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Abstract
Konjac Glucomannan (KGM) gels can be formed in the presence of organotitanium as crosslinkers which were chelated by
different organic compounds. Organotitanium cross-linking agent is a chelate formed by coordination between tetrabutyl
titanate and different organic compounds. The gel network was formed through the crosslinking reaction between titanium
ions dissociated from organotitanium crosslinkers and the cis-diol hydroxyl groups on the mannose units of polysaccharide
chains. Effect of concentration and species of ligands on rheological properties of the complex gels was studied by dynamic
viscoelastic measurements. The gelation kinetics of the gels were investigated and the critical gelation points of the gels were
accurately determined according to the Winter-Chambon criterion. The effects of kinds and concentrations of ligands on the
shear storage modulus (G’), the loss modulus (G”), and the sol-gel transition points were studied. The sol-gel transition time
varies with different ligands in the organotitanium crosslinkers. The sol-gel transition time and temperature were obviously
observed and in good agreement with Winter–Chambon criterion.
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Highlights
● Konjac Glucomannan gels can be formed by crosslinking with organotitanium.
● The sol-gel time and temperature were determined by Winter–Chambon criterion.
● The sol-gel time varies with different ligands of organotitanium crosslinkers.
● The so-gel transition time and temperature were controllable.

1 Introduction

Petroleum exploration has to develop in depth, and the for-
mation temperature is getting higher and higher [1]. The
more attention is paid to high temperature mining. Wells
drilled in low-permeability reservoirs is often treated with
hydraulic fracturing to increase their conductivity [2]. At
present, ~70% of fracturing fluids use water-based fracturing
fluid derived from guar gum [3]. The network structure of
guar gum consisting of hydrogen bond interactions is broken
at a higher temperature. Therefore, the study of high-
temperature-resistant fracturing fluid has high practicality.

KGM is a non-ionic polysaccharide found in tubers of the
Amorphophallus konjac, which consists of β-1, 4 linked D-
mannose and D-glucose in a ratio of 1.6:1 [4]. Compared
with other vegetable gum thickeners, KGM is not only easy
to plant and process, but also has high yield, good salt
resistance, and low water insoluble content. KGM aqueous
solution has a high viscosity, and the viscosity of 0.6%
aqueous solution is as high as 198–270 mPa·s [5]. KGM is
known to form synergistic gels with other polysaccharides
involving xanthan [6], κ-carrageenan [7] and acetan or dea-
cetylated acetan [8]. KGM also can form thermoreversible
gels in the presence of sodium alginate [9] or organic borate
[10]. As a widely used fracturing thickener, KGM has little
damage to the reservoir because of its low content of water-
soluble matter, strong sand-carrying capacity and low resi-
due. However, traditional KGM fracturing fluids only show
good performance in medium and low temperature environ-
ments. The design of crosslinking agents that are resistant to
high temperatures is significant. Ideally, the low-viscosity
fluid is pumped to the underground formation, which is
convenient for transportation and saves power and energy
costs [11]. The method of delaying gel can be used to reduce
frictional resistance. Therefore, the present study focuses on
exploring high temperature-resistance organometallic cross-
linkers and delayed cross-linking KGM gels.

Titanium (Ti, valence layer electron 3d24s2) is located in
the IVB group of the fourth periods. It has the following
characteristics: The energy of valence electron orbitals ((n-
1)d, ns, np) is similar [12]. The smaller radius of atoms or
ions can have a greater polarization effect on ligands and
the ion itself has great deformability. Therefore, titanium
has the tendency to accept empty orbitals of lone pair
electrons and attract ligands to form complexes, which can
be used to crosslink plant gum to form gel [13].

The gel with ideal cross-linking effect can be obtained by
using inorganic ions such as titanium [14], zirconium [15]
and borate [16, 17] directly as cross-linking agent. How-
ever, the inorganic ion has small size and the flow, per-
meability, diffusion of inorganic ion in aqueous solution are
fast, resulting in uncontrollable time of gelation and greater
friction when fracturing fluid gel is pumped [18]. Also due
to the small size, the spatial distance of the KGM molecular
chain needs to be shortened during the cross-linking pro-
cess, and the KGM needs to be maintained at a higher
concentration. Then large amounts of residues are left after
the gel breaks, causing great damages to the reservoir and
affecting [19]. Starting from tetrabutyl titanate and using
triethanolamine and glycerol as organic ligands, Ma et al.
[20] prepared an organotitanium crosslinking agent used
simultaneously with organoboron. When the cross-linking
ratio was 3.0–7.5%, the viscosity of the crosslinked
hydroxypropyl guar gel fracturing fluid was maintained
above 80mPa·s after 170 s−1 shearing at 80 °C for 1 h. Xu
et al. [21] successfully prepared chitosan gel by organic
titanium ionic crosslinking agent and investigated the vis-
coelastic properties of chitosan gel through rheological
measurement. In our previous work, the rheology of KGM/
organic borate gels has been investigated, and the effect of
crosslinking density on the critical gelation temperature and
the elasticity of the gels were discussed [10]. However, the
time of delaying cross-linking still cannot meet the current
needs of oilfield exploitation.

In this study, tetrabutyl titanate was used as central ion
reagents, L-Prolinol, Tris (hydroxymethyl) methyl ami-
nomethane THAM (THAM) and Diisopropanolamine
(DIPA) as organic ligands to investigate the temperature
resistance and rheological properties of titanium ion
complexes crosslinked KGM.

2 Experimental

2.1 Materials

The KGM sample was purchased from Hubei Qiangsen
Industrial Co., Ltd., China and used without further purifica-
tion. Tetrabutyl titanate was purchased from Xiya Reagent
Chemical Technology Co., Ltd., China. Diisopropanolamine
(DIPA), Tris(hydroxymethyl)methyl aminomethane THAM
(THAM) and L-Prolinol were analytical reagents and
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purchased from Mreda Technology Co., Ltd., China. The
structure of each ligand is shown in Fig. 1.

2.2 Preparation of KGM solutions

Powders of KGM samples were dispersed in distilled water
by mechanical stirring at 75 °C for 2 h and maintained 1 h,
then cooled to room temperature and stored for 1 day. The
concentration of KGM affects the strength of the gel and even
leads to the aggregation of chains [22, 23]. In this study, the
concentration of KGM aqueous solution (Ck) was 4.0 g/L.

2.3 Preparation of organotitanium crosslinker

At room temperature, a certain proportion of isopropanol,
glycerin, and organic ligands were sequentially added into a
three-necked flask, and after stirring, a certain quality of
tetrabutyl titanate was added. The temperature was raised to
70 °C, and the mixture was stirred magnetically for 5 h and
then cooled to room temperature for later use. A series of
organotitanium alcohol solutions with different concentra-
tions of ligand were prepared. There were five different
ratios of ligands to titanium (CL), which were 0.01, 0.02,
0.03, 0.04, and 0.05 wt%, respectively. When the ligands
were L-Prolinol, THAM and DIPA, the crosslinking agents
were recorded as I, II, and III in sequence.

The lone pair electrons on oxygen and nitrogen atoms as
shown in Fig. 1 can be connected by coordination bonds in
the electron holes in titanium atoms. At the same time, the
organotitanium crosslinker is formed by the complexation of
titanium ion with ligands containing two or more coordination
atoms, which is a multinuclear complex with cyclic structure.
Moreover, the titanium central ion can be combined with
different atoms on the ligand. The composition of each che-
late varies with the material ratio, reaction temperature and
pH. Organic titanium chelate is a coordination compound
with cyclic structure, which is synthesized by the complexa-
tion of metal ions with polyligand containing two or more
coordination atoms. Among them, it is more inclined to
generate the stable structure of five-membered or six-
membered rings. Figure 2 shows the representative struc-
tures of each organic titanium crosslinking agent.

2.4 Preparation of KGM/organotitanium composite
gels

The KGM aqueous solution and the organotitanium were
mixed according to crosslinking ratio. In this experiment,
the concentration of tetrabutyl titanate was 0.6 wt%. Then,
after stirring quickly, the complex was immediately used
to the following experiments. Figure 3 is schematic dia-
gram of the structure of KGM gel in the presence of
organictitanium [24].

2.5 Rheological measurements

Dynamic viscosity measurements were carried out using a
rheometer (TA instruments Rheology Division, AR 2000,
Great Britain) with a parallel plate geometry (40 mm in
diameter and 1.5 mm in gap). To prevent dehydration during
rheological measurement, a drop of low-viscosity mineral oil
was added to the surface of the measured solution.

The dynamic temperature sweep measurements were con-
ducted from 25 °C to 115 °C at a rate of 1.5 °C/min. The
measuring frequencies were 1.00, 2.15, 4.64, 10.0, and
21.5 rad/s. Strain was 0.5%. The changes of storage modulus
(G’), loss modulus (G”) and internal friction (tan δ) of samples
with temperature (T) at different frequencies were observed.

2.6 Thermal stability analysis (DSC)

The thermal stability of KGM/ organotitanium composite
gels (I, II, and III, CL= 0.03 wt%) were investigated with
STA 449(NETZSCH, Germany) under the protection of
nitrogen flowing at the rate of 10 ml · min−1. The samples
weighed 10 mg, temperature rose from 25 to 150°C at
heating rate of 5°C · min−1.

3 Results and discussion

3.1 Titanate reaction pathways

People have previously studied guar gum and organic
titanium, and believed that the cross-linking between guar

(a) (c)(b)

Fig. 1 Schematic diagram of
molecular structure of ligands.
(a) L-Prolinol, (b) THAM,
(c) DIPA
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and titanate involved a monomeric titanium molecule
bridging the cis-hydroxyls on two guar chains [25]. The
cis-o-hydroxyl groups in the mannose units can cross-link
with the titanium ion of the butyl titanate. The presence of
these crosslinks gives rise to gel-like properties. The
titanium: hydroxyl bond has been confirmed to involve a

true esterification reaction [26]. Accordingly, the chem-
istry of titanium esterification reactions is well docu-
mented [27]. The sequence of hydrolysis reactions is
shown below (R represents different ligands and alkyl
groups) [28]:

TiðORÞ4 þ H2O Ð ðROÞ3TiOHþ HOR

ðROÞ3TiOH þ H2O Ð ROð Þ2TiðOHÞ2 þ HOR

etc.

ðTiÞsORþ H2O,k Tið ÞsOHþ HOR

The equilibrium constant of the reaction k is determined
by the concentration of alcohol in the solution and the
strength of the ligand bond TiOR.

The esterification (crosslinking) reaction between an
organotitanate and a hydroxyl group on KGM (HOR’) is

Fig. 2 The formation reaction of
each organic titanium
crosslinking

Fig. 3 Schematic diagram of the structure of KGM gel in the presence
of organictitanium
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given by [26, 28]:

ROð Þ3TiOH þ HOR0 Ð ROð Þ3Ti OR0ð Þ þ H2O

ROð Þ2Ti OHð Þ2þ2HOR0 Ð ROð Þ2Ti OR0ð Þ2þ2H2O

The specific conditions of crosslinking between the
polymer and the crosslinking agent are related to the reac-
tivity of the hydroxyl group, the binding constant of the
original titanate ligand, the ionic strength of the solution and
the temperature.

3.2 Sol-gel transition points

Sol-gel transition is an important physical phenomenon with
both considerable scientific and industrial importance [29]. It
is of great significance to accurately judge the sol-gel tran-
sition, and determine the delay time of the cross-linked gels
[30]. By exploring the changing trend of G’ and G” with
time, the sol-gel transition was studied. The dynamic vis-
coelastic behavior of concentrated or sub-concentrated
polymer solutions can be described by two parameters: the
storage modulus (G’) characterizes the elastic loss modulus
of the cross-linked network, and (G”) characterizes the
friction resistance between polymer segments [31].

According to the change of the dynamic modulus of the
polydimethylsiloxane chemical crosslinking gelation pro-
cess, Chambon and Winter [32] proposed a method to
determine the sol-gel transition point of the chemical
crosslinked gels from the dynamic mechanical spectrum.
For the gel transition point, there are two formulas defined
at this point:

G0ðωÞ � G00ðωÞ � ωn; 0< n< 1 ð1Þ

and

tanδ ¼ G00=G0 ¼ tan nπ=2ð Þ ð2Þ
n represents the relaxation index. A system with n

approaching 1 is defined as a purely viscous gel, whereas n
approaching to 0 indicates a purely elastic gel [33]. This
method indicates that the corresponding tanδ is a constant at
the gel transition point, independent of frequency. The
relaxation indexes corresponding to G’ and G” are the same
at the sol-gel transition points, that is, the G’~ω and G”~ω
curves are parallel. This equation has been widely used with
chemical gels [34, 35], synthetic gels and natural physical
gels [36, 37].

Figure 4 showed the time dependence of storage mod-
ulus (G’) and loss modulus (G”) for the KGM solutions in
the presence of organotitanium (I) (CL= 0.03 wt%) at dif-
ferent frequencies and at 25 °C. G’ increased with time and
G” grew slowly over time. It can be seen that G” was larger
than G’ in the early stage, showing a liquid-like behavior,
and both G’ and G” increase with the increase of frequency.
With the increase of time, G’ was gradually larger than G”,
and the gel behaved as a solid-like behavior. Thus, it can be
proved that the gel was not immediately cross-linked in this
system. The intersection time of G’ and G” varied at dif-
ferent frequencies, indicating that the time of intersection is
a function of frequency [38].

Figure 5 indicated the time dependence of loss tangent,
tanδ for the KGM solutions in the presence of organotita-
nium (I) (CL= 0.03 wt%) at different frequencies and at
25 °C. The sol-gel transition of the aqueous solution was

Fig. 4 Time dependence of storage modulus G’ (solid symbols) and
loss modulus G” (open symbols) for the KGM solution in the presence
of organotitanium (I). (CL= 0.03wt%) at different frequencies and at
25 °C

Fig. 5 Time dependence of loss tangent, tanδ for the KGM solution in
the presence of organotitanium (I) (CL= 0.03 wt%) at different fre-
quencies and at 25 °C
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monitored by the change of tanδ with time. From the figure,
it can be found that the tanδ~t curves at different fre-
quencies intersect at one point. The critical gelation time
(tcr) was determined to be 657 s, and n was calculated to be
0.61. The frequency dependence of moduli at various times
at 25 °C was shown in Fig. 6. It was observed that the
curves of G’, G”~ωn were parallel to each other at tcr=
657 s, where n= 0.61. The results obtained were in good
agreement with formulas (1) and (2). The Winter–Chambon
method was proved to be effective to determine the critical
gelation time in the whole concentration range of KGM and

organotitanium used in this study. The sol-gel transition
time can be determined according to this method, inde-
pendent of frequency.

As shown in Fig. 7 by the time dependence of loss
tangent at different frequencies for the KGM/organotita-
nium(II) complex system (CL= 0.03 wt%), the tcr was
determined to be 1327 s, and the corresponding n was
calculated to be 0.18. And Fig. 8 also proved that the curve
is indeed parallel at t= 1327 s. The sol-gel transition time
of this system was longer compared with organotitanium
(I), which should be attributed to the more stable coordi-
nation structure of the cross-linking agent. Similarly, the
sol-gel transition time of the (III) cross-linking agent
systems was determined according to this method, which
was 1629s as shown in Figs. 9 and 10. The sol-gel tran-
sition time varies with different ligands in the organotita-
nium crosslinkers. In the KGM/ organotitanium system,
most titanium ions were chelated by different coordination
agents through coordinate linkage. The stability of orga-
notitaniums varies with the structure of the ligand. When
the structure of organictitanium is stable, it is difficult for
titanium ions to dissociate from organictitanium, resulting
in longer gel time.

Due to the introduction of organic compounds as ligands
in the cross-linking agent, the system has the property of
delayed cross-linking. The cross-linking process of orga-
nictitanium with KGM is akin to that of organic borate. The
whole chemical equilibria involving dissociation of orga-
nictitanium in water, formation of titanium ions, and com-
plexation between cis-diol sites on KGM chains and
titanium ions determine the number of crosslinks. Once the
subsistent free titanium ions were crosslinked with cis-diol
hydroxyl groups of KGM, the coordinate linkage between
the chelated titanium ions and the coordination agent was
gradually destroyed. As a result, the coordinate balance was
interrupted. There is a competition relationship between cis-
diol hydroxyl groups and coordination agent. While more
and more free titanium ions were released, the crosslinking
points among KGM chains appeared and finally the gel
formed. Therefore, the sol-gel transition of KGM solutions
in the presence of organictitanium can be observed, attri-
buting to the formation process of sufficient crosslinking
points. This delayed cross-linking effect is of great sig-
nificance in the transportation of fracturing fluid in oil field
[11]. The organic coordination agent which was called
delay additive served to mask the presence of at least a
portion of the titanium ions at first, thereby providing a
reserve of titanium ions for cross- linking the fluids as time
went on. The sol-gel transition time of polymer solution is
controllable, simultaneously. It reduces the friction con-
sumption in the process of conveying fracturing fluid, thus
saving energy.

Fig. 6 Frequency dependence of G’ and G” of KGM solutions in the
presence of organotitanium (I) (CL= 0.03 wt%) at various times at
25 °C. The data are shifted along horizontal and vertical axes by 10a

and 10b, respectively, to avoid overlapping

Fig. 7 Time dependence of loss tangent at different frequencies for the
KGM/ organotitanium (II) complex system at 25 °C (CL= 0.03 wt%)
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3.3 Effect of concentration of ligands on sol-gel
transition

In the preparation of each kind of organotitanium cross-
linker, there were five different ratios of ligands to titanium
(CL), which were 0.01, 0.02, 0.03, 0.04, 0.05 wt%, respec-
tively. Figure 11 showed the value of tcr as a function of CL

at various organotitanium crosslinkers. Apparently, the
value of tcr of the complex gel increased with the increase of
CL under a particular system. The growth rate becomes slow
with the increase of ligand content, indicating that when the
ligand content reaches a certain extent, its effect on the sol-

gel transition tends to be stable. The sol-gel transition time
varies with different ligands in the organotitanium cross-
linkers. In the case of the same CL, the sol-gel transition
time of KGM/ organic titanium crosslinker III is longer than
that of other systems.

When increasing concentration of ligands at a fixed
concentration of tetrabutyl titanate, it became more difficult
for titanium ions to dissociate. Thus, less free titanium ions
were released in the mixture solution. Correspondingly, it’s
difficult for titanium ions to attach cis-diol sites to form
intermolecular complexes, so gel formation was obstructed.
Therefore, the sol-gel transition time of the system became
longer with the increase of CL. When CL increased to a
certain value, the coordination number of titanium ions

Fig. 8 Frequency dependence of G’ and G” of KGM solutions in the
presence of organotitanium (II) (CL= 0.03 wt%) at various times at
25 °C. The data are shifted along horizontal and vertical axes by 10a

and 10b, respectively, to avoid overlapping

Fig. 9 Time dependence of loss tangent at different frequencies for the
KGM/ organotitanium(III) complex system at 25 °C (CL= 0.03 wt%)

Fig. 11 The value of tcr as a function of CL at various organotitanium
crosslinkers at 25 °C

Fig. 10 Frequency dependence of G’ and G” of KGM solutions in the
presence of organotitanium (III) (CL= 0.03 wt%) at various times at
25 °C. The data are shifted along horizontal and vertical axes by 10a

and 10b, respectively, to avoid overlapping
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gradually reached saturation. Even with the addition of CL,
the sol-gel transition time would not increase rapidly. As
shown in the Fig. 11, the growth of the curve became slow
at the end.

The number of ligand alkyl branches was related to the
degree of molecular association. The more branches of the
alkyl group, the stronger the shielding effect on the central
titanium atom. This also prevents the occurrence of asso-
ciation [39]. It can be seen from Fig. 2 that the organoti-
tanium crosslinker III has the most branches. Consequently,
the dissociation of titanium ions is the most difficult in III

systems. It follows that the sol-gel transition time of com-
plex III was longer than others.

In a word, with the increase of CL, the probability of the
cross- linking reaction between KGM and organotitanium
decreased, resulting in slower gelation kinetics and the
longer sol-gel transition time. Additionally, with the dif-
ferent structure of the ligand, the stability of the organoti-
tanium structure is diversified, which could also lead to
varied sol-gel transition times and network structures
of KGM.

3.4 Determination of sol-gel temperature

For temperature resistant polymer gels used as fracturing
fluids, the critical sol-gel temperature (Tsol) is an
important factor that should be taken into consideration.
In the present study, the validity of determination of Tsol

by Winter–Chambon method was verified. Figure 12
showed the temperature dependence of G’ and G” of
KGM/ organotitanium (I) solutions (Ck = 4.0 g/L, CL =
0.6 wt%) at different frequencies. It indicated that G”
decreased gradually with the increase of temperature. G’
decreased gradually when the temperature was lower
than 66 °C. When temperature ranged about 66 °C, there
was a sharp rise of G’, and the increase of G’ became
faster with the increase of temperature. It indicated that
the fluidity of the solution increases as the temperature
increases, when the temperature is below 66 °C. On the
other hand, with increasing the temperature, the elasti-
city of the solution increased and the complex showed a
solid-like behaviors. As can be seen, the solution
undergoes a sol-gel transition when the temperature is
greater than 66 °C, which is sufficient to resist the
fluidity caused by the increase in temperature. The
intersection point of G’ and G” can be observed in Fig.
12, but it strongly depends on the frequency. Figure 13
showed the temperature dependence of loss tangent (tan
δ) for KGM/ organotitanium (I) solutions (CL = 0.03 wt
%) at different frequencies. Like the determination of the
time of tcr for KGM/organotitanium gels, the
Winter–Chambon method is still effective in determining
the Tsol. One can observe an intersection point (Tsol =
66.2 °C) from tanδ ~ temperature curves at various fre-
quencies. This indicated that KGM/organotitanium can
achieve high crosslinking density at higher temperatures.

3.5 Thermal analysis results

Thermal stabilities of KGM/ organotitanium composite gels
(I, II, and III, CL= 0.03 wt%) were shown in Fig. 14. It can
be seen that there was an obvious platform for all three
curves at about 100 °C, which was caused by the evapora-
tion of water. There was a peak value in the three curves,

Fig. 12 Temperature dependence of G’ (open symbols) and G” (solid
symbols) of KGM/ organotitanium (I) (CL= 0.03 wt%) gel at different
frequencies

Fig. 13 Temperature dependence of loss tangent (tan δ) for KGM/
organotitanium (I) solutions (CL= 0.03 wt%) at different frequencies
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which was 108, 117, and 125 °C respectively, which
represented the decomposition temperature of the KGM/
organotitanium composite gels I, II, and III. Consequently,
the thermal stability of KGM/ organotitanium III gels was
the most stable.

As mentioned above, KGM/ organotitanium III system
had the best delayed crosslinking effect and the best tem-
perature resistance at the same CL. Hence, organotitanium
III was the best choice.

4 Conclusions

The crosslinking of the cis-diol groups on man- nose units of
KGM in aqueous solution with free titanium ions coming
from the dissociation of organotitanium alcohol solutions
formed thermoreversible gels. Different organotitanium
crosslinking agents can delay the critical gelation time tcr of
KGM in a similar chelating manner. L-Prolinol, THAM and
DIPA were selected as ligands. In the process of cross-link-
ing, ligands participated in the competition between cis-
hydroxyl groups and titanium ions, which was characterized
by delayed gelation. The critical gelation time tcr can be
exactly determined by using Winter–Chambon criterion
based on the results of rheological measurements. The value
of tcr was lengthened by increasing the concentration of
ligands and the stability of chelates. It was found that the
critical sol-gel temperature (Tsol) of the solutions can also be
elucidated by Winter–Chambon criterion based on the results
of temperature dependence of rheological properties. KGM/
organotitanium- DIPA (III) system had the best delayed
crosslinking effect and the best temperature resistance at the
same CL. In the following work, effect of concentration of

KGM and organotitanium on rheological properties will be
investigated.
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