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ABSTRACT

Carboxymethylation of cassava starch was carried out in three different reaction media: iso-propanol (IP), dimethylsulfoxide
(DMSO) and water. Monochloroacetic acid (MCAA) and sodium monochloroacetate (SMCA) were employed as
modifying agents. With the objective of obtaining the best compromise between a high degree of substitution (DS) and a
low degradation of the starting polymer (indicated by a high zero-shear viscosity of the carboxymethyl starch (CMS) in
aqueous solution), the following reaction conditions were systematically varied: temperature, reaction time and reactants
ratios. The carboxymethylation reactions carried out using DMSO or water yielded water soluble derivatives while those
performed in IP were insoluble. When SMCA was used as a modifying agent, CMS with higher DS and viscosities were
produced as compared to those obtained with MCAA. On the other hand, factors such as temperature and time increased
the DS but reduced viscosity values. From all the studied conditions, those which produced the best results were: water
as a solvent at 60°C for 6 hours and a starch/SMCA molar ratio of 1:3. Under these conditions the derivative produced
exhibited a DS of 0.32 and a zero shear viscosity (no) of 0.073 Pa-s (for 2% CMS in water). DS values of up to 0.47 could
be obtained in DMSO but with a no value as low as 0.006 Pa-s (for 2% CMS in water).

Keywords: Cassava starch, carboxymethylation, carboxymethyl starch, rheology, biopolymers.

MODIFICACION QUiMICA DEL ALMIDON DE YUCA MEDIANTE REACCIONES
DE CARBOXIMETILACION USANDO MONOCLORO ACETATO DE SODIO COMO
AGENTE MODIFICANTE

RESUMEN

En este trabajo se llevo a cabo la carboximetilacion de almidon de yuca en tres medios de reaccion diferentes: isopropanol
(IP), dimetilsulfoxido (DMSO) y agua, usando acido monocloroacético (AMCA) y monocloroacetato de sodio (SMCA)
como agentes modificantes. A fin de obtener un almidén modificado con el mayor grado de sustitucion (DS) y con la
menor degradacion posible, se realizaron varias reacciones donde se variaron sistematicamente la temperatura, tiempo
de reaccion y la proporcion de los reactivos empleados. Las reacciones de carboximetilacion llevadas a cabo utilizando
DMSO o agua produjeron derivados solubles en agua, mientras que los obtenidos en IP resultaron insolubles. Cuando se
empled el SMCA como agente modificante se obtuvieron productos con grados de sustitucion y viscosidades mayores que
cuando se utilizo el AMCA. Por otro lado, aunque la temperatura y el tiempo de reaccion favorecen el aumento del DS,
disminuyen la viscosidad de las soluciones ya que ambos promueven la degradacion del almidon. Los mejores resultados
se encontraron cuando se us6 agua como solvente a una temperatura de 60 ° C, con un tiempo de reaccion de 6 horas y
una proporcion almidon / SMCA de 1:3(mol:mol). En estas condiciones el derivado producido exhibié una DS de 0,32 y
una viscosidad de corte cero (no) de 0,073 Paes. (para disoluciones de 2% de CMS en agua). Cuando se emple6 DMSO
se obtuvieron valores de DS de hasta 0,47 pero con valores de no tan bajos como 0.006 Paes (para disoluciones de 2% de
CMS en agua).

Palabras Clave: Almidon de yuca, carboximetilacion, almidon carboximetilado, reologia, biopolimeros.
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INTRODUCTION

Cassava (Manihot Esculenta, sin. M. Utilissima) known
also as manioc or yucca is a tropical plant and represents
one of the most important crops in some tropical countries.
Cassava is an important starch source. The content of
amylose in cassava starch usually lies within the range of
about 20-30% by weight. Industrial uses of cassava starch
have been mainly oriented to textile and food industries.
This fact is based fundamentally in some of the natural
properties of starch such as its granular structure, low
solubility in cold water, colloidal dispersion during heating,
adhesiveness and thickening and texturing capacities
(Jaspreet et al. 2007). Chemical modification of starch and
other polysaccharides is one of most important alternatives
for the production of biodegradable polymers. In the
particular case of starch these modifications involve changes
in its granular structure yielding products with different
degrees of gelatinization, swelling and solubility behavior
as compared to native starch. Hydrophilic or hydrophobic

starches can be synthesized depending on the nature of the
modifying agent; these chemical modifications increase the
potential industrial applications of starch (Jaspreet et al.
2007; Heinz & Koschell. 2005).

The carboxymethylation reaction as a tool for the chemical
modification of starch has been studied in the last few
decades since it is a simple way to obtain derivatives with
interesting industrial properties [Lazi et al. 2002; Zhang,
2001; Kittipongpatana et al. 2006; Zhou et al. 2007; Jie et
al. 2004; Volkert et al. 2004; Moorthy et al. 2006). This
modification is in essence an etherification reaction whose
aim is to insert a hydrophilic group in the anhydroglucose
unit (AGU) of starch in order to stabilize it in aqueous
media and prevent its retrogradation at low temperatures.
Carboxymethylation involves two successive steps in
agreement with the Williamson etherification reaction
shown in Scheme 1. For simplicity, in this scheme the
substitution is shown only in the C6 position of the AGU,
but it can also occur in the C2 and C3 positions.

Scheme 1. Carboxymethylation reaction.

The degree of substitution (DS) and the yield of the
reaction obtained in the carboxymethylation process, as in
other modifications of starch, depend on its source (Jie et
al. 2004; Volkert et al. 2004; Moorthy et al. 2006). During
the last fifty years, the starch has been used as feedstock
for the development of polymer additives in the field
of oil industry. In this regard, many studies based on the
preparation and properties of etherified starches for use in
the oil field had been doing, in particular in the preparation

of highly substituted derivatives (Zhang, 2001). However,
there is a huge gap in terms of rheological studies relating
the structure and modification of the CMS with behaviors
that can present their solutions to be subjected to cutting
processes (Lapasin et al. 1992; Sangseethong et al. 2005).

Therefore, the objective of the present work is the
optimization of the carboxymethylation reaction in order
to obtain a relatively high degree of substitution with
the lowest possible degradation and good rheological
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properties. The degradation was monitored by determining
the low shear rate viscosity of aqueous solutions of CMS,
since these are the main basis for studying the application
of these products as possible substitutes for other additives
currently used in drilling mud formulations. Here were
explored different reaction media such as isopropanol
(IP), dimethylsulfoxide (DMSO) and water and two
modifying agents: monochloroacetic acid (MCAA) and
sodium monochloroacetate (SMCA). There were employed
different starch/modifying agent molar ratios, temperatures
and reaction times in order to determine the best conditions
to generate a derivative with the highest DS and highest low
shear viscosity (no) values in aqueous solutions.

EXPERIMENTAL TECHNIQUES
MATERIALS

Cassava starch which contains 30% amylose was kindly
supplied by Agroindustriales Mandioca S.A., Venezuela.
Dimethyl sulfoxide (DMSO) and monochloroacetic acid
were purchased from Riedel-de Haén and were used as
received. Others chemicals and solvents were of analytical
grade and employed without further purification. Water
used in the preparation of carboximethyl starch (CMS) was
distilled and deionized before use.

STARCH MODIFICATION

In a three neck flask the base is dissolved in the selected
solvent (NaOH in DMSO or water and KOH in IP) then,
under magnetic stirring the starch is added and dispersed in
the solvent (about 2%w/v). The mixture is heated to reach
the reaction temperature and maintained during the required
time for the starch activation. Thereafter, the modifying
agent, monochloroacetic acid (MCAA) or its sodium salt
(SMCA) is added under stirring at a preset temperature, the
reaction is left to progress during a selected time. Finally,
the product is precipitated with MeOH and the solution
is refrigerated overnight to allow the precipitation of the
entire product. The modified starch is filtered and dried in
vacuum desiccators or in an oven at 40°C for 12 hours.

ANALYTICAL METHODS

Infrared spectra were registered on a Perkin-Elmer 2000
FTIR instrument employing KBr discs. The values of DS
were estimated by the titration method previously described
by Stojanovic (Stojanovic et al. 2005). Rheological
measurements were carried out in a Rheometric Scientifics
ARES (902-30004) rheometer under strain rate controlled
conditions. The solutions were prepared in distilled water

at a concentration of 2% w/w of the modified starch
(CMS). A double wall couette fixture was employed with
a temperature control set at 25.00 + 0.05 °C, in a shear rate
range of 0.1 to 1000 s-1.

RESULTS AND DISCUSSION

As previously discussed, the aim of this work is to
determine the best reaction conditions to perform the
carboxymethylation of cassava starch in order to obtain
CMS derivatives with the highest degrees of substitution
(DS) and solution viscosities. Care should be exercised
since the variables that usually enhance the DS of the
derivatives also produce starch degradation, with the
concomitant reduction in the solution viscosity (Jie et al.
2004; Sangseethong et al. 2005; Qiu &, He, 1999). With
this aim in mind, the following strategy was employed:
First, it was studied the influence of the solvent starting
with experimental conditions previously reported in the
literature (Heinz & Koschell., 2005; Mollega et al. 2011;
Flores, 2006). Then, when the best reaction media was
selected, it was studied the influence of employing MCAA
or SMCA as modifying agents mainly because they have
been widely employed in previous literature (Heinz &
Koschell, 2005; Jie et al. 2004; Sangseethong et al. 2005;
Stojanovic et al. 2005, Qiu & He, 1999; Mollega et al.
2011, Flores, 2006). Finally once the best conditions to
obtain maximum DS and solution viscosities were selected,
the effects of reaction time and temperature were studied.
The results obtained are reported below.

EFFECT OF
MODIFICATION

THE SOLVENT ON THE

A number of experimental studies have been undertaken
to determine the influence of the solvent on the
carboxymethylation of Cassava Starch. In this regard,
different water-alcohols mixtures (Jie et al. 2004;
Sangseethong et al. 2005; Qiu & He, 1999), water (Flores,
2006, Hofreiter, 1986) and organic solvents (Tijsen et al.
2001) has been used as a reaction medium. In the first
stage of this work the carboxymethylation reaction was
performed using three different solvents: IP, DMSO and
water. The AGU/(modifying agent) molar ratios employed
were based on those previously reported in the literature
(Heinz & Koschell A, 2005; Flores, 2006), and they are
listed in Table 1. In some experiments, pregelatinized
starch was used to determine if pregelatinization had some
influence in the carboxymethylation process.

When the reaction was carried out in water the reaction
mixture was completely soluble. In  DMSO, the starch
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granules were swollen and partially dissolved, while in IP
the cassava starch was only dispersed and a heterogeneous
media was obtained. After the reaction time elapsed,
the derivatives were purified by MeOH addition and the
derivatives obtained in water and DMSO precipitated from
solution, while the products obtained in IP remain always
insoluble throughout the reaction.

After the derivatives were purified and dried, they were
placed in vials to try to dissolve them in distilled water.
The derivatives obtained in water and DMSO, were soluble
and transparent solutions were successfully prepared. This
solubility was not only due to the alkalization treatment
of native starch, but also would indicate the introduction
of negatively charged carboxymethyl groups into native
starch. The derivative obtained in IP was only swollen in
water and a cloudy solution/dispersion resulted with very
limited solubility. This fact suggests that the modification
of cassava starch in IP only occurs on the surface of the
granular material and the partial solubility in pure water
is a consequence of the activation in the alkali medium of
the external OH groups of the AGU, together with a low
insertion of carboxymethyl groups on the surface of the
starch particles. The reaction conditions and the obtained
results at this stage are shown in Table 1.

The results reported in Table 1 were reproducible for each
solvent and no appreciable differences were observed when
pregelatinized or initially native materials were employed.

The FTIR spectra of the obtained CMS are shown in Figure
1 and they are in agreement with the expected structure of
the modified starches (Qiu & He, 1999; Mollegaetal. 2011).
As may be appreciated in Figure 1, the main difference

between the spectra of modified and native starch is the
broadening of the signal that appears at 1645 cm-1 which
is related to the water content associated with the starch.
In the CMS this signal is overlapped with the asymmetric
stretching vibration of the C=0O bond of the carboxylate
group which appears near 1600 cm-1. The overlapping of
these signals was previously reported by us in a work which
included a study with deconvolutionated IR spectra with
analogous CMS’s (Mollega et al. 2011). Furthermore, these
spectra also show another band near 1420 cm-1 attributed
to the symmetric stretching of the carboxylate group. All
spectra of the modified starches do not showed SMCA
bands at 1248 and 673 cm-1, which indicate that all of the
obtained CMS were free of modifying agent residues.

The FTIR spectra, in addition to the fact that the modified
starches were ultimately soluble in water, indicate that the

carboxymethylation reaction was effective in water and
DMSO.

On the other hand, the poor solubility of the derivatives
obtained in IP strongly suggests that the modification in
this solvent (even though it is also documented in Figure
1) is only superficial since the reaction was carried out in a
heterogeneous media. Therefore, the granular structure of
native starch was not substantially destroyed hindering the
modification within the particles. This is consistent with the
results reported by other authors, whereby the addition of
water to isopropanol result in a significative improvement
of starch particles swelling which facilitates mass transfer
of the reactant into starch particles, and consequently
an increase in the degree of substitution (Jie et al. 2004;
Sangseethong et al. 2005).

Table 1. Experimental conditions and results of the carboxymethylation of cassava starch carried out in IP, DMSO and

water®,
Experiment Solvent M(;(:efl):ing A(?nljl/::lnoo(:;ffsr Starch (g) pi)e(?szito(lrg) sollflj)lz/l[ify @

A1® IP MCAA 1:3 1.98 1.68 -
A2 IP MCAA 1:3 2.00 223 -
A3 IP SMCA 1:3 2.00 2.72 -
A4 DMSO SMCA 1:10 1.01 1.14 +
AS DMSO SMCA 1:10 1.01 1.24 +

A6 ® DMSO SMCA 1:10 1.00 1.15 +
A7 H20 SMCA 1:3 1.01 0.87 +

@ Reaction time 2 hours. Temperature 80°C. ® Pregelatinizated starch. © AGU: Anhidroglucose unit. Molar ratio AGU/ base were 1:3, 1:20 and 1: 2

respectively when IP, DMSO and water was employed as solvent. @ + soluble, - insoluble (slight swelling observed).
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Figure 1. FTIR spectra of: (A) native cassava starch and (B) CMS prepared in water (The IR spectra of CMS'’s obtained
in DMSO and IP were similar to the derivative obtained in water).

EFFECT OF THE MODIFYING AGENT

In order to study the effect of the modifying agent, a
series of assays were carried out in water as a solvent,
since it provides a homogeneous reaction media. For these
experiments all the reactions were performed at 75°C with

a total reaction time of 4 hours, which includes one hour for
the starch activation together with the NaOH before adding
the modifying agent. The results obtained are summarized
in Table 2. All products were soluble in water and their
FTIR spectra were similar to those shown in Figure 1.

Table 2. Experimental conditions and results obtained for carboxymethylation of cassava starch using water as solvent®,

Experiment M(:::zing A((ig(/:;:::lili)i e Starch (g) pl::;:zitogg) n0 (Pa.s)
Bl SMCA 1:1 1.01 0.64 0.045
B2 MCAA 1:1 1.00 0.88 0.015
B3 SMCA 1:2 1.01 0.60 0.031
B4 MCAA 1:2 1.00 0.87 0.013

@ Reaction temperature 75°C, total time of reaction 4 hours included 1 hour for the starch activation together with the base before to add the modifier

agent. Molar ratio AGU/ base 1: 2.

Figure 2A shows the results of simple shear rheological
measurements for two chosen derivatives. Both samples
exhibit a shear thinning behavior, which is typical of
solutions of high molecular weight polysaccharides at
moderate concentrations. In this paper we will refer to the
viscosity determined at the lowest possible shear rate as a
nominal zero shear rate viscosity or N0 (even though the
viscosity value may not be strictly extrapolated to zero
shear rate since in most cases we do not observe a low
shear rate plateau value, therefore, the values reported
as N0 were measured at shear rates in the range of 1 - 3
s-1). As can be seen in Figure 2A the starch solutions

display viscosities that are at least one and a half orders of
magnitudes higher than that of water (the viscosity of water
at 25 °C is approximately 0.001 Pa.s). Figure 2B shows the
values of the nominal zero-shear viscosities for all CMS’s
synthesized according to the conditions presented in Table
2. The derivatives prepared employing SMCA as modifying
agents are more viscous than those obtained employing
MCAA. This probably indicates that a higher degree
of substitution was obtained using SMCA than MCAA
when all the other reaction parameters are equivalent. In
this regard, it has been reported that the incorporation of
carboxymethyl groups in the starch molecules increase the
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viscosity (Sangseethong et al. 2005). This improvement
of viscosity is due to the repulsion of negatively charged
carboxymethyl groups, starch molecules tended to exist
in a more expanded state; thus occupying more space for
gyration and exhibiting higher viscosity (Sangseethong et
al. 2005); therefore higher degree of substitution higher

viscosity. On the other hand, the fact that when was used
SMCA as the modifying agent it was obtained higher degree
of substitution is in accordance with neighboring-group
effect observed in the nucleophilic substitution reaction
(Smith & March, 2001).
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F =
B T T AT
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Figure 2. (A) Shear viscosity as a function of shear rate for two derivatives chosen as examples from Table 2 with a
starch:modifier:NaOH molar ratio of 1:1:2. (B) Zero-shear viscosities of the derivatives obtained in water with the
experimental conditions shown in Table 2. All rheological measurements were performed at 25 °C.

EFFECT OF THE TEMPERATURE AND REACTION
TIME

According to the previously described results, the
carboxymethylation of cassava starch can be performed
satisfactorily in water or in DMSO, since water soluble
products are obtained that display viscosities at least 10
times higher than water. We also obtained better results
(higher solution viscosities) with SMCA instead of MCAA.
Therefore, a new series of experiments were performed in
water and DMSO employing SMCA as modifying agent

in order to study the effects of AGU:SMCA molar ratio,
temperature and reaction time while the AGU:NaOH molar
ratio was fixed at 1:2 (Mollega et al. 2011). Table 3 provides
a summary of the results obtained.

As may be appreciated in Table 3, all studied variables have
a large influence on the DS and on the solution viscosity
values. The CMS’s prepared in water employing an AGU:
SMCA molar ratio of 1:3 exhibit higher DS values than
those prepared with a 1:1 molar ratio. This can also be
appreciated by comparing Figure 3A and Figure 3B.

Table 3. Results of the carboxymethylation of cassava starch varying molar ratio, temperature and reaction time, using

water and DMSO as solvents.

Sample Solvent Reaction time (h) T (°C) AGUSMCA Substitution 10 (Pa-s)©®
(mol:mol) ® degree ®
Cl H20 6 50 1:1 0.14 0.005
C2 H20 6 60 1:1 0.14 0.016
C3 H20 6 75 1:1 0.20 0.009
C4 H20 3 75 1:1 0.18 0.024
C5 H20 6 50 1:3 0.25 0.032
Co H20 6 60 1:3 0.32 0.073
Cc7 H20 3 75 1:3 0.29 0.037
C8@ DMSO 3 75 1:1 --- ---
C9@ DMSO 6 50 1:10 --- -
C10@ DMSO 6 60 1:10 --- -
Cll DMSO 3 75 1:10 0.33 0.014
Cl12 DMSO 6 75 1:10 0.47 0.006

@ Molar ratio AGU/ base 1:20 and 1: 2 respectively when DMSO and water was employed as solvent. ® By titration, using the Stojanovic method [10].

©Measured at 25°C using 2% w/w water solutions. @ Insoluble in water.
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In the case of DMSO as solvent, the reaction only took
place when an AGU: SMCA molar ratio of 1:10 was
employed at 75 °C. As may be unambiguously appreciated
in Figure 3, for both solvents, longer reaction times and
higher temperatures increase the DS.

Further analysis of Table 3 and Figure 3 allow us to establish
that high DS values and large solution viscosities of the
derivatives prepared in water are favored by a moderate
temperature (60°C), long reaction time (6 hours) and an
excess of the modifying agent. High temperatures (75°C)
yield products with higher degrees of modification but with
low values of solution viscosity as a consequence of sample
degradation. Finally, low temperatures, in this case 50°C,
promote derivatives with low DS and low solution viscosity
values.

(A)

0.5 —In,

0.4 A DS
)] 0.31 soec  soec  75°C 750C
O 021 sh &h &h 3h
= v 7 7 % 7
[
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& 0011

R Y

Derivatives in Water (1:1)

When the modification of starch was performed in DMSO
(Figure 3C) the results obtained were similar to those
obtained in water. Nevertheless, if the experimental
conditions are the same, the modification carried out in
water yield materials that exhibit larger solution viscosities
than those obtained in DMSO, suggesting that the DMSO
would induce the degradation of the samples.

Theseresults indicate thatan increase in reaction temperature
and the concentration of modifying agent, results in an
increase in the reaction rate, in line with expectations in a
SN2 reaction (scheme 1) (Smith & March , 2001).
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Figure 3. Values of degrees of substitution (DS) and initial viscosities of the modified starches (see Table 3): (A)
derivatives prepared in water using an AGU:SMCA molar ratio of 1:1, (B) derivatives prepared in water using an
AGU:SMCA molar ratio of 1:3 and (C) derivatives prepared in DMSO using an AGU:SMCA molar ratio of 1:10.

A COMPARISON OF THE ZERO SHEAR
VISCOSITIES OF SOLUTIONS OF CMS AND
ACTIVATED STARCH.

With the aim to establish a comparison between native starch
and CMS’s, the former was activated with the following
conditions: AGU:NaOH molar ratio of 1:2, 60°C during 6
hours but without adding the modifier agent (SMCA).

The activated native starch exhibits very low viscosity
values (see Figure 4) which are similar to the viscosity of

water (i.e., 0.001 Pa.s). This sample is compared in Figure 4
with the best CMS’s obtained in DMSO and water (samples
CI11 and C6 in Table 3). A logarithmic scale was used to
clearly evidence the striking differences. In the case of the
CMS prepared in water at 60 °C, the solution viscosity is
almost two orders of magnitude higher than that of water
or an aqueous solution of activated native cassava starch.
As it was indicated in paragraph 3.2, the improvement of
viscosity in CMS might be due to the presence of negatively
charged carboxymethyl groups (Sangseethong et al. 2005).

103



Water

10'1—: &0 °C | Gh
o
DMSO
= 75°C | 3h /
] 2
o
=]
| —g
1074
I T T =
Strch-Activ - C11 Ce
Derivatives

Figure 4. Zero shear viscosity values for the indicated aqueous solutions of: activated native cassava starch, and
samples C11 and C6 from Table 3.

CONCLUSIONS

It is possible to perform the carboxymethylation reaction of
cassava starch employing IP, DMSO or water as solvents,
as previously reported in the literature. Nevertheless, when
IP is employed, the process appears to be confined to the
surface of the starch particles and the products obtained in
this work were not water-soluble.

Under the experimental conditions employed in this work,
the best modifying agent was SMCA as compared to
MCAA.

Under the same experimental conditions, the modifications
carried out in water generate starch derivatives which
exhibit higher solution viscosities than those obtained in
DMSO, even though those obtained in DMSO may exhibit
higher degrees of substitution. This fact indicates that
DMSO apparently promotes higher degradation reactions
during carboxymethylation than water.

An increase in the temperature of the carboxymethylation
reaction favors the increase of the substitution degree
but decreases solution viscosity. The increment in the
SMCA:starch molar ratio increases both DS and solution
viscosity values. The results also suggest that it is not
necessary to perform a pregelatinization procedure before
the carboxymethylation reaction is carried out.

Finally the CMS that exhibited the highest value of solution

viscosity (at a fixed concentration of 2% w/w) was obtained
with water as solvent, a starch: SMCA molar ratio of 1:3, a
temperature of 60°C and a reaction time of 6 hours.

It is important to monitor the degradation of the starch
during the carboxymethylation reaction (in this case, we
employed solution viscosity as a qualitative measure of
degradation), since certain reaction conditions may promote
higher DS but at the expense of degrading the starch in such
an extent that it may be rendered useless for certain specific
applications.
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