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In this study, we developed a new method for early-stage biodegrad-
ability assessment of cellulosic rheology modifiers (CRMs). Viscosity
reduction was used as the primary indicator of polymer degradation.
Complementary analyses included molecular weight changes (gel
permeation chromatography, GPC), total carbohydrate content (TCC),
and chemical oxygen demand (COD). Mixed microbial consortia from
environmental sources ensured ecologically relevant conditions. Five
CRMs including HPC-J (hydroxypropyl cellulose, J type), HPC-M
(hydroxypropyl cellulose, M type), HPMC (hydroxypropyl methyl
cellulose), HEMC (hydroxyethyl methyl cellulose), and cet-HEC (cetyl
hydroxyethyl cellulose) were monitored over 8 weeks. Molecular
weight dropped significantly, particularly for HPMC, which exhibited
a 46.1-fold decrease, confirming chain scission. TCC declined sharply,
with HPC-J surpassing an 85% reduction by day 56, evidencing
microbial uptake. Furthermore, a predictive mathematical model was
established, revealing the degradation sensitivity factor (‘a’), which
ranged from a = 0.48 (for the highly resistant HPMC) to a = 4.85 (for
the extremely sensitive cet-HEC). This simple, low-cost approach
enables simultaneous small-scale testing as an early biodegradability
screen, offering a practical decision tool before moving to standardized
protocols and helping identify structural modifications that may hinder
microbial breakdown.

1 Introduction

The growing use of polymers in cosmetics and consumer products
has intensified concerns regarding their persistence in the envi-
ronment. To prevent long-term ecological impact, such molecules
must undergo complete biodegradation rather than partial frag-
mentation into microplastics." Achieving full mineralization is
essential to mitigate the accumulation of polymer residues in
wastewater and soil. Consequently, there is increasing momentum
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This study presents a simple, low-cost biodegradability screening method
for cellulose-based rheology modifiers (CRMs) that uses viscosity loss,
molecular weight decrease, and total carbohydrate reduction as early
indicators of microbial degradation. By enabling rapid identification of
structural features that slow or prevent biodegradation, the approach
supports the design of truly biodegradable CRMs at the R&D stage, well
before resource-intensive OECD/ISO testing. Because CRMs are widely
used in cosmetics and personal care products that ultimately enter
wastewater and soils, early screening can help reduce persistent polymer
residues, lower microplastic formation risk, and accelerate the transition
to safer, more sustainable consumer materials.

toward replacing conventional petroleum-derived polymers with
biopolymers produced from renewable resources.> Within this
sustainability transition, rheology modifiers (RMs) represent
a particularly important yet under-examined class of functional
polymers.

Typically, RMs are incorporated into liquid systems to control
key properties such as viscosity, stability, suspension, and
spreadability.>* They are widely used across diverse industries,
including personal care, paints and coatings, construction mate-
rials, and pharmaceuticals.>” Depending on their source, RMs can
be classified as natural (e.g., xanthan gum), synthetic (e.g., poly-
acrylates), or semi-synthetic.® Our study focuses on semi-synthetic
cellulose-based rheology modifiers (CRMs), which are derived
from abundant, renewable cellulose but chemically modified via
etherification to enhance solubility, stability, and salt tolerance.
Although CRMs retain a natural polymeric backbone, their
chemical substitution patterns such as the degree of substitution,
type of substituent (hydroxypropyl, methyl, ethyl, and cetyl), and
side-chain length strongly influence both their performance and
biodegradability.” Persistent or non-degradable CRMs thus pose
emerging sustainability challenges despite their renewable
origin.*

Therefore, sustainable polymer design requires the evaluation
of biodegradability at the earliest stages of research and develop-
ment. However, limited guidance exists for conducting such
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assessments during polymer development. Established industry
standards from the OECD (Organisation for Economic Co-
operation and Development)' and ISO (International Organiza-
tion for Standardization), such as the OECD 301 B/F tests (CO,
evolution tests) and ISO 14851 (ultimate biodegradability of plas-
tics),"* provide robust protocols for determining CO, evolution and
ultimate biodegradability, respectively. However, these methods
are time-consuming, resource-intensive, and unsuitable for rapid
R&D screening.'* They typically require long incubation periods
(28 days to several months), specialized equipment such as
respirometers, and relatively large sample quantities that are often
unavailable during early-stage synthesis. Moreover, they measure
only endpoint parameters such as CO, evolution or O,
consumption that confirm ultimate mineralization'®"* but offer
limited mechanistic insight into intermediate degradation steps
such as chain scission or microbial assimilation. The absence of
such mechanistic understanding constrains the development of
structure-biodegradability correlations, which are essential for the
rational design of sustainable polymers.*

Considering the above, in this study we developed a low-cost,
multi-parametric screening approach that enables rapid and
mechanistic evaluation of CRM biodegradability during early
development. The method employs viscosity reduction as a func-
tional and sensitive indicator of microbial degradation, com-
plemented by gel permeation chromatography (GPC), total
carbohydrate content (TCC), and chemical oxygen demand (COD)
analyses to provide a comprehensive degradation profile.
Together, these parameters capture the sequential progression of
biodegradation from polymer chain scission to microbial uptake
and ultimate mineralization to some extent.

More precisely, viscosity reduction serves as the primary signal
of degradation, reflecting the loss of chain entanglement and
molecular weight as microbial enzymes cleave the polymer back-
bone. GPC analysis quantitatively verifies molecular weight
reduction, confirming the mechanistic basis of functional loss.
Concurrently, the depletion of dissolved carbohydrate content
(TCC) indicates microbial assimilation of degradation intermedi-
ates, while the decline in COD reflects overall mineralization of the
organic matter into CO,, water, and biomass. Collectively, these
four measurements, functional loss, molecular degradation,
microbial uptake, and mineralization, along with predictive
mathematical modelling provide an integrated and mechanistic
understanding of polymer biodegradation kinetics in real time.

The developed method allows small-scale, ecologically relevant
testing using mixed microbial consortia and serves as an effective
preliminary R&D tool prior to OECD or ISO testing. In this study,
five commercially representative CRMs, hydroxypropyl cellulose
(HPCJ and HPC-M), hydroxypropyl methylcellulose (HPMC),
hydroxyethyl methylcellulose (HEMC), and cetyl hydroxyethyl-
cellulose (cet-HEC) were evaluated to demonstrate the utility of
this approach and to elucidate structural factors governing
biodegradability.

2 Materials and methods
2.1 Chemicals and reagents

All chemicals were of analytical grade unless otherwise specified.

234 | RSC Sustainability, 2026, 4, 233-242

View Article Online

Communication

2.1.1 Chemicals for mineral media. Di-potassium
hydrogen phosphate (K,HPO,, =98%; Himedia), potassium
di-hydrogen phosphate (KH,PO,4, 98%; Loba Chemie), ammo-
nium chloride (NH,Cl, 99.5%; Loba Chemie), di-sodium
hydrogen phosphate dihydrate (Na,HPO,-2H,0O, 99%; Loba
Chemie), magnesium sulphate heptahydrate (MgSO,-7H,0,
99.5%; Loba Chemie), calcium chloride dihydrate (CaCl,-2H,0,
98%; Loba Chemie), and iron chloride hexahydrate (FeCl;-
-6H,0, 96%; Qualigens, India).

2.1.2 Cellulose-based rheology modifiers- (CRMs; struc-
tures provided in SI S1a-d). Hydroxypropyl cellulose-] (HPC-])
and hydroxypropyl cellulose-M (HPC-M) were synthesized in-
house using cellulose derived from sugarcane bagasse (SI S4).
Hydroxypropyl methyl cellulose (HPMC; Ashland-4000 cP),
hydroxyethyl methyl cellulose (HEMC, Shandong Meikai
Chemical Tech, Mikazone cellulose ethers), and cetyl-
hydroxyethyl cellulose (cet-HEC, Polysurf; Ashland) were
commercially procured.

2.1.3 Other reagents. Phenol (99% w/v; S. D. Fine Chemical
Ltd, India), sulphuric acid (98% w/v; S. D. Fine Chemical Ltd,
India), lithium bromide (LiBr, 98%; Sisco Research Laborato-
ries Private Ltd, India), nutrient broth (HiMedia), mercuric
sulphate (=98%; HiMedia), potassium dichromate (=99%;
HiMedia), silver sulphate (=98%; HiMedia), ferrous ammo-
nium sulphate (=98.5%; Isochem, India), ferroin indicator
(Isochem), glucose (=99.5%; HiMedia), and N,N-dimethyl
formamide (HPLC grade DMF, =99.5%; Sisco Research Labo-
ratories Private Ltd, India).

2.2 Biodegradability screening assays

Biodegradation screening assays were conducted in 50 mL glass
tubes, each containing 20 mL of minimal salts medium. All
tubes were incubated in a temperature-controlled shaker incu-
bator. The biodegradation experiment comprised three main
phases: (a) sample collection and microbial consortium prepa-
ration: we chose a mixed microbial consortium for the study
because such diverse communities containing bacteria, fungi,
and other microbes are generally more effective than single
strains at degrading biopolymers in natural environments.*
Their higher effectiveness arises from synergistic interactions
since different microbes contribute complementary metabolic
pathways, one organism's by-products serve as nutrients for
another, and together they provide a wider range of enzymes
capable of breaking down complex biopolymer structures.*
Hence, to prepare the mixed microbial consortium, environ-
mental samples were collected from a local sewage pit (12°
51'47.1"N 77°40'08.3"E) and a solid waste composting yard (12°
51'47.2"N 77°41'10.9"E). Soil samples were taken from the
upper soil layer (5-10 cm depth). Approximately 100 g of each
soil sample was mixed with 100 mL of deionized water for 30
minutes under ambient conditions and then allowed to settle.
The resulting suspension was filtered through a nylon strainer
and subsequently centrifuged at 5000 rpm for 5 minutes. The
soil extract (10 mL) was then added to 100 mL of sterile nutrient
broth in a 250 mL conical flask and incubated at 37 °C for 48
hours to enrich the mixed microbial consortium (achieving an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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optical density, OD600, of 1.0). Concurrently, liquid samples
from the sewage pit were directly used to inoculate a separate
batch of nutrient broth. This sewage-inoculated broth was then
combined with the soil extract-enriched culture. The resulting
mixed microbial culture served as the inoculum for all subse-
quent biodegradation experiments. (b) Preparation of minimal
medium (MM) and test substrates: the standard minimal
medium (whose stock solution-A contains K,HPO,, 21.75 g L™ ;
KH,PO,, 8.5 g L', NH,4CI, 0.5 g L *; Na,HPO,-2H,0, 33.4 g L "
and stock solutions B, C and D contain 22.5 g L' of MgSO,-
-7H,0, 36.4 ¢ L " of CaCl,-2H,0, and 0.25 g L " of FeCl;-6H,0,
respectively), as described in ISO 14851,"" was used as the basic
nutrient medium for the biodegradation assessment of all
cellulose-based rheology modifiers (CRMs). The final nutrient
medium was prepared by mixing stock solutions listed in Table
S5, 11 mL of solution A, 1 mL of solution B, 1 mL of solution C,
and 1 mL of solution D, followed by adjusting the final volume
to 1000 mL with de-mineralized water. This prepared minimal
medium was then distributed into 50 mL test tubes, with 20 mL
per tube. Different CRMs viz., HPC-J, HPC-M, HPMC, HEMC,
and cet-HEC were added to individual tubes at specific
concentrations of 4.4% w/v, 1.8% w/v, 1.5% w/v, 0.8% w/v, and
0.4% w/v, respectively, and dissolved at room temperature. The
initial viscosities of the CRMs were in the range of 180-230 cP.
After assessing these viscosities, all tubes were autoclaved at
121 °C for 15 minutes and upon cooling to room temperature,
samples were vortexed for 30 minutes to ensure uniform
dissolution of the CRM constituents. Viscosity was re-analyzed
post-sterilization; no reduction occurred due to autoclaving.
(c) Setting up of biodegradation tests: for each CRM test
substrate, the experimental setup included the following four
groups of test tubes, prepared in duplicate sets: positive control
(tube 1): 20 mL MM media with 1% w/v glucose + 1 mL inoc-
ulum (0.5% v/v). Negative control (tube 2): 20 mL MM media +
1 mL inoculum (0.5% v/v). Abiotic control (tube 3): 20 mL MM
media + respective test CRM. Biotic test (tube 4): 20 mL MM
media + respective test CRM + 1 mL inoculum (0.5% v/v). Prior
to inoculation, the mixed microbial culture (in nutrient broth)
was pre-incubated at 37 °C and 150 rpm for 24 hours. A total of
five duplicate sets were prepared for each CRM. After inocula-
tion, all experimental test tubes were incubated at 37 °C in
a shaker incubator at 150 rpm. Samples were withdrawn from
duplicate sets every two weeks for a total duration of eight weeks
(56 days), corresponding to sampling points at week 0 (day 0),
week 2 (day 14), week 4 (day 28), week 6 (day 42), and week 8 (day
56). These samples were subsequently analyzed for various
parameters, including viscosity, polymer molecular weights,
total carbohydrate content (TCC), and chemical oxygen demand
(COD), to assess and compare the degree of biodegradation of
the CRMs.

2.3 Analytical methods

2.3.1 Viscometry. Viscosity measurements were conducted
using a rotational viscometer (Ametek Brookfield DVNXLVT]G,
USA) to assess the decrease in viscosity throughout the
biodegradation test period. Spindle 18 was used for all the test
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samples. The rotational speed (RPM) was adjusted for each
measurement to maintain a torque >90%, ensuring high accu-
racy. In the case of highly viscous samples, usually rotational
speeds are kept constant provided there is no significant
decrease in viscosity with time. However, in the current study, it
was observed that the viscosity dropped significantly within
four weeks of study resulting in final sample consistency of
relatively lower viscosity. Thus, the focus was to obtain the exact
viscosity value with maximum torque by increasing the RPM for
each sample. Before analysis, samples were centrifuged to
separate the microbial cell pellet, resulting in a clear liquid for
viscosity measurements. A minimum of 10 mL of this cell-free
sample was analyzed at 25 °C using a small sample adapter
(SSA18/13R; Spindle No. 18; sample holder SC4 13R; sample
adapter SC4-45Y).

2.3.2 Total carbohydrate content analysis. Total carbohy-
drate content (TCC) was determined using the phenol-sulfuric
acid assay as described in the previous reports.*® Briefly, 1 mL of
the sample was mixed with 0.6 mL of 5% w/v phenol and 3 mL
of concentrated sulfuric acid (98% w/v), followed by incubation
at 90 °C for 10 minutes. The optical density of the resulting
solution was then measured at 490 nm using a UV-visible
spectrophotometer (Labman LUV-2100T). A calibration plot
was prepared using glucose as a standard carbohydrate (SI, S4)
and used for determination of TCC in the test samples.

2.3.3 Chemical oxygen demand. Chemical Oxygen Demand
(COD) was estimated by titrimetric analysis. In a COD digestion
tube, 2.5 mL of cell free sample was added along with 1 g of
mercuric sulphate. Subsequently, 2.5 mL of potassium dichro-
mate solution (0.04 M) and 3.5 mL of concentrated sulphuric
acid (98% w/v) containing silver sulphate (=98%) were added.
The solution was thoroughly mixed, sealed, and then heated at
150 °C for 2 h in a COD digestion unit. Following digestion, the
tubes were allowed to cool to room temperature. The residual
dichromate in the reaction was then titrated with a standard
ferrous ammonium sulphate (0.12 M) using ferroin as an indi-
cator. The titration end point was identified by a distinct colour
change from bluish-green to reddish-brown. Potassium
hydrogen phthalate was used as the standard reference
solution.™

2.3.4 Gel permeation chromatography (GPC). Gel perme-
ation chromatography (GPC) was used to analyse the molecular
weight distribution of the CRMs following biodegradation,
providing insights into their degradation profile. For GPC
analysis, 200 pL of the cell-free sample solution was added to
3 mL of dimethylformamide (DMF) containing 0.1% w/v LiBr.
This mixture was allowed to mix overnight to ensure complete
dissolution of the polymer and any degraded polymer frag-
ments. Following incubation, 1.5 g of anhydrous sodium
sulphate (Na,SO,) was added to the mixture and allowed to
stand at room temperature for 4 hours. This step ensured that
only DMF-soluble polymers were retained for analysis. The
resulting solution was then filtered through a 0.22 pm PTFE
filter before injection into the GPC system. GPC analysis was
performed using a Waters €2695 GPC system (Waters Corp.,
Milford, MA, USA) equipped with a 2414 Refractive Index (RI)
detector. A Waters Styragel HR5E 5 pm column (7.8 mm x 300
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mm) was utilized. The mobile phase consisted of di-
methylformamide (DMF) containing 0.1% LiBr, pumped at
a flow rate of 0.5 mL min~'. Both the column and detector
temperatures were maintained at 50 °C. The sample injection
volume was 25 pL, and the total runtime for each analysis was
35 minutes. A calibration curve was prepared using a set of
polystyrene standards with varying molecular weights (2 464
000 Da; 1130000 Da; 249 000 Da; 125 000 Da; 34 600 Da; 19
100 Da; 3290 Da; 1220 Da) (SI, S2 and S3).

2.3.5 Predictive viscosity-degradation model for deter-
mining sensitivity factors. The newly developed approach
establishes that viscosity reduction can also be directly corre-
lated with the reduction in molecular weight of the polymer (as
confirmed by GPC). To convert this observation into a predictive
tool, we established a simple mathematical model relating to
the two primary physical markers of degradation i.e., viscosity
(n) and molecular weight (M,). The relationship between
viscosity and molecular weight in polymer solutions can
generally be described by a power law equation (Mark-Hou-
wink-Sakurada equation)."”

n o< My* 1)

Here the exponent is an empirical factor dependent on the
polymer type and solution concentration.

In general, to create a dimensionless, predictive metric
independent of the material properties, we define the retention
factor (R) for both viscosity and molecular weight.

Viscosity retention factor (nr) = 7./m0 (2)
Similarly,
Molecular weight retention factor (M) = M,,/M,, (3)

By applying the power law equation (eqn (1)) to the retention
factors, we derive the fundamental quantitative model for
polymer degradation extent.

R = (Myr)" (4)

This mathematical relationship confirms the basis of new
method ie., a small change in molecular weight (M, r) will
result in a significantly larger change in viscosity (ng), allowing
viscosity to serve as the primary, amplified indicator of initial
polymer degradation events.

2.3.5.1 Establishing the predictive exponent (a). The critical
factor is the exponent ‘a’. By plotting the natural logarithm of
the viscosity retention (In(ng)) against the natural logarithm of
the molecular weight retention (In(M,g)), the slope of the
resulting linear fit directly yields the value of ‘a’:

In(ng) = a x In(Miy ) 5)

This derived value of ‘a’ serves as a quantitative metric for
predicting the degradation sensitivity of each CRM. A higher
value of ‘@’ indicates that the CRM loses its functional property
(viscosity) more rapidly for a given extent of molecular scission,
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implying high sensitivity to microbial attack. Conversely,
a lower ‘a’ suggests that the CRM retains its rheological func-
tion for a longer duration despite chain scission, indicating
relative structural persistence.

3 Results and discussion

The use of environmentally derived microbial consortia for
assessing the biodegradation of rheology modifiers (RMs) offers
a more ecologically relevant and robust alternative to single-
strain studies.”® Microbial communities present in sewage, soil,
and compost are naturally adapted to break down complex
organic substrates, equipped with diverse enzymatic systems and
synergistic metabolic interactions that enhance polymer degra-
dation.”*® These mixed microbial cultures more accurately
mimic natural biodegradation processes, where the consortia
function collectively through co-metabolism, enzymatic comple-
mentation, and quorum sensing to efficiently decompose the
organic substances. This approach enhances the predictive reli-
ability of laboratory-based biodegradation assays, ensuring that
degradation kinetics and metabolic pathways more closely reflect
those occurring under natural environmental conditions.
Therefore, as mentioned above, a mixed consortium was devel-
oped using the culture samples collected from various environ-
mental sources and used in the current study.

3.1 Biodegradation assessment of CRMs via viscosity
changes

As mentioned in the test protocol, a total of five different types
of CRMs (HPC-J & M, HPMC, HEMC, and cet-HEC) were used to
assess their biodegradability using the newly developed labo-
ratory protocol. Among the five RMs tested, HPC-] and HPC-M
were synthesized in-house, while the others were procured
from the market. The results, depicted in Fig. 1, demonstrate
significant changes in viscosity for all tested polymers, indi-
cating their susceptibility to biodegradation.

Fig. 1a presents the absolute viscosity values (in centipoise,
cP) at 25 °C as a function of incubation time while Fig. 1b
highlights the percentage viscosity reduction. At day 0, all
samples exhibited characteristic viscosities, with HPC-] and
HPC-M showing initial viscosities around 180 and 200 cP,
HPMC ~213 cP, HEMC ~230 cP, and cet-HEC ~220 cP. As the
test progressed, a noticeable reduction in viscosity was observed
across all samples. For HPC-M and cet-HEC, the viscosity
dropped sharply within the first 14-28 days, reaching near-zero
values by day 42. HPC-J also showed a rapid decrease, with its
viscosity significantly diminishing by day 14 and approaching
near-zero by day 28. Extensive degradation was observed for
HPC-], cet-HEC, and HPC-M, all achieving close to 100%
viscosity reduction within 28-42 days (Fig. 1b). Specifically, both
HPC-M and cet-HEC showed an exceptionally rapid decline,
reaching nearly 90% reduction by day 14. On the other hand,
HEMC and HPMC displayed a more linear reduction, achieving
~80% reduction by the end of the incubation period (8th week).
These results consistently indicate a substantial loss of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Viscosity profile and (b) percentage viscosity reduction of
cellulose-based rheology modifiers during biodegradation (HPC:
hydroxypropyl cellulose; HPMC: hydroxypropyl methyl cellulose;
HEMC-hydroxyethyl methyl cellulose; cet-HEC: cetyl-hydroxyethyl
cellulose).

rheological properties, directly correlating with cellulosic poly-
mer degradation.

The developed viscosity-based method offers a distinct
advantage over conventional biodegradation assessment tech-
niques such as those based on carbon balance (e.g., OECD 301 B)*
and qualitative material property loss (e.g, tensile strength for
plastics, or environmental fate assessments).® Moreover, tradi-
tional methods often require complex instrumentation, extended
incubation periods, and intricate analytical procedures (e.g., CO,
evolution monitoring, extensive material characterization, or
tracking residual fragments). In contrast, the viscosity measure-
ment is relatively simple, cost-effective, and rapid, providing
a direct and instinctive indication of polymer degradation
through the loss of its defining rheological property.” The ‘less
effort’ aspect of this method makes it particularly attractive for
preliminary screening of biodegradable polymers or for quality
control in manufacturing where rapid assessment is valuable.

For rapid assessment of biodegradability of RMs, the corre-
lation between viscosity loss and polymer chain breakdown is
very strong. While extensive research worldwide is focused on
developing biodegradable biopolymers, progress is often
slowed by the lack of a quick screening method. Existing
protocols can be costly and time-consuming, making this
simple approach especially promising for accelerating the
development and evaluation of novel biodegradable rheology
modifiers, thereby supporting more sustainable material solu-
tions. Moreover, when interpreted in the context of standard-
ized biodegradability = frameworks, the results of
biodegradability assessment align partially with OECD criteria

© 2026 The Author(s). Published by the Royal Society of Chemistry
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for ready or inherent biodegradability particularly for cet-HEC
and the in-house HPCs, which showed >60% degradation
within 28-42 days. However, the commercial samples, with
slower viscosity reduction and incomplete breakdown within 60
days, may not fully meet OECD 301 ‘ready biodegradability’
thresholds, although they may qualify as inherently biode-
gradable under OECD 302. As ISO and ASTM guidelines do not
explicitly define ‘readiness’ but instead use threshold-based
pass criteria (e.g., =90% CO, evolution in compost within 180
days), the observed trends suggest that most samples, particu-
larly cet-HEC and HPCs, would likely meet ISO 17088 (ref. 22) or
ASTM D5338 (ref. 23) biodegradability criteria under compost-
ing conditions. The extended degradation time for commercial
products may necessitate longer test durations or modified
conditions to fully assess their environmental fate.

3.2 Changes in molecular weight of CRMs during
biodegradation

As mentioned above, the biodegradation of all five tested RMs
was also analyzed by monitoring changes in their molecular
weight properties using Gel Permeation Chromatography (GPC)
over the biodegradation period. The weight-average molecular
weight (M), number-average molecular weight (M,), peak
molecular weight (M), z-average molecular weight (M,), and
polydispersity index (PDI) were determined for each sample at
different time points. The GPC results clearly demonstrate that
the developed biodegradation technique effectively degrades
the CRMs, leading to a substantial reduction in their molecular
weights.

Table 1 shows that all tested polymers exhibited a notable
reduction in their weight-average molecular weight (M,,) over
the biodegradation testing incubation period, indicating
successful degradation. The observed decrease in M,, across all
tested polymers is a direct and strong indicator of polymer
chain hydrolysis, which is characteristic of biodegradation
processes.>»* This aligns with the expectation that enzymatic or
microbial activity targets the RM's polymeric backbone,
breaking down larger macromolecules into smaller frag-
ments.”*® As can be seen in Table 1, specifically, HPC-J showed
a decrease in M,, from an initial 405 226 Da (day 0) to 135 912 Da
by the end of the test, representing a 3.0-fold reduction. Simi-
larly, HPC-M demonstrated a significant 4.6-fold reduction in
M,,, dropping from 1036 251 Da to 223 596 Da over the same
period. Nevertheless, HPMC exhibited the most substantial
degradation, with its M,, decreasing from 1429 529 Da to 30
996 Da, corresponding to an impressive 46.1-fold reduction
after 56 days. HEMC also showed considerable degradation,
with M,, decreasing from 1 343 380 Da to 191 737 Da, a 7.0-fold
reduction. Lastly, M,, of cet-HEC decreased from 243 760 Da to
88936 Da, achieving a 2.7-fold reduction.

The varying degrees of molecular weight reduction among
the different RMs highlight differences in their susceptibility to
the biodegradation process. During the biodegradation period,
HPMC showed the highest steady reduction in M,, (46.1-fold),
suggesting that its specific chemical structure or degree of
substitution may render it particularly vulnerable to the
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Table 1 Molecular weight characteristics of cellulose-based rheology modifiers during biodegradation over 56 days, as determined by Gel

Permeation Chromatography (GPC)*

CRM type Day Sample M,, (Da) (fold reduction) M, (Da) M, (Da) M, (Da) PDI (M,,/M,,)
HPC-J 0 Control 405226 (0.0) 271094 155794 998279 2.6
14 T1 146 515 (2.8) 122790 83 876 244 691 2.6
28 T2 140993 (2.9) 118 885 83182 140993 1.7
42 T3 138414 (2.9) 121 390 81923 220971 1.7
56 T4 135912 (3.0) 117 291 81613 212742 1.7
HPC-M 0 Control 1036251 (0.0) 797921 670323 1648706 1.5
14 T1 251867 (4.1) 192 042 121 634 520080 2.1
28 T2 243989 (4.2) 178 541 132780 453 252 1.8
42 T3 243574 (4.3) 187339 124 613 471 837 2
56 T4 223 596 (4.6) 175532 113 840 428 427 2
HPMC 0 Control 1429529 (0.0) 845 830 952 147 2264 861 1.5
14 T1 755418 (1.9) 564 089 610210 953 328 1.2
28 T2 159509 (9.0) 146 049 93 054 252489 1.7
42 T3 67968 (21.0) 58985 48 595 91 166 1.4
56 T4 30996 (46.1) 19593 26716 36177 1.2
HEMC 0 Control 1343380 (0.0) 908 970 288958 5419581 4.7
14 T1 589677 (2.3) 562 665 199 844 1337 860 3.0
28 T2 432249 (3.1) 367 561 182 691 912 427 2.4
42 T3 193 459 (6.9) 178184 107 107 325369 1.8
56 T4 191737 (7.0) 187 339 141 962 248 941 1.4
cet-HEC 0 Control 243760 (0.0) 293 555 138 895 355378 1.75
14 T1 111 604 (2.2) 105651 78704 147 102 1.42
28 T2 94532 (2.6) 86 323 67 700 124 923 1.39
42 T3 97 360 (2.5) 84 369 68970 131321 1.41
56 T4 88936 (2.7) 76744 63 497 119092 1.4

“ RM: rheology modifier; HPC: hydroxypropyl cellulose; HPMC: hydroxypropyl methyl cellulose; HEMC hydroxyethyl methyl cellulose; cet-HEC:

cetyl-hydroxyethyl cellulose; PDI: poly dispersity index.

biodegrading agents in this system. This high susceptibility
could be due to more accessible glycosidic linkages or less steric
hindrance compared to the other modified cellulose deriva-
tives.””?® Conversely, HPC-J, HPC-M, and cet-HEC exhibited
more reasonable but still significant reductions, indicating
their biodegradability, albeit at a slower rate or to a lesser extent
under the experimental conditions. Overall, the fold change
values of M,, presented in Table 1 serve as a compelling quan-
titative measure of this degradation efficiency.

In addition, the polydispersity index (PDI), which reflects the
breadth of molecular weight distribution, also showed changes
for most samples over time, which further supports the inter-
pretation of their biodegradability. For instance, the PDI of
HEMC significantly decreased from 4.7 to 1.4 (Table 1), sug-
gesting a narrower distribution of molecular weights as degra-
dation progressed. Similarly, the PDI of HPMC narrowed from
1.5 to 1.2 while HPC-J, HPC-M, and cet-HEC exhibited slight
decreases or stability in their PDI values, largely indicating
a more uniform degradation process. As discussed earlier,
a decrease in PDI of cellulosic polymers during the biodegra-
dation test often signifies that the degradation process prefer-
entially targets the larger polymer chains or that the
degradation products converge towards a more uniform size
distribution. This could occur if the microbial enzymes involved
in the degradation process have specific cleavage sites or if the
smaller, more resistant fragments accumulate.>®*® As explained
by this mechanism, the initial higher PDI of HEMC (4.7)
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followed by a significant drop to 1.4 (Table 1) suggests that the
biodegradation effectively broke down a very broad initial
molecular weight distribution into a much narrower one. For
HPC-], HPC-M, and cet-HEC, the relatively stable or slightly
decreasing PDI values, even with significant M,, reduction,
suggest a more uniform degradation across the molecular
weight distribution or that the remaining polymer fragments
maintain a somewhat consistent size range.

3.2.1 Note on structural characterization. It is widely
recognized that the degree of substitution (DS) is a critical factor
influencing the enzymatic accessibility and subsequent biode-
gradability of cellulose derivatives.?® While this study did not
include a specific measurement of DS for the tested CRMs, the
profound difference in molecular weight reduction observed
from a 2.7-fold decrease for cet-HEC to an impressive 46.1-fold
decrease for HPMC strongly suggests significant underlying
variations in their chemical structure and substitution patterns.
This striking variation in susceptibility, captured efficiently by
the proposed screening method, highlights the method's utility
for early-stage material comparison, effectively signalling which
structural modifications (and, by inference, which DS levels) are
most resistant to biodegradation.

3.3 Total carbohydrate analysis during biodegradation
assessment of CRMs

The biodegradation of CRMs was further monitored by deter-
mining the residual total carbohydrate concentration (TCC) in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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test medium. Fig. 2 illustrates the changes in TCC and the cor-
responding percentage reduction for each CRM. Fig. 2a displays
the absolute TCC (mg mL ") while Fig. 2b presents the percentage
of TCC reduction at different incubation time points, providing
a clearer view of the extent of carbohydrate degradation.

On day 0, HPC-J had the initial TCC concentration at approxi-
mately 48 mg mL ', followed by HPMC (35.5 mg mL ') and
HEMC (29.5 mg mL™"). HPC-M had a lower initial concentration
(17.3 mg mL "), and cet-HEC had the lowest (8.7 mg mL™"). All
samples showed a consistent decrease in TCC concentration as the
incubation progressed. Explicitly, HPC-] demonstrated a signifi-
cant absolute reduction from 48 mg mL " at day 0 to <10 mg mL "
by day 56. Similarly, TCC content of HPMC and HEMC also
decreased markedly, falling from their initial 35.5 mg mL~" and
29.5 mg mL~" concentrations, respectively, to below 10 mg mL .
Meanwhile, HPC-M and cet-HEC, starting with lower initial
concentrations, also exhibited significant reductions over time,
reaching concentrations below 5 mg mL ™" by day 56.

Overall, HPC-J resulted in the highest percentage reduction,
approaching ~90% by day 56. Similarly, HEMC also showed an
86% reduction by the end of the study, while HPMC concentra-
tions reduced by 82% and HPC-M reduced by ~76%. On the other
hand, cet-HEC exhibited a moderate reduction, of ~65% reduc-
tion by day 56. The rapid initial reduction in TCC content for HPC-
J, HPMC, HEMC, and HPC-M within the first 14-28 days was
consistent with the rapid changes observed in their corresponding
molecular weight and viscosities.

Accordingly, the reduction in overall TCC across all CRMs
provides strong evidence of their degradation and assimilation
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Fig. 2 Total carbohydrate content (TCC) and percentage TCC
reduction during biodegradation (HPC: hydroxypropyl cellulose;
HPMC: hydroxypropyl methyl cellulose; HEMC-hydroxyethyl methyl
cellulose; cet-HEC: cetyl-hydroxyethyl cellulose).
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during the biodegradation test. Being cellulose derivatives, these
polymers are composed primarily of carbohydrate units,** and
their disappearance from the solution indicates that the micro-
bial consortia or enzymes involved in their biodegradation are
actively breaking down and consuming these polymeric sugars.**
This quantitative loss of carbohydrate mass correlates with the
qualitative and rheological changes observed in the molecular
weight and viscosity analyses (Table 1 and Fig. 1).

Moreover, the strong reduction in TC concentration, partic-
ularly for HPC-J, HEMC, and HPMC, further reinforces the high
biodegradability of these specific polymers. The TCC reduction
indirectly correlates to the ‘carbon balance’ aspect considered
during conventional biodegradation tests (e.g., OECD, ISO, and
ASTM)'***2223 which quantify degradation by measuring the
carbon dioxide evolution or loss of substrate. Overall, our
method is simpler to execute than full carbon balance tests, and
the direct measurement of TCC loss provides considerable
evidence of material consumption, serving as a key indicator of
CRM's biodegradability.

Considering our results, the varying rates and extent of TCC
reduction among the different polymers can be attributed to
their unique structural modifications, degrees of substitution or
molar substitution, and accessibility of glycosidic bonds, which
influence their susceptibility to enzymatic hydrolysis and
microbial utilization.** This total carbohydrate analysis
provides a crucial quantitative metric, complementing the
rheological and molecular weight data by directly measuring
the biodegradation of the CRM substrate. Furthermore, it offers
a simpler approach for material mineralization or assimilation,
reinforcing the validity of the newly developed biodegradation
assessment approach in this study.

3.4 Chemical oxygen demand (COD) analysis during
biodegradation assessment

In addition to TCC analysis, the initial and final day chemical
oxygen demand (COD) was also measured in the biodegradation
test samples to quantify the reduction in total oxidizable
organic matter due to CRM degradation (Table 2). A reduction
in COD values was observed for all tested CRMs. HPC-] showed
a decrease in COD from 71 136 ppm on day 0 to 59 280 ppm on
day 56, representing a 16.67% reduction. Correspondingly,
HPC-M exhibited a 40% reduction, with COD dropping from 29
640 ppm to 17 784 ppm. Likewise, HPMC also showed a reduc-
tion of 40.01%, decreasing from 11856 ppm to 7113 ppm.
HEMC, while showing a reduction, had the lowest percentage
decrease at 9.11%, with COD changing from 6522 ppm to
5928 ppm. Finally, cet-HEC exhibited a 27.78% reduction, with
COD decreasing from 10 671 ppm to 7707 ppm.

The observed reductions in COD values after 56 days of
incubation indicate that some of the organic material from the
CRMs was indeed consumed or mineralized during the
biodegradation process. COD directly measures the amount of
oxygen required to chemically oxidize organic and inorganic
matter in a sample; thus, a decrease suggests a reduction in the
total amount of oxidizable organic compounds present.
However, the finding that the COD reduction (ranging from
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Table 2 Chemical oxygen demand (COD) and percentage COD
reduction during biodegradation®

Initial COD Final COD (ppm) % Reduction

CRM type (ppm) Oth day 60th day in COD
HPC-J 71136 59280 16.7
HPC-M 29640 17784 40.0
HPMC 11 856 7113 40.0
HEMC 6522 5928 9.11
cet-HEC 10671 7707 27.8

% HPC: hydroxypropyl cellulose; HPMC: hydroxypropyl methyl cellulose;
HEMC hydroxyethyl methyl cellulose; cet-HEC: cetyl-hydroxyethyl
cellulose.

9.11% to 40.01%) was not as significant as the substantial
reductions observed in viscosity and molecular weight (which
often indicated near-complete degradation of rheological
properties and polymer chains) provides crucial insight into the
degradation process. The dramatic reductions in viscosity and
molecular weight point to rapid and extensive polymer chain
hydrolysis (primary degradation), breaking down large macro-
molecules into much smaller fragments. A key justification for
the less distinct COD reduction is that these intermediate
breakdown products (e.g., oligomers and monomers like
glucose) are still organic compounds. While they have lost their
rheological properties and high molecular weight, they still
possess a high chemical oxygen demand until they are fully
mineralized into CO,, water, and biomass.

Comprehensively, the multi-metric approach proposed in
this study effectively distinguishes between different phases of
biodegradation and provides a robust framework for early-stage
screening, which is critical for novel CRMs. The monitoring
parameters can be categorized as follows:

(a) Primary degradation (chain scission): viscosity and
molecular weight (M,,) reduction are highly sensitive, nearly
instantaneous indicators of the microbial/enzymatic cleavage of
the polymer backbone. The strong correlation between viscosity
loss and polymer chain breakdown is well-established in
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polymer science,* and our GPC data confirm this correlation
(e.g., HPMC's near-100% viscosity loss coincided with a 46.1-
fold M, decrease). This metric identifies if a material is
susceptible to initial breakdown.

(b) Substrate consumption (mass loss): total carbohydrate
content (TCC) reduction serves as a direct, quantitative measure
of the loss of the parent material from the system as it is broken
down, consumed, and assimilated by the microbial consortia.
TCC reduction generally correlated well with primary degrada-
tion metrics (e.g., HPC-J] showed the highest TCC loss, 85%, and
significant M,, loss, 3.0-fold), indicating effective breakdown
and utilization of the resulting oligomers.

(c) Ultimate degradation (mineralization proxy): chemical
oxygen demand (COD) reduction acts as a proxy for the total
oxidation and potential mineralization of the organic
compounds. The observed low COD reduction (9-40%)
compared to the high viscosity/M,, loss highlights a critical
finding; most of the CRMs rapidly undergo primary degradation
but achieve only partial ultimate degradation within the 56-day
period. This suggests the rapid accumulation of low-M,,
persistent intermediates that still retain oxidizable carbon (high
COD), which would not be detected as ‘biodegradable’ by
a standard, singular CO, evolution test until much later.

By combining these four metrics, the developed method offers
a comprehensive assessment; it identifies materials that are
easily cleaved (HPMC, HPC-M, and cet-HEC via viscosity/M,),
quantifies the extent of mass loss (HPC-J via TCC), and most
importantly, flags potential issues with slow final mineralization
(low COD for all samples). This integrated approach provides
a robust decision tool for early-stage CRM development.

3.5 Predictive analysis for polymer degradation (sensitivity
factor)

Beyond the direct physiochemical and concentration analyses
carried out for assessing the biodegradability of CRMs,
a mathematical modelling approach was employed to derive
a predictive degradation metric. Specifically, the linear regres-
sion model (S6, SI) was applied to the viscosity and GPC data

Table 3 Predictive model parameters and degradation interpretation for different cellulosic rheology modifiers (CRMs)¢

CRM type Predictive exponent () (R%) p-Value Std error Interpretation

HPC-] 1.42 0.90 0.014 0.28 Strong correlation and statistically
significant relationship; viscosity
moderately tracks molecular weight loss

HPC-M 2.19 0.99 0.0007 0.15 Excellent correlation and viscosity is
highly sensitive to degradation; clean
power-law behavior

HPMC 0.48 0.91 0.013 0.09 Very stable polymer and viscosity
retained despite scission; network
reinforcement likely

HEMC 0.93 0.78 0.047 0.28 Moderate correlation; viscosity tracks
molecular scission modestly

cet-HEC 4.85 0.99 0.0003 0.25 Extremely sensitive system; rapid

viscosity collapse with small molecular
weight loss

“ HPC: hydroxypropyl cellulose; HPMC: hydroxypropyl methyl cellulose; HEMC hydroxyethyl methyl cellulose; cet-HEC: cetyl-hydroxyethyl cellulose.
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across the 56-day test period to compute the degradation
sensitivity factors (‘a’) and correlation coefficients (R*) for each
CRM,; these results are furnished in Table 3.

The results show a wide range of ‘a’ values, confirming that
the chemical structure significantly modulates the relationship
between polymer chain scission (molecular weight loss) and
functional loss (viscosity reduction). The highest ‘@’ value was
observed for cet-HEC (a = 4.85), indicating that it is the most
degradation-sensitive polymer; a small reduction in molecular
weight results in a highly increased (nearly five-fold) loss of
viscosity. This extreme sensitivity aligns with the rapid initial
viscosity reduction observed for cet-HEC (Fig. 1). HPC-M (a =
2.19) also exhibited high sensitivity, which is within the range
commonly cited for entangled polymer systems,* showing an
excellent fit (R> = 0.99) and signifying a clean power-law
behavior between molecular weight and viscosity loss.?

Conversely, HPMC displayed the lowest sensitivity factor (a =
0.48), yet demonstrated the highest goodness of fit (R*> = 0.91).
This indicates that while its viscosity loss is perfectly predict-
able from its molecular weight reduction, the functional loss is
significantly less sensitive to chain scission than in the other
polymers. This low ‘@’ value strongly suggests that the structural
modifications in HPMC provide maximum resistance to the
chain scission process, requiring extensive breakdown before
a significant functional property loss is measured.

This quantitative factor ‘a’, therefore, provides a predictive
score for assessing structural resistance to biodegradation
exhibited by the cellulosic-theology modifiers, which can be
determined early in the research & development phase.

4 Conclusions

We successfully established and validated a new multi-metric
approach for early-stage biodegradability screening of
cellulose-based rheology modifiers (CRMs). This method
primarily utilized viscosity reduction as a key indicator,
comprehensively supported by molecular weight, total carbo-
hydrate content (TCC), and chemical oxygen demand (COD)
analyses under ecologically relevant conditions. All five tested
CRMs exhibited significant viscosity reduction, approaching
100% within 28-42 days for HPC-J, HPC-M, and cet-HEC,
directly signifying polymer chain breakdown. Molecular
weight analyses validated this, with HPMC demonstrating an
impressive 46.1-fold reduction. The consistent and extensive
reduction in TCC (up to ~90% for HPC-]) provided robust
quantitative evidence of microbial consumption and
assimilation.

Crucially, a quantitative modelling approach was integrated
to establish a predictive mathematical relationship (degrada-
tion sensitivity factor, ‘a’) between viscosity loss and molecular
degradation. The ‘a’ factor quantified the polymer's structural
resistance, ranging from the most sensitive polymer, cet-HEC (a
= 4.85), to the most structurally resistant, HPMC (a = 0.48).
This factor enhances the predictive capability of the method by
offering a metric for assessing structural stability during the
R&D phase. The developed viscosity-based multi-metric method
is simple, cost-effective, and rapid, making it highly suitable for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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preliminary screening and quality control. Its findings align
with established biodegradability frameworks, holding signifi-
cant promise for accelerating the development of sustainable
rheology modifiers.
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