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ABSTRACT: Reduction in viscosity at higher temperatures is the main limitation
of utilizing cellulose ethers in high thermal reservoir conditions for petroleum
industry applications. In this study, cellulose ether (hydroxyethyl methyl cellulose
(HEMC)) is modified using organic carbonates, i.e., propylene carbonate (PC) and
diethyl carbonate (DEC), to overcome the limitation of reduced viscosity at high
temperatures. The polymer composites were characterized through various
analytical techniques, including Fourier-transform infrared (FTIR), H-NMR, X-
ray diffraction (XRD), scanning electron microscope (SEM), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), ζ-potential measurement,
molecular weight determination, and rheology measurements. The experimental
results of structural and morphological characterization confirm the modification
and formation of a new organic carbonate-based cellulose ether. The thermal
analysis revealed that the modified composites have greater stability, as the modified
samples demonstrated higher vaporization and decomposition temperatures. ζ-potential measurement indicates higher stability of
DEC- and PC-modified composites. The relative viscometry measurement revealed that the modification increased the molecular
weight of PC- and DEC-containing polymers, up to 93,000 and 99,000 g/moL, respectively. Moreover, the modified composites
exhibited higher levels of stability, shear strength and thermal resistance as confirmed by viscosity measurement through rheology
determination. The observed increase in viscosity is likely due to the enhanced inter- and intramolecular interaction and higher
molecular weight of modified composites. The organic carbonate performed as a transesterification agent that improves the overall
properties of cellulose ether (HEMC) at elevated temperatures as concluded from this study. The modification approach in this
study will open the doors to new applications and will be beneficial for substantial development in the petroleum industry.

1. INTRODUCTION
Cellulose is the most abundant renewable biopolymer on
Earth.1 In recent years, cellulose and its derivatives have
received increasing attention across various industrial
applications due to their unique properties including
biodegradability, biocompatibility, and chemical stability.2,3

Among cellulose derivatives, cellulose ethers are particularly
well-documented for their use as emulsion stabilizers,
thickeners, suspension stabilizers, binders, adhesives, film
formers, finishing composites, and protective colloids in
different industries.4 Furthermore, their water solubility,
improved rheology, water retention, and high viscosity
capabilities make them distinctive and suitable for use in the
petroleum industry.5

Methyl cellulose (MC), hydroxyethyl cellulose (HEC),
carboxy methyl cellulose (CMC), ethyl cellulose (EC),
hydroxyethyl methyl cellulose (HEMC), hydroxypropyl
cellulose (HPC), and hydroxypropyl methyl cellulose
(HPMC) are important types of cellulose ether. Polymers

and polysaccharides, both macromolecules, are widely used in
the petroleum industry due to their properties such as
chemical stability, nontoxicity, and solubility in water.6,7

Cellulose ethers are used as multifunctional additives in
drilling fluids and cement slurries to control fluid loss,
improve rheology, and achieve other relevant properties
recommended by the American Petroleum Institute (API).5,8

However, cellulose ethers are prone to thermal thinning and
viscosity loss at high temperatures. The regular structure of
the molecules weakens with increasing temperature, leading to
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a decrease in solution viscosity due to thermal degrada-
tion.9−11

Polyalkylamine (PAM) and xanthan form precipitations and
degrade at a high temperature greater than 80 °C.12 HEC
loses viscosity above 60 °C,13 while partially hydrolyzed
polyacrylamide (HPAM) polymer becomes unstable beyond
70 °C.14 Starch and CMC degrade significantly above 90
°C,15 and xanthan gum experience a drop in viscosity above
85 °C.16,17
Therefore, it was necessary to modify, regenerate, and

synthesize the polymer to compensate for viscosity loss. There
are various studies on the synthesis/regeneration of polymer
to describe the development of new intermolecular hydrogen
bonds to enhance the polymer properties for petroleum and
other industrial applications.18−20 In emerging green for-
mulations, natural polymers have been synthesized to improve
the API properties of drilling fluids and cement slurries, and to
enhance the sweep efficiency for hydrocarbon recovery.21 The
combination of biopolymers, including CMC, hydroxypropyl
starch (HPS), and xanthan, with fluid additives, showed
higher and improved viscosity. However, the ζ-potential value
of the synthesized polymeric solution was unstable and
fluctuating, leading to its unsuitability for use in opera-
tions.22,23 Additionally, a combination of various natural
polymers has been employed in fluids as a thermal stability
control and viscosity modifier agent to improve fluid
properties. However, despite these benefits, polymers have
certain limitations related to displacement in the wellbore.
The high viscosity of polymeric solution at normal surface

conditions can increase the pump pressure and pump rate
during displacement.24,25 Furthermore, this high surface
viscosity can cause operational problems such as wellbore
instabilities and delays in the transportation process of drill
cuttings to the wellbore surface.26 The viscosity of the
polymeric solution was increased due to the use of a higher
concentration of polymer and a combination of various
polymers in order to enhance the stability at higher
temperatures. The higher viscosity and wellbore instability
problem at surface conditions can be compensated by adding
plasticizers or dispersant additives in drilling fluid and cement
slurry. On the other side, a low polymer concentration may be
advantageous under these conditions, but at higher temper-
atures, the solution’s viscosity will decrease, and it would not
be able to reach the fluid’s desired goal. Under such
circumstances, it is recommended to use ionic liquid and
organic solvent to compensate for the viscosity loss of the
polymeric solution at high temperatures. Ionic liquids and
solvents are being used for modification and regeneration to
enhance the properties of polymers.27 However, the current
regeneration methods are considered highly problematic due
to toxic ionic solvents and reagents requiring multiple
derivatization steps and high-temperature reactions.28 These
processes are associated with substantial environmental
pollution and pose economic and environmental challenges.29

Therefore, in recent years, there has been a search for less
polluting, simpler, and more efficient energy methods to
improve thermal stability and enhance the properties of
solutions.22,28,30

Propylene carbonate (PC), ethylene carbonate (EC),
diethyl carbonate (DEC), and dimethyl carbonate (DMC)
are nonpolymeric cyclic and acyclic organic carbonate solvents
that are minimally toxic and biodegradable.31 These solvents
have been investigated as green cosolvents for modification

and are considered viable alternatives to conventional ionic
liquids regarding safety and environmental impact.32 These
environmentally friendly properties of organic carbonates
make them highly suitable as potential green solvents and
transesterification agents for modification. In the literature,
limited studies were reported on polymer composites’
regeneration using organic solvents to enhance the molecular
weight and viscosity of polysaccharides.33 The literature search
found that the characterization of these regenerated polymers
needed to be documented. Furthermore, cellulose ether and
its subsets, currently and widely used in fluids, have yet to be
synthesized and modified via organic carbonate solvents to
improve their properties. Previously, more research has been
needed on utilizing cellulose ether and its derivative for
modification, characterization, analysis, and implementation in
the petroleum industry. Therefore, it is essential to
comprehend the possible impact of organic carbonates on
cellulose ether’s modification and physicochemical proper-
ties.34

This research work presents the use of organic carbonate
solvents to modify hydroxyethyl methyl cellulose (HEMC)
cellulose ether and create new functionalized cellulose ether
through a simple and fast derivatization process at mild
temperatures. The novelty of this research lies in evaluating
the impact of cyclic propylene carbonate and acyclic diethyl
carbonate as a transesterification and green solvent agent on
native HEMC cellulose ether through various characterization
methods. Experimental work was conducted to modify HEMC
using PC and DEC separately. The physical, thermal,
structural, and morphologic characteristics were assessed
using Fourier-transform infrared (FTIR), H-NMR, X-ray
diffraction (XRD), scanning electron microscope (SEM),
thermogravimetric analysis (TGA), and differential scanning
calorimetry (DSC). Further, the impact of these organic
solvents on ζ-potential (stability) and molecular weight was
evaluated through the relative viscometry method. Finally,
rheological studies were performed to evaluate the impact of
organic carbonate as a transesterification agent on native
polymer through solubility, hydration rate, and viscosity
measurement by changing temperature and shear rate. The
findings of this study could assist in enhancing the production
process of the polymer and optimizing its performance for use
in cementing and drilling fluid applications within the
petroleum industry.

2. MATERIALS AND METHODS
2.1. Materials. Hydroxyethyl methyl cellulose (HEMC), a

nonionic ether polymer, was obtained as a white to off-white
powder with a particle size (mesh) of 80 from GANTRADE
Corporation, China. The molecular weight range of the
polymer was Mw = 4 × 104 to 9 × 104 g/mol, with a degree of
substitution (DOS) of 1.4 and a molecular/molar substitution
(MO) of 0.2. Propylene carbonate (C4H6O3) with a boiling
point of 240 °C and a flash point of 123°C and DEC
(C5H10O3) with a boiling point of 126 °C and flash point of
33°C were purchased from Daejung Chemicals & Metals,
Korea. The chemical structure of HEMC (cellulose ether)
investigated in this study is shown in Scheme 1 in a simple
manner.
2.2. Methods. The experimental setup involved modifying

the polymer and conducting various characterizations. The
process of modifying the polymer and evaluating its
characteristics is illustrated in Figure 1.
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2.3. Modification of Cellulose Ether. HEMC powder
was spread in a thin layer, and then, organic carbonates (PC
and DEC) were dropped separately onto the grained polymer
surface.31 HEMC polymer with a molecular weight of 9 × 104
g/mol was used for modification and grafting using organic
carbonate. The mixed composite was heated at 80 °C in a
roller oven for 12 h to promote the chemical reaction using
wet and dry methods. This synthesis process blends the
HEMC polymer and organic carbonate, resulting in a final
product in powder form. The weight ratio of HEMC polymer
to organic carbonate was based on the optimal and minimal
concentration of organic carbonate to react with cellulose.
The most preferable weight ratio of polysaccharide to organic
carbonate was suggested in the range of 1:0.05 to 1:0.25.33

The optimal concentration weight ratio of HEMC with
organic carbonate was confirmed through FTIR analysis. At a
1:0.20 concentration weight ratio, a significant change was
observed at various wavenumbers of the transmittance
spectrum. Therefore, a 1:0.2 weight ratio was used for
modification.
2.4. Characterization Techniques. The functional group

of cellulose ether and modified polymer samples were
analyzed using a FTIR spectrophotometer (PerkinElmer).
Spectra of the polymer samples were recorded in the range of
500 to 4000 cm−1 wavenumber with 32 scans having a 4 cm−1

resolution.35 A nuclear magnetic resonance (NMR) spec-
trometer (600 MHz Bruker AVANCE) was used to identify
the modification of cellulose ether using CDCl3 as a
deuterated solvent through chemical shift analysis. The spectra
were expressed as chemical shifts in parts per million (ppm)

with respect to signal intensity.36 The polymeric sample
structure pattern and crystallinity index (CI) were investigated
using PANalytical’s X-ray diffraction (XRD) instrument. The
test was conducted at a scan rate of 2°/S in 2 theta (θ)
diffraction angle between 10 and 40°. The deconvolution
method was utilized to determine the CI of the polymeric
sample using the following eq 1

= ×
I I

I
CI 100%cr ar

cr

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ (1)

where Icr represents the intensity of the maximum peak for the
crystalline region. Iar represents the minimal peak intensity of
the amorphous region in XRD spectra.
A scanning electron microscope (JEOL JSM6380L) was

used to analyze polymer specimens’ morphology at 10 kv.
Morphology image profiles of powdered polymer samples
were investigated using 5 and 50 μm scale zoom size.1

Thermal degradation of the polymer samples was analyzed
through thermal gravimetrical analysis (TGA) (PerkinElmer).
For each polymer sample, 10 mg weight of polymer sample
was used for thermal analysis from 30 to 600 °C with an
increment rate of 10°/min under a nitrogen gas flow of 20
mL/min. The thermal behavior of polymer samples was also
analyzed using differential scanning calorimetry (DSC)
(PerkinElmer). The same quantity of each sample was used
for DSC analysis from 30 to 200 °C with an increment rate of
10°/min under a nitrogen gas flow of 20 mL/min.
Zetasizer Nano ZS (Malvern Instruments, U.K.) was used

to evaluate the ζ-potential magnitude of polymeric solutions
at a temperature of 25 °C. The solutions were prepared using
0.05 wt % of the dry polymer sample in an aqueous medium
with 0.1M NaOH to adjust the pH to 7.5. The pH of the
sample solutions was measured using a pH meter with an
accuracy of 0.01/unit at 25 ± 0.5 °C. It was observed that the
pH values of HEMC solutions ranged from 7.02 to 7.50.
2.5. Polymer Solution Preparation and Molecular

Weight Measurement Method. The average molecular
weight (Mw) of modified composites was determined through
relative viscosity measurement using a BS/U-tube viscometer.
In this method, relative viscosity was determined by
measuring the elapsed time (t) for the polymer solution to
flow through a capillary tube and comparing it to the elapsed

Scheme 1. Chemical Structure of HEMC

Figure 1. Schematic representation of the conceptual layout of the present work employed for modification and characterize the polymer
composites. The images shown are taken at the Advanced Characterization Lab and created by the team of authors.
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time (ts) for the solvent to flow. Two grams of the powdered
polymer was dissolved in 100 mL of deionized water and
stirred for 02 h using a hot magnetic plate. The prepared
polymer solution was further diluted in distilled water to
prepare 0.0020, 0.0030, 0.0040, and 0.0050 gm/cm3 solutions
of modified and unmodified polymer composites. The
molecular weight of the polymer solutions was determined
through this relative viscometry method using the Mark−
Houwink−Sakurada (MHS) equation37,38

[ ] = [ ]K Ma (2)

where [η] represents intrinsic viscosity, “a” and “K” are the
coefficient and Mark−Houwink constant for the polymer
solution, and M denotes the molecular weight of the solution.
The intrinsic viscosity [η] was determined through flow curve
measurements. Initially, the relative viscosity was measured as
a function of polymer concentration through elapsed time
using the following relationship39

= t t/ /r s s (3)

where ηr is the relative viscosity, η is the viscosity, and t is the
flowing time of the polymer solution. In the same way, ηs
represents the viscosity and ts is the elapsed flow time of the
solvent. The relative viscosity is used to determine the specific
and inherent viscosities (ηsp and ηinh) through the following
equations37

= 1sp r (4)

= Cln( )/inh r (5)

While using the specific viscosity, the reduced viscosity (ηred)
was determined by the following expression

= C/red sp (6)

The reduced viscosity and inherent viscosity are concentration
dependent due to their nonideal behavior and phenomena.40

Therefore, intrinsic viscosity is defined as a limit of both (ηred)
and (ηinh) as C → 0.

= = Clim ( ) lim ( / )
C C0 red 0 sp (7)

= = Clim ( ) lim ln( / )
C C0 inh 0 r (8)

In last, the intrinsic viscosity [η] was evaluated through the
plot of (ηred) or (ηinh) vs concentration and by extrapolating a
straight line to C = 0.
2.6. Rheology Measurement. A 01 wt % concentration

solution of modified and unmodified polymer samples was
prepared in deionized water by stirring using a hot magnetic
plate stirrer for rotational viscosity measurement. The
rheology of prepared solutions was determined in terms of
viscosity at various shear rates, time, and temperature range of
25−130 °C. The rheology data were evaluated using a
rheometer (AR 1500, TA Instruments) with a cone and plate
geometry of 40 mm diameter and a 2° angle.36

3. RESULTS AND DISCUSSION
3.1. FTIR Analysis. FTIR spectra of HEMC native

polymer are depicted in Figure 2. The band observed at
3442 cm−1, the wavenumber of 3442 cm−1, is endorsed to the
O−H stretching, indicating the existence of free O−H in the
molecular structure.41 From 2920 to 2517 cm−1, the vibration

caused by the C−H stretch of the aliphatic group is observed,
which is generally related to crystalline cellulose.42,43 The
weak peak noticed at 2517 cm−1 is associated with the sp3 C−
H stretching, which occurs due to vibration of the cellulose
unit. The weak band observed at 2109 cm−1 is attributed to
the C � C stretch of the alkyne group. A medium-intensity
band detected at 1633 cm−1 corresponds to the C�O stretch
of the secondary hydroxyl group.44 The strong transmittance
peak at 1425 cm−1 relates to O−CH3 in the methoxy
composite, indicating the amorphous crystalline structure in
cellulose ether.45 The transmittance band observed at 1078
cm−1 is attributed to the C−O stretching, indicating β-
glycosidic characteristics that bind glucose components within
cellulose.46 The bands observed at 630 and 880 cm−1 regions
correspond to the C−H band located in fingerprint territory,
representing the characteristics of the alkyl and methyl groups,
respectively.
The FTIR spectra of unmodified and modified polymer

composites are shown in Figure 3. The characteristic bands of
organic carbonate (PC and DEC) association were detected in
the C−H band, O−CH3 band, and C�O stretch regions. It
was observed that weak disubstituted symmetry peaks at 882
cm−1 in the C−H band region of the HEMC polymer shifted
to 772 cm−1 in the modified polymer. The new peak observed
in the modified polymer is attributed to the disubstituted

Figure 2. FTIR spectra of HEMC polymer and chemical structure.

Figure 3. FTIR spectra of native HEMC, HEMC with PC (modified
sample), and HEMC with DEC (modified sample).
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structural isomer in the alkyl structure. Similarly, the strong
transmittance peak at 1435 cm−1 shifted to a weak
transmittance peak as detected in the O−CH3 region of the
modified polymer samples, indicating a new attachment on
the native polymer. A new transmittance peak at 1804 cm−1

was found in the C�O stretch region of the modified sample,
which ratified the modification and substitution of PC and
DEC on the native HEMC polymer surface.
3.2. Structural H-NMR Analysis. The H-NMR spectra of

native HEMC and modified composites are shown in Figure
4. The spectra of all samples show chemical shifts between δ
(ppm) = 2.3−1.0 attributed to the methyl group (−CH3),
4.8−3.2 assigned to the ethylene group (−CH2−CH2−OH)
of the hydroxyethyl cellulose (HEMC) backbone and 7.4−7.1
to the free hydroxy group (−OH) of the anhydro-glucose unit
(AGU).47 In comparison, it can be clearly seen in Figure 4a,b
that the high-intensity peaks at 3.4 to 3.2 ppm in the native
HEMC polymer sample shift to a weak-intensity peak in
modified HEMC with PC sample due to the C−H stretch of
the aliphatic group. Additionally, the moderate-intensity peak
at chemical shift (δ) 4.5 and 4.9 ppm of HEMC polymer is
transferred into a high-intensity peak. A new peak at 4.2 ppm
is detected in the modified sample, attributed to the addition
of the carboxyl functional group of PC on free hydroxyl of the
ethyl group at OH-6. Next, three new peaks of moderate
intensity are generated between the 7.4 and 8.1 ppm chemical
shift region of the DEC-modified HEMC sample, which was
not observed in the native sample, as shown in Figure 4c. The
appearance of these new peaks on the modified sample
represents the grafting of the carboxyl group of organic
carbonates onto the free hydroxy group (−OH) of AGU at
position 3-OH assigned to the stretching of C�O. The
possible molecular structures after modifications are also
shown in Figure 4. The appearance of new peaks in the
spectra represents the substitution of PC on the ethyl group
and DEC on the AGU and confirms the modification of
HEMC.
3.3. Crystalline Structure XRD Evaluation. The XRD

profiles of both HEMC modified and unmodified samples
revealed peaks at 2θ ≈ 20.5, 27.6, and 32° regions, as shown
in Figure 5. The investigated samples’ diffractograms profile
showed semicrystalline characteristics, which have crystalline
peaks and an amorphous broad hump.48 The sharp peak at
the 32° region describes the semicrystalline nature of HEMC.
It was observed that the shape of the modified sample peaks
remained unchanged. However, the intensity was slightly
reduced and sifted to 31.6° in DEC-modified polymer
samples, as observed in Figure 5b. The fundamental peak at
2θ = 20.5° became broader in the modified samples,
indicating less crystallinity and more amorphous character.
In contrast, the unmodified HEMC sample exhibited a sharper
peak in the 32° region, indicating a higher crystallinity-to-
amorphous ratio. The diffraction patterns of the modified
composites showed a reduction in the crystalline structure,
indicating conversion to the amorphous phase. Therefore, the
modified HEMC polymer has excellent solubility, as lower
crystallinity is associated with higher solubility.49

The crystallinity index (CrI) of polymer composites was
calculated through the deconvolution method described in eq
1. The CrI of the native HEMC polymer was 54.8%. During
the modification process, alkaline replaced hemicellulose,
which decreased the crystallinity index.50 This was also
confirmed by the absence of hemicellulose characteristic peaks

in the FTIR results, indicating its significant removal after
modification. As cellulose is semicrystalline in nature, the
addition of PC led to a reduction in the crystallinity index to
52.3%, approaching more amorphous characteristics. During
the DEC modification process, the cellulose molecules were
cured in an ethylene medium, causing swelling in cellulose
particles that exerted pressure on the crystalline part of the
molecules and distorted them favorably. The dissociation and
distortion of the crystalline part in cellulose molecules further
reduced the CrI up to 49.6% for the (HEMC with DEC)
modified sample.51,52

Figure 4. H-NMR spectrum of all samples for structural analysis: (a)
native HEMC polymer, (b) modified HEMC with PC, and (c)
modified HEMC with DEC.
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3.4. Morphology SEM Analysis. The SEM images in
Figure 6a−f show morphological differences between
unmodified and modified composites at 5 and 50 μm. The
HEMC polymer has a long, tortuous, and rod-like shape of
various lengths with a rough surface. Considerable morpho-
logical changes occurred on the surface of the HEMC polymer
due to the inclusion of PC and DEC (organic carbonates). A
layer of organic carbonate on the surface of the native polymer
indicates that the HEMC native polymer was grafted, as
observed in Figure 6a−c. Further, the cloudy layer on the
polymer surface showed an amorphous phase.
3.5. Thermogravimetric Analysis. The thermogravimet-

ric analysis evaluates the thermal changes in materials after
modification and determines the thermal stability of polymer
samples. Figure 7 shows the thermal degradation of
unmodified HEMC polymer. The initial weight (wt) loss of
approximately 4% starts at 40 °C and ends at 80 °C. The wt
loss at this early and slow pyrolysis curve is related to the
volatilization and vaporization of water. In the continuous
heating run, additional mass loss was observed. However, this
time, a three-stage process was involved in the thermal
decomposition of cellulose ether. In the first stage, 8.5%
weight loss in the sample was observed between 80 and 200
°C and was associated with the degradation of cellulose ether.
The second wt loss was in the temperature range of 200−

375 °C with a maximum weight loss of 70.5%. In the third
stage, a weight loss of 11% was observed up to 435 °C. The
cumulative loss of 81.2% was attributed to depolymerization
and the presence of COO groups, which were decarboxylated
at that temperature.1 The degradation temperature in the
modified polymer samples was slightly shifted toward higher
values. First step thermal degradation temperature shifted to
89 °C with 3.3% wt loss for PC-modified polymer sample and
to 95 °C with 2.5% wt loss for the DEC-modified polymer
sample, as shown in Figures 8 and 9. This low weight loss of
modified polymer composites was due to the addition of
carbonates that creates strong interaction with native
polymer.34

Similarly, the second step degradation temperature of the
modified polymer samples was shifted to 212 and 226 °C for

PC and DEC modification, respectively. The remaining
residue at 500 °C for all samples verified that modified
samples have 3 and 10 wt % residues, respectively, while
HEMC native polymer completely decomposed at a temper-
ature of 496 °C, indicating that the modified polymer samples
are more stable than the native polymer.
3.6. DSC Thermal Analysis. Figure 10 shows the DSC

thermogram of HEMC and modified samples from 40 to 250
°C. The DSC curves of all polymeric samples have only one
distinct endothermic change in the given temperature range.
The detected heat flow signal showed that the phase
morphology of all samples was homogeneous. The endother-
mic heat flow from 50 to 120 °C represents water
vaporization in polymer samples. The maximum vaporization
temperature of the native HEMC sample was 83 °C, which
was attributed to hydrophilic substances that retain moisture
in cellulose. Moreover, the addition of PC and DEC shifted
the endothermic peak toward a higher temperature, as
observed in Figure 10. The vaporization temperature shifted
to 90 °C for PC-modified and 101 °C for DEC-modified
samples. The increase in vaporization temperature for
modified polymer composites was due to the rearrangement
of the polymeric molecular chain and an increase in the
amorphous component and increased cross-linking density
because of organic solvents.53,54 The DSC result and
vaporization temperature increase showed that the addition
of organic carbonates increases thermal stability.
3.7. ζ-Potential Measurement and Analysis. The ζ-

potential magnitude indicates the polymer solution’s physical
stability in the aqueous system. The stability of the material is
dependent on the ζ-potential value. Polymer solutions with
high ζ-potential values are considered stable, while those with
low values are weak and unstable. The ζ-potential of native
and modified HEMC polymeric solutions was determined and
is presented in Figure 11. The ζ-potential magnitude of the
HEMC polymer sample was −12 mV. The low value of
HEMC polymer represents weak electrostatic colloidal
stability of suspension in electrolyte behavior.55 Whereas the
ζ-potential magnitude of grafted polymer samples was −37
mV for PC and −44.5 mV for DEC. The particles tend to
repel each other in an aqueous solution and prevent the
fluctuation of particles, which leads to the high colloidal
stability of modified polymers.56 Further, more negative-
charged reactive carbonate could be absorbed onto the
polymer-modified composite than the unmodified one.35

Hence, ζ-potential measurement shows strong cross-linking
interactions of HEMC with organic solvents indicating better
dispersion stability.
3.8. Molecular Weight Measurement and Analysis.

The molecular weight of modified polymer solutions was
determined using the Mark−Houwink−Sakurada (MHS)
equation. However, Houwink’s coefficient and constant (a
and K) for HEMC polymer were unavailable. Therefore, it
was necessary to determine the coefficient and constant for
the HEMC polymer. First, the relative viscometry method
determined the intrinsic viscosity of known molecular weight
polymer solutions. The viscometry results and other relevant
viscosities determined using eqs 3−8 are provided in Table 1.
Extrapolation of reduced viscosity up to zero concentration

provides the intrinsic viscosity of the defined molecular weight
of the HEMC solution, as shown in Figure 12. The value of a
and K for HEMC polymer was determined by graphical

Figure 5. Diffractograms of (a) unmodified and modified samples,
and (b) enlarged XRD profile of all samples.
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representation using the following equation derived from the
MHS equation

Figure 6. Scanning electron microscopic images of (a) native HEMC at 5 μm, (b) HEMC + PC-modified composite at 5 μm, (c) HEMC +
DEC-modified composite at 5 μm, (d) native HEMC at 50 μm, (e) HEMC + PC-modified composite at 50 μm, and (f) HEMC + DEC-modified
composite at 50 μm.

Figure 7. TGA curve of the native HEMC sample. Figure 8. TGA curve of (HEMC with PC) modified sample.
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[ ] = + [ ]K Mlog log a log w (9)

In the above equation, a log−log graph was drawn between
intrinsic viscosity and molecular weight. The slope of the
straight line represents the constant value “a,” and its intercept

provides the value of “log k,” as shown in Figure 13. The value
of “a” was determined to be 0.89, and the value of “K” was
found to be 0.00927 (9.27 × 10−3) for HEMC polymer in
water solvent at 25 °C. The Mark−Houwink exponent
provides information regarding the polymer chain config-
uration in the solvent environment. As the value of “a” was
0.89, the polymer is a random coil in a good solvent.37

The viscometry experimental results and viscosity measure-
ment using eqs 3−8 for both modified samples are provided
in Tables 2 and 3.
The elapsed flow time of solvent (t) was 21.2 s. The

intercept of reduced viscosity and inherent viscosity at zero
concentration provides the intrinsic viscosity of the solution.

Figure 9. TGA curve of the (HEMC with DEC) modified sample.

Figure 10. DSC curve of native HEMC, HEMC with PC (modified
polymer), and HEMC with DEC (modified polymer).

Figure 11. ζ-potential of the unmodified and modified polymer
solution.

Table 1. Viscometry Results of HEMC Solution by
Changing Molecular Weight at 25 °C

molecular
weight
(Mw)

solution
concentration

(C)

flow
time
(ts)

relative
viscosity
(ηr)

specific
viscosity
(ηsp)

reduced
viscosity
(ηred)

40,000 0.002 26.96 1.272 0.272 135.849
0.003 30.54 1.441 0.441 146.855
0.004 34.68 1.636 0.636 158.962
0.005 40.06 1.89 0.89 177.924

52,000 0.002 28.19 1.33 0.33 164.858
0.003 32.52 1.534 0.534 177.987
0.004 36.71 1.732 0.732 182.901
0.005 42.18 1.99 0.99 197.924

60,000 0.002 29.04 1.37 0.37 184.905
0.003 33.79 1.594 0.594 197.955
0.004 39.34 1.856 0.856 213.915
0.005 45.57 2.15 1.15 229.902

75,000 0.002 30.61 1.444 0.444 221.933
0.003 36.40 1.717 0.717 238.993
0.004 42.56 2.008 1.008 251.886
0.005 49.71 2.345 1.345 268.962

80,000 0.002 31.82 1.524 0.524 250.474
0.003 38.43 1.813 0.813 270.911
0.004 45.79 2.16 1.16 289.976
0.005 54.69 2.58 1.58 315.943

90,000 0.002 33.01 1.557 0.557 278.537
0.003 40.34 1.903 0.903 300.943
0.004 47.91 2.26 1.26 314.976
0.005 57.76 2.725 1.725 344.906

Figure 12. Concentration vs reduced viscosity profiles of different-
molecular weight HEMC polymer dissolved in water at 25 °C.
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The intrinsic viscosity of the modified (HEMC with PC)
polymer solution was 245 and 260 cm3/g for the (HEMC
with DEC) modified polymer solution, as shown in Figure
14a,b. The molecular weight of the HEMC polymer was 9 ×
104 g/mol as provided by the supplier.

The molecular weight of modified polymer samples was
determined using MHS eq 2 with a = 0.89 and K = 0.00927
for HEMC polymer in water solvent at 25 °C.

[ ] = × [ ]M9.27 10 3 0.89 (10)

The molecular weight of the PC-modified sample was 9.3 ×
104 g/mol and 9.9 × 104 g/mole for the DEC-modified
sample. The obtained values showed that the modified
samples have an increased molecular weight due to the
inclusion of PC and DEC in the cellulose ether polymer.
3.9. Rheology Measurement and Impact of Organic

Carbonate on Viscosity of the Polymer Solution. The
rheological properties of both native and modified samples
were examined through shear rate sweep and temperature
sweep analyses. Initially, the solubility and hydration rates of
the polymer solutions were determined at a constant shear
rate of 10 (1/s) and room temperature. The hydration rate of
modified samples was observed to be like the unmodified
HEMC, as shown in Figure 15. The modified polymers

exhibited comparable solubility and hydration rates to the
unmodified HEMC native solution, while the viscosity of the
soluble modified products was notably higher than that of the
unmodified sample. The DEC-modified sample hydrated and
reached maximum viscosity earlier than the PC-modified and
native HEMC solutions. The DEC-modified composite
exhibited greater and higher viscosity compared to the other

Figure 13. Log molecular weight vs log reduced intrinsic viscosity
profiles of HEMC polymers.

Table 2. Viscometry Results of PC-Modified HEMC
Solution in Water at 25 °C
polymer concentration

(C) ts ηr ηinh ηsp ηred
0.002 33.45 1.568 228.049 0.568 289
0.003 41.52 1.958 224.059 0.958 319.5
0.004 49.69 2.343 212.951 1.343 335.97
0.005 59.89 2.825 207.708 1.825 365.02

Table 3. Viscometry Results of DEC-Modified HEMC
Solution in Water at 25 °C

polymer concentration
(C) ts ηr ηinh ηsp ηred
0.002 34.13 1.617 238.117 0.612 305.25
0.003 41.55 1.962 224.314 0.964 320.07
0.004 50.37 2.376 216.354 1.376 344.68
0.005 60.42 2.851 209.463 1.859 370.14

Figure 14. Reduced and inherent viscosity of (a) HEMC + PC (modified polymer) and (b) HEMC + PC (modified polymer) by changing the
concentration in water at 25 °C.

Figure 15. Hydration rate of polymer solutions at room temperature.
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samples, which can be attributed to the higher molecular
weight of the modified samples.
To conduct a temperature sweep analysis, the viscosity of

solutions was determined at a constant shear rate of 10 (1/s)
while systematically increasing the temperature. The viscosity
of the polymer solution was found to be affected by changes
in temperature, as a consistent decrease in viscosity was
observed in Figure 16. As the temperature increases, the

viscosity of the HEMC solution decreases gradually. However,
beyond 80 °C, the rate of viscosity reduction significantly
accelerates. The solution reached its maximum reduction in
viscosity at 115 °C. DSC analysis confirmed that the
evaporation temperature of HEMC was 83 °C at which
point the polymer began to dehydrate. Consequently, a
significant change in viscosity was observed above the
evaporation temperature. The sample exhibited a minimum
viscosity of 60 cP up to 130 °C. Conversely, the viscosity of
the modified samples was higher than that of the native
solution at their respective temperatures. The PC-modified
solution exhibited a viscosity of 702 cP, while the DEC-
modified solution exhibited a viscosity of 1432 cP at 130 °C,
respectively.

The rotational viscosity of the polymer samples was also
determined to evaluate the shear rate behavior. Figure 17a
represents the viscosity profile of 01 weight percent
concentration polymer solution w.r.t shear rate at 30 °C.
The data showed significant shear-thinning behavior (non-
Newtonian), where viscosity reduction was observed due to
the partial alignment and uncoiling of polymer chains in high-
shear-rate regions and due to the orientation of the
microstructures in the direction of given deformation. In
petroleum industry applications, shear-thinning behavior is an
ideal scenario for various processes such as drill cutting
transport and suspension in drilling fluids, pumping cement
slurry, and polymer flooding for EOR applications.57,58

The viscosity of the solutions was high at low shear rates
due to the high molecular weight of the polymer and strong
interaction forces between the molecules in the solution. The
shear viscosity of the modified HEMC was greater than that of
the unmodified polymer solution due to the higher molecular
weight. The mechanical properties of the modified polymers
increased due to the longer molecular chains and the
interaction between the chains. The shear viscosity of the
polymer solutions was also determined at 90 °C to evaluate
the shear and thermal behavior simultaneously. It was
observed that the modified polymer solutions had a higher
viscosity than the native HEMC polymer solution, as shown
in Figure 17b. The presence of PC and DEC improves
intermolecular interactions and creates cross-linking in
polymer particles, which enhances viscosity. A reduced and
low viscosity was observed at an elevated temperature of 90
°C compared to 30 °C. The change and decrease in viscosity
can be attributed to the transformation of the molecule from a
rod-like structure (ordered) to a more flexible structure
(disordered), and a decrease in the rigidity of the glucan chain
with an increasing temperature.59

3.10. Chemical Reaction and Proposed Mechanism
of Modification. HEMC is a random coil-type structure in
aqueous media and hydrophilic in nature, which completely
dissolves in aqueous water. Meanwhile, PC and DEC are
organic carbonates used as reactive diluents and trans-
esterification agents in polymer synthesis. Modification of
cellulose ether takes place via a homogeneous route in which
cellulose dissolves in organic carbonate, degrading the

Figure 16. Viscosity profile w.r.t time by changing the temperature of
unmodified and modified HEMC solution at a constant shear rate.

Figure 17. Rotational viscosity of 01 wt % polymer solutions w.r.t shear rate (a) at 30 °C and (b) at 90 °C.
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supramolecular structure and improving the accessibility of
hydroxyl groups for the reaction.60 During conjugation, the
cellulose fibers collapse into rod-like structures (also observed
in SEM analysis) where the amorphous region of cellulose
ether is more sensitive to attack by solvent molecule for the
chemical reaction. The modification process involves carbo-
nation and etherification, achieved through a homogeneous
alkoxy carbonylation process of cellulose ether using
propylene carbonate and diethyl carbonate solvents.33 In dry
and wet methods, no catalyst was used for modification.
Therefore, the reaction between both products commenced
due to thermodynamic factors and heating of the sample.61

The reaction of organic carbonates with cellulose functional
groups occurred due to the availability of sugar rings and free
OH groups in cellulose ether. In the HEMC structure, one
free hydroxyl group (OH-3) on AGU and another −OH on
the ethyl group (OH-6) were available to react with organic
carbonates, as shown in Figure 18.

The chemical reaction of organic carbonate with cellulose
ether is depicted in Schemes 2 and 3. The acyclic carbonate
DEC interacts with the free hydroxyl group (OH-3) and PC
(cyclic carbonate) attaches to the free hydroxy of the ether
group through etherification and carbonation modification
processes. It appears that a double reaction occurs
simultaneously between the monomer ring of the cellulose
functional group and molecule of organic carbonate molecule
in the form of inter- and intra-annular interaction, as shown in
Figure 19.33 In the reaction process, hydroxyethylation of
cellulose typically enhances the solubility, while inter- and
intra-annular intrachain formation increases the molecular
weight of the polymer, as shown in Figure 20. Thus, the
intrachain formation between the hydroxyl group and
carbonate increases the molecular weight, solubility, and
thermal stability.

4. CONCLUSIONS
Based on the extensive and integrated study of cellulose ether
modification by organic solvents, it is concluded that the
cellulose ether structure was successfully modified and
confirmed through FTIR and H-NMR structural analyses.
The modification introduces new functional groups to the
native polymer without altering its morphology. The
modification decreases the crystallinity of HEMC and
improves the solubility in aqueous solutions as confirmed by
XRD patterns of morphology analysis. The addition of organic
carbonate significantly increased the vaporization temperature
by 90 °C (for PC) and 101 °C (for DEC) and raised the
decomposition temperature above 500 °C, indicating higher
stability compared to unmodified composites. The ζ-potential
measurement confirms the enhanced stability of grafted
composites. Organic carbonates have a remarkable impact
on the molecular weight of cellulose ether. The addition of
organic carbonate enhances the molecular weight from 9 ×
104 to 9.3 × 104 and 9.9 × 104 g/mol for PC- and DEC-
containing modified samples, respectively, improving its
impact on shear and thermal viscosity. A rheological
investigation focusing on viscosity provides a comprehensive
understanding of the stability and activation of composites
modified with carbonate. Organic carbonates acted as
transesterification agents, linked through carbonation and
etherification modification that activated on heat and
improved the thermal stability of cellulose ether. Hence, the
thermal and rheological properties of modified polymer
samples were significantly improved by adding a small aspect
ratio of organic carbonate in cellulose ether. The new cellulose
ether that has been developed using organic carbonate
possesses several multifunctional properties. It exhibits an
increased thermal degradation temperature and improved
stability, solubility, hydration rate, and viscosity under shear
rate and high-temperature conditions. The modified polymer
with DEC is more effective than PC modified in all aspects of
characterization due to its linkage on the anhydro-glucose unit
of cellulose ether, as concluded from the study.
The findings of this study provide in-depth knowledge to

understand the behavior and to synergize the properties of
modified cellulose ether, which can be utilized to create
tailored materials for industrial applications. Further, research
should focus on determining the API properties of these
modified composites, as this would have a positive impact on
drilling/cementing ventures and EOR applications positively.
These findings can potentially drive innovation in polymer
modification and contribute to the development of more
efficient and effective materials for petroleum and other
various industries.

Figure 18. Reaction sites for organic carbonate on the monomer unit
of HEMC containing pyranose ring.

Scheme 2. Chemical Reaction of Cellulose Ether (HEMC) with PC for Modification
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Scheme 3. Chemical Reaction of Cellulose Ether (HEMC) with DEC for Modification

Figure 19. Possible inter- and intra-annular product formation through the reaction between organic carbonate and hexose units of HEMC.

Figure 20. Schematic representation of potential product formation
for the organic carbonate reaction with HEMC.
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