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In this study, cross-linker free, fully bio-based, biodegradable superabsorbent polymers (SAPs) were syn-
thesized from the multi-functional monomers citric acid (CA), monosodium citrate (MSC) and glycerol
(GLY) by polycondensation and subsequent thermal self-cross-linking. All monomers (CA, MSC, GLY)
used in this study were not only bio-based but also non-toxic. All of them contain more than two hydro-
philic groups in one molecule, which shows great potential to be used in the production of SAPs. The
structure, water absorbance capacity and biodegradability of the resulting SAPs were investigated in detail.
Upon removal of the soluble fraction, the SAPs have a gel content of approximately 60% and exhibit a
maximum absorption capacity of deionized water of 24 + 2 g g’l. Moreover, the prepared SAPs show
good biodegradability at 25 °C (40% biodegradability after 28 days) in an activated sludge-containing
medium and are accordingly promising eco-friendly materials for potential use in our environment, not
generating persistent microplastics like commercial non-biodegradable SAPs based on neutralized poly-
acrylic acid and polyacrylamides. Therefore, the bio-based SAPs described in this paper have promising
application potential for the sustainable chemical industries including hygiene products and agricultural
products, e.g. controlled-release fertilizer coatings and soil improvers.

1. Superabsorbent polymers, largely used in the personal care and agricultural industries, are one major source of micro-
plastics and carbon emissions, as they are typically fossil-based, non-recyclable and non-degradable. We propose here a
new fully bio-based and bio-degradable formulation for such materials, making them more environmentally friendly.

2. Our superabsorbent polymers are made only of renewable building blocks and show a water absorption capacity of
2400% and a biodegradability of 40% in 28 days.

3. Water absorbency and biodegradability could be further improved by trying different formulations. For example,
different bio-based molecules with multiple hydroxyl and carboxylic functionalities can be tested, and/or different

counterions.

1. Introduction

Superabsorbent polymers (SAPs) are a class of cross-linked
hydrophilic polymers that can absorb substantial amounts
(usually more than 10 g g™") of water and retain it even under
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pressure.’ Taking the most successfully commercialized SAP
class, viz. polyacrylates, as an example,” these can absorb more
than 100 times their own weight of distilled water. Because of
their unique absorbing ability, they have been widely used in
different fields, including hygiene products, agriculture, con-
struction and so forth, of which hygiene products (such as
baby diapers, female sanitary, and adult incontinence pro-
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ducts) take more than 95% market share.’ Given the increas-
ing birth rate and the average human lifespan around the
world, the market of SAPs is projected to grow from 9.0 billion
USD in 2019 to 12.9 billion USD by 2024 at a Compound
Annual Growth Rate (CAGR) of 7.4% with a global production
capacity of over 4 126 000 tons per year in 2020.>*

As mentioned above, the most successfully commercialized
SAPs are polyacrylates, including neutralized polyacrylic acid
and polyacrylamide. They have unmatched water absorbance
capacities, which are related to the highest possible hydro-
philic group density (one hydrophilic group in each repeating
unit consisting of merely two carbon atoms in the backbone).
However, the backbone fully consisting of carbon-carbon
bonds endows polyacrylates with a stable structure even under
harsh conditions and thus implies poor or even zero biode-
gradability. Furthermore, for hygiene applications, it is
difficult to reuse these severely contaminated materials, which
means that most likely the SAPs in these products will turn out
to be a source for microplastics after use. In the near future,
legislation banning the use of non-biodegradable and persist-
ent microplastics will come into force.” In view of the clear
global trend of banning the use of disposable plastic products
in the (near) future, especially persistent microplastic-generat-
ing species, it is necessary to develop biodegradable alterna-
tives to tackle the microplastic issue.

To date, most researchers focus on natural polymer-
based SAPs such as cellulose,®” chitosan,®™° starch,"'™* pro-
teins,'*' etc. In these studies, bio-based SAPs are produced by
graft-copolymerization of acrylic acid or derivatives onto those
natural polymers described above. It has been reported that
these SAPs show great absorbance capacity and also biodegrad-
ability to some extent. However, there are still two short-
comings: firstly, these natural polymers usually have ultra-high
molecular weight, which makes it difficult to handle them
during the production of SAPs;'® secondly, the biodegradabil-
ity of these resulting SAPs mostly arises from the natural
polymer moieties, while the (poly)acrylic acid moieties are
non-biodegradable.’”*® Given the high content of acrylic acid
in these SAPs, the remainder of these products, after being
subjected to biodegradation, is still harmful to and persistent
in the environment and can still end up in our food chain.

In 2017, a Korean research group'® introduced a promis-
ing step-growth method with high potential to produce
polycondensate-type citric acid (CA)-based SAPs by melt
polymerization. The maximum absorbency of the SAPs pro-
duced by this method was around 22 g g~' of distilled
water, which was not as high as the absorbency of acrylic
acid-based SAPs, but nevertheless this product blazed a new
trail to synthesize novel synthetic and potentially bio-
degradable SAPs. The authors reported bio-based SAPs syn-
thesized from citric acid, monosodium citrate and 1,4-buta-
nediol, cross-linked by hexamethylene diisocyanate (HDI).
The water-absorbing capacity was studied in detail in that
work. However, a biodegradability study of these SAPs,
crucial in view of the upcoming legislation on microplastics,
was not performed.

This journal is © The Royal Society of Chemistry 2025
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In order to avoid the use of toxic cross-linkers like HDI and
investigate the potential biodegradability of the CA-based
SAPs, in the current study, citric acid and glycerol are chosen
as starting monomers to produce fully bio-based SAPs.
Compared with 1,4-butanediol, glycerol bears one more
hydroxyl group per molecule, which can further react with CA.
This makes it possible to avoid the use of additional cross-
linkers and still obtain a stable 3D network required for the
structural integrity of the SAP and to have good performance.
The proposed formulation makes it possible, since both mono-
mers are trifunctional and should therefore be able to self-
cross-link, of course depending on the temperature applied."®
Sufficient neutralization is important for generating SAPs
which can deliver enough osmotic pressure difference with the
environment. In this study, part of the CA will be replaced by
monosodium citrate (MSC) for both introducing neutralization
and limiting cross-linking. Here, the neutralization degree
(ND) is a number indicating the degree of neutralization of the
—-COOH groups of citric acid residues in the polymer by
sodium hydroxide. CA/GLY-based SAPs with different NDs
were synthesized by polycondensation and thermal cross-
linking at elevated temperatures and the biodegradability of
the resulting SAPs was characterized in detail.

2. Materials and methods

2.1. Materials

Citric acid (CA, >99.5%), glycerol (GLY, >99.5%), monosodium
citrate (MSC, 99%), ethylene glycol (EG, 99.8%), monobasic
potassium phosphate (>99.0%), dibasic potassium phosphate
(>98.0%), disodium hydrogen phosphate dehydrate (>99.0%),
ammonium chloride (>99.5%), calcium chloride (>93.0%),
magnesium sulfate heptahydrate (>98%), iron(um) chloride
hexahydrate (97%), and sodium acetate (>99%) were pur-
chased from Sigma-Aldrich and used without further purifi-
cation. Deionized water was purified with WaterPro PS
Polishing Systems equipment purchased from the LABCONCO
Company. The water containing activated sludge was taken
from a water treatment center in Glimmen (Province of
Groningen, The Netherlands). E-D-SCHNELLSIEB PAINT
STRAINER super fine 125my (blue mesh) filter paper was
kindly supplied by Covestro (The Netherlands) B.V.
Regenerated cellulose filter paper (pore size: 0.45 pm) for in-
soluble content determination was purchased from
SARTORIUS Biotech GmbH (Germany).

SAP precursor polymer synthesis. SAPs of various compo-
sitions were synthesized from CA, GLY and MSC via a bulk
two-step polycondensation procedure using equimolar feed
ratios of (CA + MSC)/GLY in all cases (see Table 1): a 500 mL,
three-neck flange flask equipped with a mechanical stirrer, a
Schlenk line, and a condenser were purged with a nitrogen-
vacuum cycle three times at room temperature to remove air.
In the beginning, CA, GLY and MSC in the desired molar
ratios were put in the flange flask, and a small amount of de-
ionized water was added to help the dissolution of CA into

Green Chem., 2025, 27, 3234-3247 | 3235
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Table 1 Molecular weight and insoluble content of the as-synthesized CA/GLY-based SAP precursor polymers before the thermal cross-linking

treatment

SAP precursor polymer  SAP CA:MSC: GLY molar feed ratio M, (x10° g mol™") M, (x10° gmol™") PDI  Insoluble content’ (%)
PGC SAP-0 10:0:10 0.7 17.9 314 62
PGCooM;0 SAP-10  9:1:10 0.7 15.4 21.3 43
PGCgoMao SAP-20 8:2:10 0.7 6.3 9.5 23
PGCoMs0 SAP-30 7:3:10 0.7 5.6 9.0 0
PGCgoM,0 SAP-40  6:4:10 0.7 5.6 88 0
PGCsoMso SAP-50 5:5:10 0.6 4.0 68 0
PGC,4Meo SAP-60 4:6:10 0.7 3.2 44 0
PGC3Myo SAP-70  3:7:10 0.5 1.1 28 0
PGC,oMg SAP-80 2:8:10 0.6 4.3 62 0
PGCysMgs SAP-85 1.5:8.5:10 0.6 5.6 9.0 0
PGCyMoo NA® 1:9:10 0.6 5.6 9.0 0
PGM 0:10:10 0.7 6.0 9.0 0

“Based on PEG standards; values for soluble fractions only. ? This is calculated according to eqn (1); the pore size of the filter paper is 0.45 pm.

¢ Not applicable because the material is water soluble, thus it cannot be regarded as a SAP.

GLY to obtain a homogeneous solution. Polyesterification was
performed in two steps: firstly, it was done at 130 °C under a
mild nitrogen flow for 3 h. After that, the reaction was finished
in the same flask at 130 °C under vacuum (about 1 mbar) with
the condenser replaced by a glass plug and the water would be
collected by a cold trap surrounded with liquid nitrogen. After
reaction for 4.5-6 h in total, the mechanical stirrer was
stopped because of the high viscosity of the SAP precursor
polymer. In the meantime, an obvious Weissenberg effect
could be observed on the stirring blade in the flask, which
illustrated the relatively high molecular weight of the SAP pre-
cursor polymer. After the reaction, the product was cooled
down to room temperature and taken out of the flask.
After pulverizing and drying, the molecular weight of the
fully soluble product was characterized by GPC analysis in
water (details can be found below) and the material was
stored at room temperature before thermal cross-linking was
performed.

Thermal cross-linking and washing. The SAP precursor
polymers synthesized as described above, before being sub-
jected to a cross-linking treatment, were pulverized by an
IKA Tube Mill control for 3 min at room temperature to yield
fine powders (with a particle size of around 50-100 pm, as
characterized by a digital microscope, Keyence VHX-7000
series). The fine powders were then evenly spread in a hand-
made, open cuboid aluminium box and put into an oven at
140 °C under a vacuum of about 0.1 mbar for 1 h to induce
thermal cross-linking. After the thermal cross-linking treat-
ment, the powders turned out to be transformed into fluffy
materials. This obtained material was extracted with water to
separate the soluble fraction. The gel content, in fact the
SAP yield after the cross-linking step, is an important para-
meter for the production of SAPs. This insoluble part of the
SAP was determined and calculated in this work as follows:
M, g ground (details can be found in the Thermal cross-
linking section) SAPs were immersed in an excess of de-
ionized water and stirred for 1 h to ensure sufficient swell-
ing. After that the mixture of swelled SAPs and the test
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medium were filtered via the super fine 125my (blue mesh)
filter paper (original weight filter paper: M, g) mentioned in
the Materials section in this paper. Then the filter paper and
swelled SAP particles were dried at 60 °C under vacuum in
the oven for 24 h. After that, the filter paper and SAPs were
weighed together as M; g.

Gel content (%) = (M3 — M,)/M; x 100%. (1)

In the context of the following discussion, the SAPs
obtained before washing are indicated as ‘unextracted SAPs’
and after washing as ‘extracted SAPs’. After extraction, the
materials were ground again using an IKA Tube Mill control to
deliver fine powders (with a particle size of around 50-100 pm,
as characterized by a digital microscope, Keyence VHX-7000
series; grinding times are mentioned in the Results and dis-
cussion section), which were stored in a desiccator at room
temperature before further characterization.

2.2. General methods

Insoluble content determination of SAP precursor polymers.
It should be noted that even before the thermal cross-linking
treatment, the SAP precursor polymers may already contain
some insoluble gel parts, formed during the polycondensation
reaction. The insoluble content of the SAP precursor polymer
in water was determined by a Buchner vacuum filtration
funnel connected to a Kitasato flask, equipped with a KNF
Laboport vacuum pump. 3 g of SAP precursor polymer was
weighed and added to 20 ml of deionized water and sub-
sequently stirred for 30 min. The solution/dispersion (includ-
ing the insoluble part) was filtered using the SARTORIUS
regenerated cellulose filter paper (pore size: 0.45 pm, Sartorius
Biotech GmbH, Germany) on the Buchner funnel. The in-
soluble content was calculated using the equation below:

Insoluble content = mg/my x 100% (2)

where m, is the original weight of the SAP precursor polymer
to be analyzed and m, is the weight of the insoluble part of
this SAP precursor polymer.

This journal is © The Royal Society of Chemistry 2025
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Subsequently, the soluble part of the SAP precursor
polymer was further filtered with Corning® syringe filters (a
regenerated cellulose membrane, diam. 15 mm, pore size
0.2 pm) and used for the GPC analysis.

GPC analysis. Gel permeation chromatography (GPC) in
water was performed on the SAP precursor polymers with an
Agilent Technologies 1200 series, equipped with three 300 X
8 mm PPS Suprema columns (100, 1000, 3000 A; column temp-
erature 40 °C) in series with a RID detector. The samples were
prepared by dissolving the SAP precursor polymer mentioned
above in deionized water at a concentration of 10 mg mL™*
and using ethylene glycol as the internal standard. The
samples were eluted with 0.05 M NaNO; at a flow rate of 1 mL
min~'. Molecular weights and polydispersity indexes (PDIs)
were determined using the software PSS WinGPC unity from
Polymer Standard Service. Polyethylene glycol standards (M, =
194, 610, 1470, 3860, 16100, 28 230, 68 900, 117 900, 538 000
and 1 039 000 Da) were used for calibration.

FTIR analysis. Fourier Transform Infrared (FTIR) spectra
were recorded using a Shimadzu IR-Tracer-100 with a golden
gate diamond attenuated total reflectance (ATR) sample unit
in the range of 4000 cm™" to 500 cm™ ' at a resolution of
4 cm™" and averaged over 32 scans.

Elemental analysis. Elemental analysis of all SAPs, including
unextracted SAPs, extracted SAPs and the soluble parts, was
carried out using an automated Euro Vector EA3000 analyzer
with acetanilide as a calibration reference. The content of C, H
and Na was determined assuming that no other elements are
present, and the oxygen content was estimated by difference.
All the samples were analyzed three times, and the average
values are reported in this study.

In addition, the content of C, O and Na could also be deter-
mined by energy dispersive spectroscopy (EDS). The elemental
composition (viz. C, O and Na) was determined using a
JSM-6320 scanning electron microscope operating at an accel-
erating voltage of 15 kV and the results were analyzed using
EDAX TEAM software. The weight fractions of C, O and Na can
be obtained directly from the EDS spectrum, while the proton
(H) content was estimated from the difference to 100% of the
values obtained for C, O and Na. All samples were analyzed at
three different positions, and the average values obtained for
each element are reported in this work.

Particle size and specific surface area characterization. The
particle size of the extracted SAPs was characterized in two
ways in this work:

(a) By scanning electron microscopy (SEM): SEM analysis
was carried out on a JSM-6320 instrument with an accelerating
voltage of 2 kv, and the samples were sputtered with Pt/Pd
prior to SEM observation.

(b) By digital microscopy (DM): DM analysis was carried out
on a Keyence digital microscope (VHX-7000 series, produced
by the KEYENCE INTERNATIONAL Company, Belgium). A
typical procedure is as follows: 20-50 mg samples were spread
as evenly as possible at the center of a microscope slide and
the areas with mostly single-layered samples were chosen for
the measurement. A picture was taken by the computer con-

This journal is © The Royal Society of Chemistry 2025
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nected to the microscope. The outliers, both over-sized and
extremely small, were eliminated according to the area and cir-
cularity values, and the rest of the particles were chosen and
characterized based on the particle size by the computer auto-
matically. All the parameters described below are defined as
follows: Dy, is the minimum possible distance between two
parallel lines on either side of the particle. D, is the
maximum length between any two points that lie on the inner
perimeter of the figure. The perimeter is the length of the per-
imeter of the figure. When the figure is a perfect circle, the cir-
cularity index is 1; when it becomes long and thin, the value
approaches 0. Dgircle equivalent i the diameter of a circle with
the same area as the figure. More details can be found in the
ESLt

The specific surface area of the extracted SAPs was calcu-
lated after performing a Brunauer-Emmett-Teller (BET) ana-
lysis. Nitrogen adsorption-desorption isotherms
measured at —196.15 °C on a Micromeritics Tristar 3000 after a
pretreatment at 40 °C for 5 h under a N, atmosphere to remove
residual water.

Rheological analysis. The cross-link density of different
SAPs was determined indirectly by rheological measure-
ments. The measurements have been performed with a
Physica MCR302 rheometer equipped with an 8 mm diameter
plate/plate geometry. The temperature was controlled by a
Peltier hood and a Peltier bottom plate. The 100% solid,
extracted porous SAP powder was positioned on the bottom
plate at a temperature sufficiently high to make the vitrified
cross-linked powder compressible and sufficiently low to
avoid any chemical reactions. Subsequently, the upper plate
was lowered to compress the porous rubbery powder into a
massive sample. The amount of powder positioned between
the plates was adjusted to result in a compressed sample
height within the range of 400-700 pm. After completion of
the compression, the actual rheological measurement was
started. Via the upper plate, the sample was subjected to an
oscillatory shear deformation y(¢) with an amplitude (y,) of
0.05% and a frequency of 1 Hz. The amplitude of the result-
ing oscillatory shear stress z(t) is referred to as 7,. The phase
shift between the oscillating stress and oscillating defor-
mation is referred to as §. From the measured values of 7, 7,
and &, the storage modulus G’ and the loss modulus G” were
derived. These rheological characteristics have been acquired
as a function of temperature, while cooling the sample at a
rate of —1 °C min™".

Absorption speed test. 2 g cross-linked and extracted SAP
powders were put into a 100 mL glass jar and immersed in de-
ionized water (DW) for different times (1, 2, 3, 4, 5, 10, 15, 20,
25 and 30 min) and then the solution was filtered through the
filter paper. The calculation is as indicated in the text below.

Total free water absorption test until saturation. 2 g cross-
linked and extracted SAP powders were put into a 100 mL glass
jar and immersed in deionized water. After stirring for a
couple of seconds, the dispersions were allowed to stand for
30 min, after which the solution was filtered through the filter
paper until no more water dripping was observed. The residue

were
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was weighed for the calculation given below. The filtrate was
collected for subsequent elemental analysis on extracted and
unextracted SAPs. The total free water absorption (WA) was cal-
culated as follows:

WA = (3)
where W; is the original weight of the (dry) SAP and W, is the
weight of the SAP after swelling. It should be noted that
margins of error are based on differences observed for
measurements performed in triplicate.

Biodegradability test. The biodegradability test was per-
formed using a Biochemical Oxygen Demand (BOD) determi-
nation machine (BD 600 series, produced by Lovibond
Company). A predetermined amount of the test substance was
added to the test medium (water containing activated sludge).
The solution was kept in a closed bottle in the dark at a con-
stant temperature (25 °C), and the biodegradation was fol-
lowed by measuring the biochemical oxygen demand. The
BOD of a substance is an expression for the amount of oxygen
consumed by the decomposition of organic matter in a bio-
chemical process. The details about the procedure and
method to prepare the samples can be found in the ESI.{ In

(Wy —W1)/W1 (gg™")

(a) Synthesis of conventional SAPs

radical polymerization

vi [o] (o]
Lt L - VLOH * Q)Lo_Na‘

acrylic acid-based monomers
Fossil sources

chemical cross-linking

esterification :

@130 °C, under N, atmosphere
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agreement with the biodegradation test standard for polymers
(OECD 301),>°* the incubation lasted for 28 days. All the
samples were analyzed in duplicate, and the average values are
reported in this study.

3. Results and discussion

3.1. Synthesis and characterization of SAP precursor
polymers

In this work, SAP precursor polymers (PGC.M,) were syn-
thesized from citric acid (CA), glycerol (GLY), and mono-
sodium citrate (MSC), where x and y represent respectively
the molar percentage of CA and MSC in the total amount of
acid monomers (CA + MSC) in the feed (Scheme 1). It should
be mentioned that in the beginning, to help dissolve CA into
GLY, 2 mL of deionized water were added to the flask, result-
ing in a homogeneous mixture. After 3 hours at 130 °C, all
the by-products (including the water added in the beginning
and condensation water resulting from the esterification)
were collected. At that time point, esterification was regarded
as complete, after which no liquid could be collected
anymore. Then the reaction was continued in a second step

05 ON20 5 ON#D,,.OH Oy OH O5.0H

000
NaD
ONa|
05.0HO, 05, 0H 0, OH O, OH
NaoOOO 0
ONg
04.0HO, 0O4.0Hf O, OH Oy OH

NaO™0 HO O

non-biodegradable SAPs

0 HO™ O
NaO

conventional SAP

\ citric acid (CA} monosodium citrate (MSC)
x \ OH polycondensation:
AT L+ Ho A _on

@130 °C, under vacuum conditions
{around 1mbar)

glycerol (GLY)

+
Na
o OH o, o
o Q o Q
O/Y\o 0/\(\0
OH OH
OH % OH y

bio-degradable SAPs

Scheme 1 Comparison between the synthesis of CA + MSC/GLY-based SAPs and conventional SAPs. x denotes the molar percentage of citric acid

in the total moles of acid (CA + MSC) in the feed.
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Fig. 1 NMR spectrum of the PGC;oMzq SAP precursor polymer (all peaks were assigned according to the literature reported by Mohammadifar et a

under vacuum for 1.5-2 hours. Taking PGC,oM;, as an
example, a typical 'H spectrum is depicted in Fig. 1. The
number and weight average molecular weights and the poly-
dispersity indexes of all synthesized SAP precursor polymers
are shown in Table 1. PGC, prepared without the addition of
MSC, has the highest M, (0.7 x 10> g mol™"), M,, (17.9 x 10> g
mol™") and polydispersity index (31.4), which is due to the
high average functionality of the monomers (3). This shows
the oligomeric nature of these precursors. It has to be noted
that in samples with a MSC molar content of up to 20%, in-
soluble particles were formed, and these were filtered off
before performing molecular characterization. Because of the
lower reactivity and the lower functionality (2) of MSC,>* the
molecular weight of the resulting SAP precursor polymers
made from CA, MSC and GLY decreases with increasing MSC
content up to 40 mol%. The GPC data indicate a low func-
tional group conversion and a low degree of polymerization
which, as expected, resulted in a predominantly non-cross-
linked structure, illustrated by the low values of the insoluble
content index, also presented in Table 1. The relatively high
polydispersity also suggests branching. This is virtually un-
avoidable, as there are always trifunctional CA and GLY in the
mixtures. Concerning the GLY, some selectivity of primary
hydroxyl groups over secondary ones can be expected, limit-
ing branching and cross-linking, as shown in our previous
study.”® It should also be mentioned that the pore size of the
filter paper (micrometer grade) used for measuring the in-
soluble content index is much bigger than the pore size of
the membrane filter put in front of the column used for GPC
measurements. So, the insoluble content index values are
rather approximations than accurate values, and it is possible
that cross-linked materials also exist for samples with higher
than 20% MSC content. However, this does not affect the fol-
lowing synthetic step.

This journal is © The Royal Society of Chemistry 2025

12%).

3.2. Optimization of cross-linking temperature and grinding
time for SAPs

Cross-linking and physical properties such as particle size can
influence the absorbing performance of SAPs. If not
sufficiently cross-linked, the highly hydrophilic polymer chain
may be soluble in water, not being capable of trapping any
water. On the other hand, too much cross-linking limits the
swelling and therefore the absorption capability of the
material. To ensure sufficient absorbance capacity, these SAP
precursor polymers were thermally cross-linked at elevated
temperatures. Compared with chemical cross-linking, thermal
cross-linking is more environmentally friendly, avoiding the
usage of usually toxic cross-linking agents such as N,N-methyl-
enebisacrylamide (MBA)*>*” and hexamethylenediisocyanate."?
In addition, by controlling and optimizing the thermal cross-
linking conditions, SAPs could be generated with as low as
possible, but sufficient, cross-link density to build a stable 3D
network exhibiting a maximum degree of swelling by water
absorption. In this work, it was found that for cross-linking
temperatures below 140 °C, the efficiency of the cross-linking
process was poor and therefore the temperature range from
140 to 165 °C was studied here. Fig. 2(a) shows the results of
the water absorption capacity tests for SAPs with the same
overall composition, all having a theoretical neutralization
degree (ND) of 80%, but thermally cross-linked at different
temperatures.

For a cross-linked polymer, at temperatures > Ty, all elastic
resistance against deformation (= G') originates from the
stretching of the cross-linked polymer network chains. At
these elevated temperatures, the cross-linked polymer behaves
like a rubber. According to the theory of rubber elasticity, at
temperatures >> T,, the plateau modulus, in the absence of
entanglements, is solely due to the presence of cross-links
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(a) Water absorption capacity and gel content of SAPs (all variations of SAP-80) versus cross-linking temperature; (l) water absorption

capacity of unextracted SAP-80s (ground for 180 s), (e) water absorption capacity of extracted SAP-80s (ground for 180 s); (m) gel content of
extracted SAP-80s (ground for 180 s); note: all the data shown in the figure are average values based on the results obtained for three separate
measurements and the margins of error are +2 g g~* for the water absorption capacity test and +0.2% for the gel content test. (b) Storage modulus
as a function of temperature of extracted SAP-80s cross-linked at different temperatures (140 °C to 165 °C) for 1 h versus temperature and ground
for 180 s. Note: 150 °C (vertical black line) was chosen as the point where G, was taken; since all curves reached a plateau before 150 °C, it is reason-
able to predict the G' value according to the existing curve. The circles are the predicted point at 150 °C.

(Gy), and it is proportional to v, the number of moles of elasti-
cally active network chains per m?® of the examined sample:

Ve = Gy/RT (4)

where Gy is obtained from the rubbery plateau. T is the temp-
erature in K and R is the gas constant (8.314 J K~* mol™).
Using v, one can calculate M, (kg mol "), the averaged molar
weight of the network chains in between two consecutive
network junctions:

M. :P/Ve

(5)

Here p = density (kg m~?). The unit of M, is kg mol .

Upon cross-linking at higher temperatures for the same
reaction time (1 h), the obtained SAPs have a higher cross-link
density, as proved by the higher plateau storage moduli (G') at
elevated temperatures above their T, (Fig. 2(b)). It should be
noted that the different SAPs made in this study are encoded
according to the ND. Taking SAP-80 as an example, the SAP
cross-linked at 140 °C for 1 h shows the highest water absorp-
tion capacity (24 + 2 g g™, extracted SAP; note: the error of
+2 g ¢ ' is based on the results obtained for three separate
measurements). Based on the results shown in Fig. 2(a),
140 °C was chosen as the optimal temperature for the thermal
cross-linking process of all SAPs in this study. The water
absorption capacity versus cross-linking temperature curves of
both extracted and unextracted SAPs show the same trend.

It has been reported before that the water absorption rate
can also be influenced by the particle size of SAPs.”®
Commonly, the smaller the particle is, the larger the effective
surface area the particle has, and thus the faster the water
absorption rate the particle is expected to exhibit. However, if

3240 | Green Chem., 2025, 27, 3234-3247

the particle size is too small, gel blocking will take place.>*™"

Gel blocking occurs when water initially adsorbed on the
surface of SAP particles forms a hydrogel with the cross-linked
polymeric material, which inhibits water diffusion to the
interior of the SAP particle. In order to avoid gel blocking, the
particle size of SAPs should not be too small. It should be
mentioned that the experimental way of making the SAP par-
ticles makes it difficult to obtain SAPs with varying chemical
compositions and NDs with exactly the same particle size, but
the grinding time after the thermal cross-linking process can
be controlled and the relationship between the grinding time
and the resulting particle size can be established. In Fig. 3(a),
SEM images of SAP-80 particles are shown for grinding times
varying from 30 to 210 s, clearly showing that the SAP particles
become smaller and smaller with increasing grinding time. In
Table 2, the particle size and circularity index of SAP-80 pulver-
ized for different periods are shown. The calculation method
for different indexes can be found in the ESL.{ When the grind-
ing time is no more than 30 s, the average values of Dy, and
Deircle equivalent Of the sample are over 200 pm, while the shape
of the particles is extremely irregular (the average circularity
index is 0). When the grinding time increases, the particles of
all samples exhibit a more regular shape (the average circular-
ity index is 1). Like the SEM images shown in a more qualitat-
ive way, the more quantitative analysis presented in Table 2
also shows that with increasing grinding time, the particle size
decreases, in this case until 240 s. For longer grinding times,
the average values of Dp,ax and Deircle equivalent S€€M to level off.
For six different grinding times, varying from 30 to 210 s, for
thermally cross-linked (cross-linking temperature: 140 °C) and
extracted SAP-80 samples with varying average Dcircle equivalent
particle sizes between 250 and 28 um, the corresponding water

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) SEM images of cross-linked (at 140 °C) and extracted SAP-80 particles ground for different times (30, 60, 120, 150, 180, and 210 s,
respectively); (b) plot of water absorption capacity versus swelling time (samples: cross-linked (at 140 °C) and extracted SAP-80, ground to Dgcle
equivalent Values of 250, 136, 93, 65, 45 and 28 ym obtained after grinding times varying from 30 to 210 s, respectively).

Table 2 Particle size, circularity and BET specific surface area characterization of cross-linked (at 140 °C),ground SAP-80 samples (after extraction)
with different grinding times. Particle characteristics determined and analyzed using a Keyence digital microscope (VHX-7000 model) and a
Micromeritics Tristar 3000 analyzer

Average value

Grinding Dpmin® D Perimeter® Area? Deircle equivalent BET specific surface area
Entry time (s) (pm) (pm) (pm) (nm?) Circularity® (pm) (m?¢g™)
1 30 234 302 1866 31053 0 250 0.0555
2 60 123 196 708 15093 1 136 0.9543
3 90 107 165 666 10188 1 107 NA?
4 120 89 139 588 6907 1 93 1.1666
5 150 73 88 350 4854 1 78 NA
6 180 58 72 304 3320 1 65 1.2668
7 210 41 63 248 1821 1 45 1.6731
8 240 23 35 120 607 1 28 2.1167
9 270 25 30 122 594 1 29 NA
10 300 22 30 117 581 1 27 NA

“This is the minimum possible distance between two parallel lines on either side of the particle. ® The maximum length between any two points
that lie on the inner perimeter of the figure. “ The length of the perimeter of the figure.  The area of the graphic. When the figure is a perfect
circle, the circularity index is 1; when it becomes long and thin, the value approaches 0./ This is the diameter of a circle with the same area as
the figure.  NA indicates that the BET specific surface area for that sample was not determined.

absorption capacity tests were performed. For these SAP-80
particles, Fig. 3(b) shows the water absorption capacity versus
swelling time plot. Particles with Dejrcie equivalent Values of 250,
136, 93 and 65 pm, obtained after grinding times of 30, 60,
120, and 180 s, respectively (see Table 2), have comparable
maximum absorption capacities (24 + 2 g g " in distilled
water) after 30 min. However, smaller size particles exhibiting
a higher surface area (see Table 2; Brunauer-Emmett-Teller
(BET) specific surface areas of 0.0555 m” g~ for particles with
Deircle equivalent Values of 250 pm to 1.2668 m” g~' for particles
with Deircle equivalent Values of 65 pm) can absorb water faster,
illustrated by the steeper initial slope going from 250 to 65 pm
(Fig. 3(b)). Interestingly, if the SAPs are ground longer, thereby
yielding smaller particle sizes (45 and 28 pm), a sharp decreas-
ing trend in the maximum water absorption capacity is
observed, which is due to the earlier mentioned gel blocking

This journal is © The Royal Society of Chemistry 2025

effect related to too small particle sizes (please see above).
Nevertheless, the water absorption speed of these smaller par-
ticles is still high. Based on the observations, in this work, 180
s was chosen as the optimal grinding time for the production
of all SAPs with different ND values, resulting in a circle equi-
valent particle diameter of 65 pm. Based on these results
obtained for SAP-80, also for other SAPs with different NDs,
this grinding time was applied, which resulted in comparable
circle equivalent particle diameters of 56-72 pm.

3.3. Structural characterization of SAPs

Based on the determination of the optimum cross-linking
temperature as described above, all SAP precursor polymers
were thermally cross-linked at 140 °C for 1 hour (these cross-
linking conditions were optimized according to the absorption
property test, for which details can be found in Fig. 2), and

Green Chem., 2025, 27, 3234-3247 | 3241
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Fig. 4 FTIR spectra of extracted SAPs synthesized from CA, MSC, and
GLY and after thermal cross-linking. Molar feed ratio of (CA + MSC)/GLY
is always 1/1, weighed in molar monomer ratios CA/MSC (%ND) indi-
cated in the figure.

then the resulting network structures (named SAPs) were
characterized by FTIR. FTIR spectra for extracted SAPs are
shown in Fig. 4. The peaks at 1722, 1581 and 1172 cm™"
correspond to the carbonyl C=O0 of the p-ester carbonyl group,
the carboxylate carbonyl group connected to sodium ions and
the C-O of the p-ester carbonyl group, respectively. Signals
from the f-ester at 1722 cm™' are much stronger than the
signals from the a-ester at 1581 cm™,'® which illustrates the
higher reactivity of the B-carboxylic group than the a one (see
Scheme 1). It is interesting to note that SAPs with neutraliz-
ation degrees of 70% and 80% exhibit the highest intensity of
carboxylate carbonyl group peaks (connected to sodium ions),
even higher than SAPs with a higher neutralization degree
(85%). The explanation is that for NDs >80%, most of the
monosodium citrate (MSC) is not incorporated into the SAP in
view of the relatively low reactivity of MSC. Since SAPs with
higher NDs than 85% are completely water-soluble, it is
impossible to purify them by rinsing with water. Therefore, the
FTIR spectra of these systems are absent in Fig. 4.

As mentioned earlier, besides the molecular structure, the
cross-link density is also a key parameter for the absorbing
performance and biodegradability (see section 3.6). Fig. 5
clearly shows the following trend: with increasing ND, SAPs
have lower G' values at temperatures > T, which indicates a
lower cross-link density and accordingly a higher swelling

capacity.

3.4. Composition analysis of SAPs

It is well known that neutralization plays an important role in
the absorbing power of SAPs. Since MSC has a relatively low
reactivity, not all fed MSC monomers can get incorporated into
the 3D network structure of SAPs during synthesis and sub-
sequent thermal cross-linking. After the production of SAPs,

3242 | Green Chem., 2025, 27, 3234-3247
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even after the cross-linking treatment in the oven and depend-
ing on the ratio of the three monomers in the feed, a larger or
smaller part of the SAP particles and unreacted monomers can
still be soluble in liquid-like water because of insufficient
cross-linking. Usually, part of the unreacted MSC stays in the
product after the synthesis of the SAPs, either as an unreacted
monomer or incorporated into non-crosslinked water-soluble
oligomeric chains, and it can be washed out with water. The
content of unreacted MSC can be measured indirectly by
elemental analysis (EA) of the Na content of the insoluble part
of the SAP compared to the initially present amount of Na. In
Fig. 6(a), it can be seen that the Na content of unextracted
SAPs is close to the theoretical value calculated from the
monomer feed ratio because both reacted and unreacted MSC
as well as MSC present in loose oligomeric chains stay in the
product. With increasing neutralization degrees, the extracted
SAPs prove to have higher Na contents, which is proved by
both elemental analysis and EDS (Fig. 6(a) and (b), respect-
ively). There is a difference between the theoretical value
(based on the monomer feed ratio) and the value measured for
the extracted SAPs, which is in line with the fact that MSC has
a lower reactivity with GLY than CA. When the neutralization
degree is 30% or lower, the Na contents of the soluble parts of
the SAPs are higher than the value calculated for the initial
MSC monomer content (10.7 wt%). Such high Na contents in
the soluble parts indicate that almost no MSC incorporation
into the SAP structure has occurred. The highest Na content in
the unextracted and extracted SAPs is achieved when the neu-
tralization degree is 80%, which is in line with the FTIR experi-
ments described above, and this is the composition expected
to exhibit the highest water absorption capacity of all studied
compositions of this GLY/CA/MSC-based SAP (see further). In

This journal is © The Royal Society of Chemistry 2025
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Fig. 6(b), it can be observed that the difference between the
elemental fractions of C, H and O for different extracted SAPs
is negligible, but there is a clear increasing trend of Na
content with increasing neutralization degree, resulting in an
increasing absorbing capacity as will be shown further in
Fig. 7.
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Fig. 7 Plot of water absorbency and gel content of SAPs (cross-linking
temperature: 140 °C; grinding time: 180 s) versus the neutralization
degree or mol% MSC in the mixture of the acidic monomers, before (H)
and after washing (e). Blue vertical bars indicate the gel content of the
SAPs (cross-linking temperature: 140 °C; grinding time: 180 s) with
different NDs. Note: for SAPs with NDs not higher than 30%, the margin
of error of water absorption capacity is +0.5 g g~*; for SAPs with NDs in
the range of 40% to 60% (included), the margin of error of water absorp-
tion capacity is +1 g g% for SAPs with NDs higher than 70% (included),
the margin of error of water absorption capacity is +2 g g~*; the margin
of error of gel content is +0.5%.

This journal is © The Royal Society of Chemistry 2025

3.5. Absorption capacity

As shown in Fig. 7, water absorbencies both before and after
washing out (extraction) of the total soluble part of the SAP
increase with increasing ND until 80% (from 2.5 + 0.5 to 18 =
2 g ¢~ for the water absorbency before washing and from 2.5 +
0.5 to 24 + 2 g g for the water absorbency after washing,
respectively). These results about gel content are in line with
the cross-linking density results mentioned in Fig. 5.

In this work, it has been found that SAPs produced from
only CA and GLY, without incorporating MSC, have poor
absorbing performance (about 2.5 g ¢”" in deionized water,
DW). In view of this observation, sufficient neutralization is
necessary to develop SAPs with excellent absorption capacity.
Therefore, in this study a part of the CA was replaced by MSC
to introduce sodium ions into our SAPs. As ionic hydrophilic
groups, -COONa moieties expand the 3D network of SAPs by
electrostatic repulsion and thereby enhance the osmotic
pressure difference between the inner and the outer side of the
SAPs and accordingly improve the water absorbing perform-
ance when these SAPs come into contact with water. With
increasing ND, the Na' content in the SAPs increases (see
Fig. 6), which leads to enhanced electrostatic interactions and
an enhanced internal osmotic pressure of the cross-linked
network. The mentioned expansion of the SAP network struc-
ture by electrostatic repulsion between different polymer
chains generates more free space, thereby enhancing the
accommodation of water. A higher internal osmotic pressure
will drive more water entering the SAPs to achieve osmotic
pressure equilibrium. However, with the increasing content of
MSC in the monomer feed, the amount of non-neutralized car-
boxylic acid groups will decrease, and thus the chance that OH
functionalities from GLY moieties will encounter COOH func-
tionalities from CA moieties and react with ester groups will

Green Chem., 2025, 27, 3234-3247 | 3243
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decrease, which will result in a lower cross-link density. If this
cross-link density becomes too low, even a water-soluble
polymer may be formed, totally unsuitable to act as an SAP.

As stated before, unreacted and water-soluble MSC may be
left in the system after the SAP synthesis and cross-linking pro-
cedure. The water-soluble part of the SAP particles will not
contribute to the water absorbing performance. Accordingly,
there will be a difference between the absorbing performance
of extracted SAPs and unextracted SAPs, since the polymer
chains and MSC monomer that are not chemically attached to
the SAP network will occupy space where no water can be
accommodated and the soluble part of the SAP may only partly
be replaced by water molecules. For the evaluation of the
absorbance capacity of SAPs, the data obtained for the
extracted ones are more relevant. Because of this, the water
absorbency after washing is more relevant and can provide
more guidance for the production of the most promising SAPs.
An increasing ND implies an increasing number of Na' ions
present in the SAP. However, with a higher amount of less reac-
tive MSC present during synthesis (starting from 30% ND), the
content of the unreacted monomer and the water-soluble part
will increase as well, which results in a decreasing gel content.
When the ND exceeds 80%, viz. 90% and 100%, the product is
totally water-soluble and useless as an SAP. To find the critical
point from which the water absorbency will not increase with
further increasing ND, 85% ND was investigated. Interestingly,
the non-extracted SAP with an ND of 85% has a much lower
water absorbency than SAP-80, most probably related to a too
high water-soluble content that limits the entrance and accom-
modation of water, while its water absorbency after washing is
really high (around 40 g g™'). The drawback of this SAP with
an ND of 85% is that its gel content is only around 15%, which
implies an extremely low SAP yield after the cross-linking pro-
cedure. The results presented in Fig. 7 provide useful guidance
for the production of CA/GLY-based SAPs: the neutralization
degree (MSC content) cannot be higher than 80% in order to
obtain SAP products with practical value.

3.6. Biodegradability

One of the main goals of this study is to find out whether the
thermally cross-linked SAPs, produced from bio-based mono-
mers by polycondensation, are biodegradable. This biodegrad-
ability is crucial for applications in cosmetic products, as soil
improvers and in disposed diapers and female care products,
to avoid the formation of persistent microplastics in nature. It
has been reported that several linear aliphatic polymers
possess excellent biodegradability, such as polyhydroxyalkano-
ates (PHA),*>** polybutylene succinate (PBS),** polylactic acid
(PLA),*® etc. Given that the linear aliphatic SAP precursors of
this study are only thermally cross-linked and that most, if not
all, cross-linking reactions are based on the esterification
between residual -COOH groups originating from CA and
residual -OH groups originating from GLY moieties, it was
expected that the thermally cross-linked SAPs produced from
these SAP precursor polymers would exhibit satisfactory biode-
gradability. This assumption is based on the possible hydro-
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lysis of both the main chain polymer and the ester-based
cross-links, keeping in mind that usually the first step initiat-
ing biodegradation implies hydrolysis of the polymer material
into smaller chain parts that are digestible by the micro-organ-
isms present in the activated sludge.***

According to the OECD 301F Standard for the bio-
degradation test of polymer materials, the biodegradability
test needs to be performed for a period of at least 28 days.
(The detailed method can be found in the ESL ) In this study,
three SAP samples (SAP-20, SAP-70, and SAP-80), either unex-
tracted or extracted, were selected for the biodegradability test,
and these SAPs were all characterized for their exact chemical
composition (as C.H,O,Na,,) by elemental analysis and
weighed according to the OECD 301F Standard. A well-known
biodegradable material, sodium acetate, was chosen as the
positive reference in these biodegradability tests. It should be
mentioned that even for sodium acetate, the biodegradability
cannot reach 100% because a proportion of the carbon and
oxygen atoms will be consumed by the bacteria to produce
biomass.’>*° In this study, OECD 301F is chosen as the stan-
dard for the test substances. According to the OECD 301F stan-
dard, if after 28 days the biodegradability is over 60%, the
polymer can be regarded as being readily-biodegradable; the
biodegradability test results are presented in Fig. 8.
Interestingly, an obvious initiation period can be observed for
the extracted samples (Fig. 8(b)), whereas this is not the case
for the non-extracted samples. This is probably because there
are still unreacted monomers and low molecular weight chains
inside the unextracted SAPs and the size of these monomer
molecules is small enough to be digested by the bacteria,
while for the extracted systems, only cross-linked polymers are
present, which cannot move through the cell walls of the
micro-organisms. It will take some time for the bacteria to
secrete enzymes and break down the polymer chains by hydro-
lysis to small pieces, which can be assimilated by bacteria.*® It
can be seen in Fig. 8(a) that for the unextracted samples,
SAP-80 exhibits biodegradability after 28 days of over 60%,
whereas the other two SAPs exhibit lower biodegradability.
This is owing to the fact that unextracted SAP-80 has a much
lower gel content (less than 60%) than the other two (around
75% for SAP-70 and 100% for SAP-20, Fig. 7), which means
that unextracted SAP-80 has a higher content of relatively
easily biodegradable unreacted monomers and fewer cross-
linked species. For the extracted samples, after 28 days, none
of the tested samples exhibit higher biodegradability than
60%, which means that none of these extracted samples are
easily biodegradable. Extracted SAP-20 (less MSC used during
synthesis) shows really poor biodegradability (less than 2%
after 28 days) because it has probably a higher cross-link
density as illustrated by a higher G’ value at temperature > T,
(Fig. 5) and a low polarity which makes it difficult for the water
and micro-organism to enter the network. Extracted SAP-70
and SAP-80 show comparable biodegradability, most probably
because of rather comparable cross-linking densities, in agree-
ment with Fig. 5, and SAP-70 and SAP-80 have quite compar-
able MSC moiety contents and polarities. Even though none of

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Biodegradability versus incubation time of several SAPs prepared in this study: (a) unextracted samples and (b) extracted samples. Sodium

acetate is used as a readily degradable reference material.

the SAPs can be regarded as an easily biodegradable polymer,
all tested SAPs show a significant degree of biodegradability
after 28 days in the activated sludge. If the incubation time is
extended, most likely a much larger part of the SAPs described
in this study will be biodegraded, since all connections between
the monomeric residues in the main chain polymers as well as
the cross-links in the SAPs are of the hydrolyzable ester type.
The sterically hindered and partly secondary ester groups in the
cross-links will hydrolyze slower than the primary ester groups
present in the original SAP precursors. Compared with a bench-
mark petroleum-based commercial SAP product, the CA-based
SAPs show lower water absorption capacity, but much higher
biodegradability (details in the ESIY).

4. Conclusion

In summary, SAP precursor polymers were synthesized from
CA, MSC, and GLY with different compositions by polyconden-
sation at 130 °C without any catalyst. The number-average and
weight-average molecular weights of these SAP precursor poly-
mers were in the range of 0.5-0.7 x 10°> g mol ™" and 1.1-17.9 x
10® g mol ™", respectively. Most of the SAP precursor polymers
were water soluble except for PGC, PGCyoM;io, and PGCgoMy,.
These SAP precursor polymers were thermally cross-linked at
different temperatures for 1 h to synthesize SAPs. As the cross-
linking temperature increases from 140 to 165 °C, the cross-
link density increases as well, which was proved by DMTA
measurements for SAP-80 as an example. By measuring the
absorption capacities of the same SAP cross-linked at different
temperatures (ground afterwards), 140 °C was found to be the
optimal cross-linking temperature. After extraction of the
soluble part and grinding, the resulting SAPs were character-
ized by particle size analysis, FTIR, elemental analysis, a water
absorption property test and a biodegradability test. SAP-80s

This journal is © The Royal Society of Chemistry 2025

with particle sizes of around 65 pm showed the fastest water
absorption rate; SAPs with smaller particle sizes than this will
encounter gel-blocking effects, which results in fast absorption
rates in the beginning but also in much lower maximum
absorption capacities; SAP-80s with larger particle sizes exhibit
comparable water absorbing capacities but show a slower
absorption rate, fully in line with a measured lower BET
surface area. With increasing neutralization degree, the SAPs
exhibit better water absorbing performance until 80% ND, but
at the same time, a higher water-soluble content was observed,
implying a lower yield of useful SAP material. Although
SAP-85 has even higher water absorbency (close to 40 g g™'),
SAP-80 most probably exhibits the most useful combination of
a relatively high water absorption capacity (24 + 2 g g7') and a
relatively high gel content after cross-linking of 60%. SAPs
with NDs over 85% are water-soluble. In addition, all SAPs
show some biodegradability. The biodegradability increases
with increasing ND and lower cross-link density. For an ND of
80% (based on the weighed-in CA/MSC monomer ratio), after
28 days, the biodegradability of the SAP is around 40%. Most
likely, higher residence times in the activated sludge will
further enhance the degree of biodegradation.

These thermally cross-linked, biodegradable SAPs, syn-
thesized from fully bio-based monomers and having high water
absorbency, have high potential to be used in application areas
like hygienic products (diapers and female care products), cos-
metics and agricultural applications like soil conditioners, in all
application areas replacing persistent microplastic-generating
materials by biodegradable alternatives.
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