanced aggregation of gellan, due to competitive
hydration between the polysaccharide chains and the cations. The
conformational transition of gellan is accompanied by some net-
work formation, producing a weak gel. This may  be explained by
the compatibility of potassium with the gellan helices, based on
the structural similarity between the hydrodynamic radius of the
cation and the cavity that the helices create, and also by the ordered
arrangement of the cation along the helices (Funami et al., 2009;
Matsukawa & Watanabe, 2007). The apparent viscosity of gellan is
in direct proportion to the valence of the inorganic cation, except
K+. The higher the valence, the higher the viscosity retention rate.
This indicates that complexation may  occur between the molecules
and the multivalent cations. Because there is no side chain in the
molecular structure, the complexation is limited in crosslinking.
This interaction only partially counteracts the viscosity loss caused
by the electrostatic shielding.

The effects of the inorganic salts on the viscoelasticity of each
polysaccharide solution are shown in Fig. S3. The viscoelasticity of
welan solutions reduces in all inorganic salts, while the addition of
AlCl3 and KCl strengthens the viscoelasticity of xanthan and gellan
solutions, respectively. These results further confirm the above con-
clusions. The salt induced gelation is attributed to the enhancement
of the electrostatic attraction between negatively charged helices
and positive ions. Addition of the inorganic salts can facilitate the
association of charged helical structures in two different ways:
by non-specific screening of the electrostatic repulsion between
helices, and by the incorporation of counterions as an integral part
of the aggregate structure, contributing to its stability through elec-
trostatic attraction. Our present results indicate that the former is
the dominant mechanism in the salt induced gelation of gellan, and
that the latter corresponds to that of xanthan.

3.3. Effects of inorganic cations on the rheology of the
polysaccharide mixture solutions

From the above, we  know that the inorganic cations can promote
the gelation of corresponding polysaccharides. However, the appar-
ent viscosity and viscoelasticity of the polysaccharides decrease in
some inorganic cation solutions, such as: welan in Na+, K+, Ca2+
and Al solutions; xanthan in Na , K and Ca solutions; and,
gellan in Na+, Ca2+ and Al3+ solutions. Consequently, in order to
mitigate these negative effects, the influence of inorganic cations
on the rheological properties of the polysaccharide mixtures has
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Table 1
The viscosity retention rate (�/%) of the polysaccharides in different inorganic salts, at the shear rate of 0.1 s−1. The concentrations of the single polysaccharides and
polysaccharide mixtures are all of the 1750 mg  L−1.

Inorganic salts Concentration/mM Ionic strength/mM Welan Xanthan Gellan Welan/xanthan Welan/gellan

None 0 0 100.0 100.0 100.0 100.0 100.0
NaCl  50 50 65.86 73.58 30.59 78.21 59.17
KCl  50 50 66.01 64.59 726.5 78.66 76.46
CaCl2 16.67 50 62.99 56.67 44.13 74.16 65.07

31.82 391.1 55.72 34.34 38.11
53.11 49.78 40.86 66.99 55.93
29.88 340.6 51.55 30.29 37.13
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een investigated, especially welan mixtures, as studies on the mix-
ures between welan and other polysaccharides have been rarely
eported so far. In this study, we mainly focus on the mixtures
etween welan and xanthan or gellan to explore the internal struc-
ural changes in polysaccharide mixtures with or without inorganic
ations.

The apparent viscosities of welan/xanthan mixture and
elan/gellan mixture have been investigated, as shown in Fig.

4. The rheological behavior of polysaccharide mixtures is simi-
ar to that of the single components. The apparent viscosities of the
olysaccharide mixtures were plotted as a function of the welan
raction at the shear rate of 0.1 s−1 in Fig. 6. The apparent viscosities
f the welan/xanthan mixture and welan/gellan mixture vary with
he mass fraction of welan, increasing as the proportion of welan
ncreases in the mixtures. The curves of the apparent viscosity vs

elan fraction have two  distinct parts: slow increase and rapid
ncrease. The change in the slopes of the curves suggests that there
s a change in the molecular structure of the mixtures. The increase
n the apparent viscosities of the mixtures, in the later stage, can
e attributed to the conformational transition of welan from a heli-
al form to a more flexible form, because of binding. Consequently,
elan plays a crucial role in controlling the apparent viscosities of

he mixtures. The welan fractions, corresponding to the conforma-
ional change, are 73.8% and 66.7% for the welan/xanthan mixture
nd welan/gellan mixture, respectively.

The variation of the dynamic modulus (G′ and G′′) of the mixtures
ith the change of the dynamic oscillating frequency at different
ass concentration ratios is shown in Fig. S5. Fig. 7 reveals the

elationship between the dynamic modulus and the welan fraction.
he addition of welan enhances the viscoelasticity of the mixtures,
s the dynamic modulus increases with increasing the proportion
f welan in the mixtures. When the welan fraction in the mixtures is
mall, G′ is close to G′′, especially in the welan/gellan mixtures. With
he increase of the welan fraction, the growth of G′ is faster than that

f G′′, indicating that the mixtures are more elastic than viscous,
nd that a net structure is gradually formed. The transition of the
elan conformation outweighs the binding of xanthan or gellan
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ig. 6. The apparent viscosity (�) as a function of welan fraction in welan/xanthan
ixtures and welan/gellan mixtures at the shear rate of 0.1 s−1. Lines are fitting

urves.
Fig. 7. The storage modulus (G , solid) and loss modulus (G , hollow) as a func-
tion  of welan fraction in welan/xanthan mixtures and welan/gellan mixtures at the
dynamic oscillating frequency of 0.1 Hz.

to welan. These results suggest that the conformational change of
welan is predominant in controlling the apparent viscosities and
viscoelasticities of the mixtures.

Welan/xanthan mixture and welan/gellan mixture, with a
mass concentration ratio of 50%:50%, were chosen to characterize
the rheological behavior of polysaccharide mixtures in inorganic
cations. As shown in Fig. 8, differences in the apparent viscos-
ity were found between water and salt solutions for both the
welan/xanthan mixture and welan/gellan mixture. In the salt
solutions of 50 mM  ionic strength, the apparent viscosities of
welan/xanthan mixture and welan/gellan mixture decrease. How-
ever, the � value of welan/xanthan mixtures is higher than that
of welan or xanthan in NaCl, KCl and CaCl2 solutions, as shown
in Table 1. The � value of welan/gellan mixtures is higher than
that of welan or gellan in CaCl2 solutions. The results indicate
that a synergistic interaction may  occur with Na+, K+ and Ca2+

in welan/xanthan mixtures, and with Ca2+ in welan/gellan mix-
tures. For the welan/xanthan mixture, the apparent viscosity in
the AlCl3 solution is the lowest, and the salt induced gelation of

xanthan disappears. At the ionic strength of 50 mM,  the � value of
the welan/xanthan mixture in the AlCl3 solution is 34.34%, which
is closer to the value of welan (31.82%), comparing with that of

welan/xanthan welan/gellan
10
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s
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 Na Cl
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Fig. 8. Variation of the apparent viscosity (�) of welan/xanthan mixtures (50%:50%)
and  welan/gellan mixtures (50%:50%), with the addition of different inorganic
cations, at the shear rate of 0.1 s−1. The ionic strength of salt solutions is 50 mM.
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anthan (391.1%). The viscoelasticity variation of welan/xanthan
ixtures, as shown in Fig. S6, further confirms the inference. A

radual transition of disorder to order in welan/xanthan mixtures
ccurs with increasing the ionic strength, and the screening of
lectrostatic repulsion between helices favors the ordered confor-
ation. This behavior of the welan/xanthan mixture is similar to

hat of just welan in the salt solutions. Consequently, the confor-
ational change of welan, in salt solutions, is the dominant factor

ffecting the rheology of the welan/xanthan mixtures. However,
he salt induced gelation of gellan with K+ still plays a positive
ffect in welan/gellan mixtures. The value of � of the welan/gellan
ixture (76.46%) is obviously higher than that of welan in the KCl

olution (66.01%). At the same ionic strength, the � value of the
elan/gellan mixture with K+ is higher than that with Na+ (59.17%).

his difference is mainly attributed to the salt induced gelation of
ellan with K+, which can be seen in Fig. S6. The viscoelasticity of
he welan/xanthan mixtures decreases in the salt water, while it is
igher in the KCl solution than that in other salt solutions.

. Conclusions

The inorganic cations Al3+ and K+ can promote the gelation of
anthan and gellan solutions, respectively, which greatly enhance
he apparent viscosities and viscoelasticities. The addition of inor-
anic salts facilitate the association of charged helical structures in
ifferent ways: the salt induced gelation of xanthan is attributed to
he complexation, and the salt induced gelation of gellan is caused
y the competitive hydration. The finding of these systems expands
he application of polysaccharides, in circumstances where inor-
anic salts exist.

In some inorganic cations, the apparent viscosities of welan,
anthan, and gellan decrease. However, the viscosity retention rate
f welan/xanthan mixtures is higher than that of welan or xan-
han in Na+, K+ and Ca2+ solutions. The viscosity retention rate
f welan/gellan mixtures is higher than that of welan or gellan
n Ca2+ solutions. Moreover, the salt induced gelation of gellan

ith K+ still has a positive effect on welan/gellan mixtures. Syn-
rgistic interactions may  occur in welan/xanthan mixtures and
elan/gellan mixtures, in the specific inorganic cations. Conse-

uently, the method of combining welan and xanthan (or gellan) is
n effective strategy to control the rheology of solutions to be used
n enhanced oil recovery field.
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