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maltodextrins
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The good water solubility displayed by most starch-derived maltodextrins has limited their use when

specific mechanical properties are required, particularly when working in aqueous media. As a result,

numerous attempts to cross-link such polysaccharides to obtain cross-linked polymers have been

reported; in this context, non-toxic and biocompatible water-soluble diglycidyl ethers have performed

well. Besides, amines are commonly used as curing agents in combination with diglycidyl ethers for the

production of epoxy resins. For this reason, amine-mediated epoxy ring-opening reactions of 1,4-

butanediol diglycidyl ether have been studied as approaches to obtain sustainable cross-linked polymers

suitable for eco-friendly scaling-up, based upon commercial starch-derived maltodextrins, using water

as a unique solvent.
Introduction

Thermosets are plastics obtained from liquid monomers that
irreversibly turn into solid products through polymerisation
reactions. Thermosetting polymers make up less than 20% of
global plastic production, whereas epoxy resins represent
approximately 70% of the thermosets market.1 Thanks to their
good mechanical properties, chemical resistance and excellent
adhesion characteristics even at high temperatures, epoxy resins
have been used as coatings, laminates, adhesives, and in high
performance composite production.1,2 In this regard, diglycidyl
ether bisphenol A (DGEBA) is used in approx. 90% of worldwide
epoxy resin production. Despite the superior properties of
DGEBA, the use of this epoxy monomer entails severe concerns
related to its toxicity and petroleum-based nature.3,4 For this
reason, the development of bio-based epoxy resins obtained from
renewable sources has attracted scientic and industrial atten-
tion, being compliant with the main aims of Green Chemistry.5–9

In the production of epoxy resins, a key role is played by so-called
curing agents, molecules whose task is to promote the cross-
linking or curing of the polymer. For this reason, primary and
secondary amines are commonly added to enhance the features
of the nal product.10–12 Furthermore, tertiary amines and imid-
azoles have also been reported to act as curing agents, by initi-
ating homo-polymerisation reactions.13,14 As they are good
nucleophiles, amines are known to react in a simple, effective,
and environmentally friendly way with epoxides, giving b-
hydroxyl amines as reaction products.15 The amine–epoxide
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reaction is considered to be an example of “click” chemistry and,
in the case of diglycidyl ether, it can lead to the generation of
polymer structures, known as poly(b-hydroxyl amine)s.16–19 The
ring opening reaction is reported to occur either in organic
solvent and water, characterised by the formation of zwitterion
species in its rst step;20,21 by employing tertiary amines, positive
charged quaternary ammonium functions were observed as
a result.22,23 Polysaccharides, owing to their biodegradability,
biocompatibility and non-toxicity, have attracted increasing
scientic and industrial interest over the past decade.24,25 In this
context, specic processes have allowed their structure to be
functionalised with positive charges, obtaining cationic poly-
mers.26 These materials have been applied in industrial
processes, e.g. as additives in the food and paper industries25–27

and as green adsorbents and biocompatible superabsorbents for
the treatment of waste waters in environmental applications.28–30

Furthermore, they have been successfully applied in pharma-
ceutical and medical application, as drug delivery and gene
delivery systems.31–34 They have also been studied as scaffolds for
tissue engineering applications.33 Except for chitosan,35 the main
strategy reported for introducing positive charges involves the
functionalisation of the polysaccharide backbone with specic
molecules carrying quaternary ammonium groups. In this
context, etherication with 2,3-epoxypropyltrimethylammonium
chloride and substitution with glycine betaine were the most
frequent methods adopted; the main disadvantage of the latter
was the need for organic solvents, while, in the former, the
reaction was conducted in water media.26 In addition, the use of
choline chloride has been reported to obtain water-soluble
cationic cyclodextrin-based polymers. In this case, choline chlo-
ride was added as a functional cationic molecule together with
RSC Adv., 2021, 11, 7653–7662 | 7653
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Table 1 Syntheses performed

Amine Amine : BDE mol : mol ratio (%)/sample name

BLANK 0 (synthesis without amine)/N
DABCO 12.5 (27 mg)/D_12.5 25 (54 mg)/D_25 50 (108 mg)/D_50
IMI 12.5 (16 mg)/I_12.5 25 (33 mg)/I_25 50 (66 mg)/I_50
TEA 12.5 (24 mg)/T_12.5 25 (49 mg)/T_25 50 (98 mg)/T_50
GUA 12.5 (14 mg)/G_12.5 25 (28 mg)/G_25 50 (57 mg)/G_50
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the monomer and cross-linker during the synthetic step, to add
to the nal product positive amino functions.36 Generally
speaking, bio-based materials are considered to be more
sustainable than conventional petrochemical ones, as they are
obtained from renewable rather than non-renewable raw mate-
rials.37 In this context, maltodextrins are dened as water-soluble
starch hydrolysis products, which are used mostly as food and
pharmaceutical additives.38 They are considered to be D-glucose
polymers, characterised by a-(1,4) and a-(1,6) glycosidic linkages,
thus composed of amylose and amylopectin degradation prod-
ucts.39 In their denition, maltodextrins are characterised by
a dextrose equivalent (DE) <20, a value representing the reducing
equivalence of a given carbohydrate against the same mass of
glucose.40Nevertheless, their hydrophilic features and goodwater
solubility has limited their use in those applications where cross-
linked polymers with certain mechanical properties were
required. For this reason, there have been numerous attempts to
cross-link soluble polysaccharides exploiting suitable cross-
linkers such as epichlorohydrin, isocyanates, poly-amines, car-
bodiimide, glutaraldehyde, and poly-carboxylic acids.41–47 Among
the aforementioned cross-linkers, water-soluble diglycidyl ethers
have been reported to be useful functional molecules for
achieving graing and hydrogels formation from hyaluronic
acid, chitosan, and b-cyclodextrin molecules.48–54 Furthermore,
1,4-butanediol diglycidyl ether has revealed excellent non-toxic
and biocompatible features;55 for this reason, it has been
applied in many studies concerning the loading-release of
drugs.48 Having said this, with the aim of producing water-
insoluble carbohydrate-based polymers suitable for sustainable
scaling-up, in awareness of the pivotal role of amines in epoxy-
based polymer production, amine-mediated ring-opening reac-
tion of diglycidyl ether was exploited to cross-link suitable water-
soluble maltodextrins, using water as a unique solvent and green
reactants only. In this work, a commercial maize-derived malto-
dextrin (Glucidex 2®) was used as a building-block, 1,4-butane-
diol diglycidyl ether as a cross-linker, while 1,4-diazabicyclo[2.2.2]
octane, imidazole, triethylamine, and guanidine hydrochloride
were used to obtain the amine-mediated epoxy ring-opening
reaction.
Experimental
Materials

Glucidex 2® (GLU2) was provided by Roquette Freres (Les-
trem, France), while 1,4-diazabicyclo[2.2.2]octane (DABCO),
imidazole (IMI), triethylamine (TEA), guanidine hydrochlo-
ride (GUA), and 1,4-butanediol diglycidyl ether (BDE) were
purchased from Sigma-Aldrich (Darmstadt, Germany). GLU2
was dried in an oven at 75 �C up to constant weight before
use.
Fig. 1 Mass balance in function of (A) DABCO : BDE, (B) IMI : BDE, (C)
TEA : BDE, and (D) GUA : BDE molar ratio.
Polymer synthesis

In a typical procedure, the synthesis of the polymer was carried
out by dissolving 1.75 g of GLU2 in 5 mL of 0.2 M NaOH sodium
hydroxide distilled water solution, using a round-bottom ask.
Thereaer, while continuously stirring the solution, the amine
7654 | RSC Adv., 2021, 11, 7653–7662
(DABCO, IMI, TEA, GUA) was added at a certain molar ratio
(1 : 2, 1 : 4, and 1 : 8 mol : mol) in respect of BDE, as reported in
Table 1. Then, 0.35 mL of BDE was added, and the temperature
was increased to 70 �C, using a hotplate stirrer equipped with
thermoregulation and a metal hemispheric bowl to obtain
homogeneous heating of the ask. The reaction was then
allowed to occur for 90 minutes, ultimately obtaining a mono-
lith block as the product. Later, the product was recovered from
the ask by crushing with a spatula and subsequently puried
with distilled water to remove any non-reacted reagents. At the
end of the purication step, the product was dried in an oven at
70 �C up to constant weight and grinded with a mortar,
obtaining a powder. The amount of polymer resulting aer
purication was described as mass balance and consisted of
roughly 70 to 85% of the initial weight (Fig. 1). All these details
are discussed in the results and discussion section. To obtain
information on reproducibility, all reported syntheses (Table 1)
were performed in triplicate, thus all results will be expressed as
mean value.
TGA characterization

Thermogravimetric analyses (TGA) were carried out using TA
Instruments Q500 TGA (New Castle, DE, USA), from 50 �C to
700 �C, under nitrogen ow, with a heating rate of 10 �C min�1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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FTIR-ATR analysis

A PerkinElmer Spectrum 100 FT-IR Spectrometer (Waltham,
MA, USA) equipped with a Universal ATR Sampling Accessory
was used for FTIR-ATR (Attenuated Total Reection) charac-
terisation. All spectra were collected in the wavenumber range
of 650–4000 cm�1, at room temperature, with a resolution of
4 cm�1 and 8 scans per spectrum.

Elemental analysis characterization

The samples chemical composition was studied using a Thermo
Fisher FlashEA 1112 Series elemental analyser (Waltham, MA,
USA).

NMR characterization

All H1 NMR spectra were obtained using a Bruker AVANCE 200
MHz spectrometer (Bruker, MA, USA), with D2O as solvent. The
concentration of reagents in D2O was approximately 10 wt%.

Swelling tests

The swelling tests were performed by adding to 10 mL of
distilled water 200 mg of polymer obtained from each synthetic
condition. The samples were subsequently allowed to swell for
24 hours. Aer the removal of the liquid phase via centrifuga-
tion, the swelling percentage was calculated as follows:

% swelling ¼
 

gðswelled polymerÞ � gðdry polymerÞ
gðdry polymerÞ

!
� 100 (1)

z-Potential analysis

A Malvern Zetasizer Nano – ZS (Malvern, United Kingdom) was
used to measure the zeta potential. All the tests were performed
using distilled water at room temperature.

SEM characterization

The morphology of the samples was studied using scanning
electron microscopy (SEM). The images were acquired with
a Zeiss EVO 50 (Oberkochen, Germany) using secondary elec-
trons and 10 kV accelerating voltage. Prior to SEM character-
isation, the samples were ion-coated with gold using a Baltec
SCD 050 sputter coater (Pfäffikon, Switzerland) for 40 seconds,
under vacuum, at 60 mA.

Gas-volumetric analysis

Nitrogen adsorption–desorption isotherms weremeasured at 77
K using a Micromeritics ASAP2010 volumetric sorption analyzer
(Norcross, GA, USA). Prior to the adsorption measurements, the
sample was outgassed at 100 �C under vacuum (10 mm Hg) for
15 hours to remove the adsorbates and residual moisture. The
specic surface area was estimated using the BET equation.

Probe molecules adsorption tests

Probe molecule adsorption tests were performed starting from
10mL of a 1, 5, 10, 25, 50, and 100 mg L�1 Orange II sodium salt
© 2021 The Author(s). Published by the Royal Society of Chemistry
distilled water solution, at room temperature. The adsorption
test for each concentration was performed in triplicate by
preparing a 10mg D_50 dispersion in the probe solution. All the
dispersions were continuously stirred at room temperature,
then UV-vis spectra were acquired (Orange II lmax: 486 nm)
using a PerkinElmer Lambda 25 UV/vis spectrometer (Waltham,
MA, USA), aer 15 hours. A centrifuge was used to separate the
polymer from the solution before UV-vis measurement.

Results and discussion
Material design and characterization

BDE has been extensively reported to react as a linker agent even
in mild reactive conditions. The ring-opening reaction was re-
ported to occur in water media already at 50 �C in base-catalysed
conditions, without involving the formation of any charged
functions.54 On the other hand, as previously described, with
the aim of observing the effects of adding amines to the re-
ported systems, amine-mediated ring-opening reactions of BDE
were studied to cross-link a commercial water-soluble malto-
dextrin (Glucidex 2®). As a result, the presence of peculiar
surface charges characterising the nal products were observed,
a feature that enabled us to hypothesise the presence of
a specic reactive path involving the amine introduced as
catalyst. Therefore, to shed light on what we observed, the re-
ported synthetic approach and the resulting products were
extensively studied and discussed. An initial comparison was
performed by observing the amount of product recovered from
each synthetic condition. The amount of polymer obtained aer
the purication and drying process was expressed as the mass
balance, considering the weight of the nal product with
respect to the theoretical weight, equal to the sum of GLU2,
BDE, and the amine when present, as reported in Fig. 1. The
mass balance ranged roughly from 70% to 85%. With regard to
sample N, the presence of the amine increased the mass
balance in all cases (Fig. 1). The higher value was observed for
sample D_25 (Fig. 1A) and was 84.8%, whereas the lower value,
as anticipated, was observed for sample N and was 71.4%.
Except for guanidine-mediated reactions (Fig. 1D), in the other
cases a similar trend was observed, consisting of the presence of
a maximum centred at amine : BDE mol : mol ratio of 25%,
followed by a slight decrease in the mean mass balance, for
higher amounts of amine. The obtained polymer samples were
later morphologically characterised; the presence of trans-
parent dimensionally polydispersed polymer granules could be
observed (Fig. 2), whose size was roughly between a few tens to
one hundred microns. The presence of amine-mediated reac-
tions led to polymers characterised by increasing yellowing,
proportional to the increasing amount of amine, when
compared to the results observed from sample N. This feature
was found to be more pronounced in DABCO, IMI, and TEA-
mediated products. The SEM characterisation (Fig. 2) revealed
smooth external surfaces and the absence of macro-porosity.
The porosity was further studied by gas-volumetric analysis,
which conrmed the bulky features of the resulting polymer
granules. The specic surface areas were comprised roughly
between 1 and 2 m2 g�1, while the absence of any meso- and
RSC Adv., 2021, 11, 7653–7662 | 7655



Fig. 2 Polymer granules and SEM images of the polymer products obtained from each synthetic condition. Scale bars: 1 mm (first column); 250
mm (second column); 50 mm (third column); 10 mm (fourth column).
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micro-porosity was also observed. Subsequently, the thermal
stability of each product was studied via thermogravimetric
analysis. TGA were carried out and the related onset tempera-
tures (Tonset) are reported in Table 2. All samples described
a similar TGA prole; for this reason, only the thermogram
related to sample N is reported in Fig. 3, for descriptive clarity.
As reported in Fig. 3, the TGA was characterised by two main
weight loss phenomena: the initial one occurred between
approximately 50 �C and 150 �C and related to the volatilisation
of the water adsorbed on the surface of the sample and
amounted to 6.3 � 1.1% of the initial weight. Subsequently,
a second weight loss phenomenon was observed between 250 �C
and 450 �C which was related to the pyrolysis of the system,
giving a carbon residue corresponding to 13.4 � 1.9% of the
initial weight; the latter was found to be stable up to 700 �C. As
noted, the second weight loss phenomenon, which was related
to degradative reactive paths, was used to obtain via graphical
elaboration of the curve the Tonset, and was then associated with
Table 2 Tonset resulting from TGA

Sample Tonset (�C) Sample Tonset (�C)

N 318 I_12.5 321
D_12.5 314 I_25 311
D_25 310 I_50 317
D_50 300 G_12.5 315
T_12.5 305 G_25 311
T_25 303 G_50 310
T_50 300

7656 | RSC Adv., 2021, 11, 7653–7662
the thermal stability of the sample. Table 2 reveals how the
presence of amine-mediated reactions could be associated with
a decrease in the thermal stability of the resulting polymer.
Moreover, the decrease in thermal stability was dependent on
the amount of amine introduced. A thermal stability decrease of
1.3 � 2.1% could be calculated for amine : BDE mol : mol ratio
of 12.5%, a decrease of 2.4 � 1.8% for amine : BDE mol : mol
ratio of 25%, and nally a decrease of 4.0 � 1.9% for ami-
ne : BDE mol : mol ratio of 50%. Furthermore, an important
feature concerning cross-linked polymers consists of the
swelling properties displayed towards solvents and water,
particularly in terms of bio-based systems. For this reason, in
spite of the non-porous features observed from the gas-
volumetric analysis and morphological characterisation,
Fig. 3 TGA of sample N.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Swelling% (A), zeta potential (B), elemental analysis (C) and amine bound% (D) based upon each amine : BDE molar ratio.
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swelling tests were performed on each product obtained.
Despite the capability of these polymers to display a certain
affinity also towards organic polar solvents, the focus has been
put on using distilled water at room temperature, to evaluate
the possibility of further studies for environmental, pharma-
ceutical or medical applications; the results obtained, expressed
as the swelling percentage, are reported in Fig. 4A. As shown in
Fig. 4A, the obtained swelling values ranged roughly from 600%
to 1400%. The systems affectedmore strongly by the presence of
amine-mediated reactions were DABCO-mediated and IMI-
mediated synthesis, followed by TEA-mediated reaction prod-
ucts; the presence of GUA-mediated reaction did non display
any change to the swelling feature of the system. In the case of
DABCO-mediated and IMI-mediated syntheses, the products
displayed higher swelling properties, in which the increase in
swelling values was proportional to the increase in the ami-
ne : BDEmol : mol ratio. Sample N displayed a swelling value of
610 � 57%, whereas the highest values were observed for
samples I_50 and D_50 which amounted to 1383 � 107% and
1266 � 120%, respectively. TEA-mediated syntheses displayed
a lower increase in swelling values compared to the systems
described above; nevertheless, sample T_50 revealed a swelling
of 959 � 52%. From this rst characterisation step, it was clear
to see how the amine-mediated reactions had an inuence on
the resulting polymer product. For this reason, to obtain
a better understanding of the role of amine in the polymerisa-
tion reaction, the z-potential displayed by each product was also
© 2021 The Author(s). Published by the Royal Society of Chemistry
studied. All tests were carried out in distilled water at room
temperature. As reported in Fig. 4B, only sample N displayed
a negative z-potential, probably due to the presence of many
hydroxy functions. On the contrary, all samples obtained via
amine-mediated reactions displayed positive z-potential values
caused by the presence of positive charges within the polymer
structure. To shed light on this result, elemental analyses were
performed for all synthesised samples. As reported in Fig. 4C, in
the presence of amine-mediated reactions, a nitrogen content
was detected within the sample, while its absence was observed
for sample N. The nitrogen amount ranged from approximately
0.10 wt% to 1.00 wt%. The lower value was observed for sample
T_12.5; in this case, the amount of nitrogen, which was negli-
gible, was probably too low to be detected via elemental anal-
ysis. Conversely, in the case of D_50, a nitrogen content of
0.92 wt% was detected and corresponded to the higher value
obtained. For all systems studied, a positive trend was observed
when increasing the amount of amine: the higher the amount of
amine used to obtain amine-mediated reactions, the greater the
nitrogen content detected. From what we observed, as the
amines were the only reactants carrying nitrogen atoms, in the
knowledge that the product was puried aer synthesis, we
were able to hypothesise that the amines could be chemically
bound to the polymer structure, and thus might have an active
role during polymerisation. Having said that, according to the
proposed mechanisms reported for the amine-mediated ring-
opening reaction, two distinct phases could be hypothesised
RSC Adv., 2021, 11, 7653–7662 | 7657



Fig. 5 Amine-mediated ring-opening reactions of BDE (A–F). Chain growth reactions by alkoxides species reacting with BDE molecules and
GLU2 molecules (G–J).
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which characterised the generation of the polymer
network.13,14,21–23 An initial interaction (Fig. 5A–F), occurring
between the chosen amines and the linker, was hypothesised to
generate reactive species which subsequently led to the actual
growth of polymer chains (Fig. 5G–J), characterising the second
phase. As reported in Fig. 5A–F, the generation of quaternary
ammonium functions was hypothesised as the initial product.
Moreover, due to the high pH value characterising the synthetic
conditions, the presence of alkoxides functions was also ex-
pected, as a result of the ring-opening. This initial step might
facilitate the production of reactive alkoxides acting as
precursor-like species, which could initiate the subsequent
polymerisation step (Fig. 5G–J). The contents of Fig. 5A–F were
supported by H1 NMR spectra carried out in D2O on reaction
products obtained by reacting each amine with BDE in distilled
water at 70 �C for 30 minutes. The chemical shis observed
(Fig. 6) aer the interaction of each amine with BDE were initial
evidence of the actual presence of amine-mediated ring-
opening reaction products. Furthermore, the absence of
typical epoxy proton resonance at 2.7, 2.9, and 3.3 ppm (Fig. 6G–
K), which disappeared upon reaction with the tested amines,
also allowed us to conrm the hypothesised mechanism. Once
formed, as the alkoxides are highly reactive species, they could
display some reactivity towards either other epoxide rings
belonging to BDE molecules or hydroxyl functions from GLU2
(Fig. 5G–J). In the rst case, the result could be associated with
a propagation of the alkoxide species, but a negligible molec-
ular weight increase, if associated with unreacted BDE mole-
cules (Fig. 5G). On the other hand, a proton transfer from
a GLU2 chain to the previously generated alkoxide might lead to
the formation of alkoxide functions along the GLU2 backbone
(Fig. 5H and J). The alkoxides generated on the backbone of
GLU2 molecules could further react with other epoxides rings,
being present either as free BDE molecules or terminal reactive
7658 | RSC Adv., 2021, 11, 7653–7662
functions of growing macromolecule chains (Fig. 5I). In the
awareness that GLU2 is characterised by a molecular weight of
approximately 300 kDa,56 the chain growth given by this latter
reactive path was hypothesised to be of great impact. The
alkoxides present along the GLU2 backbone might also have
reacted with other GLU2 molecules describing a transfer of the
alkoxide function via proton transfer reaction, thereby gener-
ating new alkoxide species. Eventually, the generation of
a cross-linked network has been hypothesised to be the result of
the aforementioned reactive paths. The hypothesised reaction
mechanisms did not differ from a standard base-catalysed
reaction; nevertheless, the higher nucleophilicity displayed by
amines when compared to hydroxide revealed that the reported
paths were likely to be kinetically favoured. Taking into account
what is hypothesised above, some considerations could be
made regarding the observed results. In relation to the mass
balance, the presence of a maximum centred at amine : BDE
mol : mol ratio of 25%, followed by a slight decrease in the
mean value for higher amounts of amine, was observed (Fig. 1).
This behaviour might be related to the excessive number of
epoxy rings involved in the amine-mediated ring-opening step,
resulting in a depletion of BDE molecules suitable to react as
liker between two growing polymer chains; for this reason, low
molecular weight branched water-soluble segments might have
been removed as a by-product during the purication step.
Furthermore, by assuming that all amine amounts introduced
during the synthesis ended up in the polymer network, and
comparing it with the nitrogen content obtained via elemental
analysis, normalised by the number of nitrogen atoms
composing the chosen amine, we could calculate the actual
fraction of amine present in the nal product compared with
the theoretical 100% value. Fig. 4D revealed that DABCOwas the
amine retained in the higher quantity, followed by IMI, and
nally by GUA and TEA. The highest value was observed for
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 H1 NMR spectra of DABCO, TEA, and IMI before and after reaction with BDE (A–F). H1 NMR spectra of BDE before and after reaction with
DABCO, TEA, IMI, and GUA (G–K).
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sample D_25 and amounted to 72.7%; the highest value for IMI-
mediated syntheses was 51.8% (I_25), while for TEA-mediated
and GUA-mediated syntheses, it was 35.8% (T_50) and 35.9%
(G_25), respectively. Generally speaking, as observed in the
results related to mass balance, also in this case a trend char-
acterised by a maximum centred at amine : BDE mol : mol ratio
of 25% could be identied. This behaviour could be justied, as
in the case of mass balance, by the effects brought on by the
amine; in this case, the presence of a large quantity of amine
might result in BDE molecules double bonded with two amine
molecules and thus less prone to becoming part of the polymer
network. Therefore, as the latter are present as by-products, they
might have been separated from the product during the puri-
cation step resulting in a depletion of the amine present in the
puried samples. Furthermore, the mechanism hypothesised to
be behind the different behaviour displayed by each amine is
closely connected with what is described above. As mentioned,
the number of amines bound to the polymer network differed
© 2021 The Author(s). Published by the Royal Society of Chemistry
from one amine to the other; DABCO displayed the highest
efficacy on being retained in the nal product, followed by IMI,
and nally by TEA and GUA. An initial reason for this may relate
to differences in the nucleophilicity of the amine; that said,
tertiary amines should have been more favoured than primary
and secondary amines. However, although TEA is a tertiary
amine, it might be affected by the presence of ethyl pendants
surrounding the nitrogen atom, which might have hindered the
attack to the epoxy ring. A second explanation might relate to
the presence of intramolecular hydrogen transfer taking place
as soon as the epoxy ring underwent ring-opening reaction;
following this path the alkoxide species generated as a conse-
quence of the epoxy opening might have been protonated via
proton transfer from the amine functions, de-activating the
reactivity previously hypothesised for the alkoxide species
(Fig. 5). Therefore, as GUA is characterised by primary amine
groups, it might have been deeply affected by this phenomenon,
resulting in a low retention to the nal product. Considering
RSC Adv., 2021, 11, 7653–7662 | 7659
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these aspects, the results experimentally obtained t in with the
hypothesised mechanism; DABCO, being a cyclic molecule with
only tertiary amines, could not be affected by either of the
aforementioned phenomena. IMI, displaying a hydrogen bound
to one of its two nitrogen atoms, might have suffered from the
presence of intramolecular proton transfer following the epoxy
opening, determining a lower amount of amine in the nal
product when compared to DABCO-mediated syntheses.
Furthermore, the presence of intramolecular proton transfer
phenomena might also have affected the formation of quater-
nary ammonium functions. For this reason, a spectroscopic
investigation was carried out on the products obtained. As re-
ported in Fig. 7, the presence of quaternary ammonium groups
was studied in the spectroscopic range between 1500 cm�1 and
1750 cm�1; mainly DABCO-mediated (Fig. 7A) and IMI-
mediated (Fig. 7B) reactions displayed the presence of signals
in that spectral region. In the rst case, due to the absence of
hydrogen atoms which could lead to proton transfer from the
amine to the alkoxide, the presence of quaternary ammonium
was conrmed, observing a peak centred at 1590 cm�1. The
intensity of the signal also appeared to be directly dependent on
the amine : BDE mol : mol ratio, in further conrmation.
Similarly, but less intensely, IMI-mediated reactions also dis-
played a peak centred at 1590 cm�1; however, in this second
case, the presence of a shoulder centred at 1567 cm�1 suggested
the presence of quaternary ammonium atoms characterised by
different chemical surroundings. This observation may be
related to the possibility of IMI attacking the epoxy ring through
both the nitrogen atoms displayed by its structure, as shown in
Fig. 5. The very low signals displayed by TEA-mediated reaction
products (Fig. 7C) were further conrmation of the low efficacy
of TEA in the ring-opening reaction of BDE's epoxy rings, as
previously suggested by the elemental analysis results and the
subsequent calculations related to the amount of amine present
in the nal product. Ultimately, the presence of any signals in
the GUA-mediated syntheses (Fig. 7D) was evidence that all ring
opening reactions occurring via the amine-mediated
Fig. 7 FTIR-ATR spectra of amine-mediated synthesis products, ob-
tained from (A) DABCO, (B) IMI, (C) TEA, and (D) GUA.

7660 | RSC Adv., 2021, 11, 7653–7662
mechanism resulted in a proton transfer. However, if all the
proton transfer occurred from the amine associated with the
nucleophilic attack, changes in the mass balance would be
observed when changing the amine : BDE mol : mol ratio. In
addition, if all the proton transfer occurred from the amine
associated with the nucleophilic attack, a depletion of BDE
molecule suitable to cross-link the growing polymer chains
would be expected, resulting in a decrease in the mass balance
value instead (Fig. 1). As none of these aspects were observed in
the related systems, we were able to hypothesise that a fraction
of the proton transfer did not occur from the amine but rather
from the deprotonation of GLU2 hydroxyl groups. Moreover, it
was not possible to exclude also a further attack of the alkoxide
obtained through amine-mediation towards another BDE's
epoxy ring before the proton transfer occurred, allowing for
a propagation of the alkoxide species. What was hypothesised
for GUA-mediated reactions could also be extended to the other
amine-mediated polymerisation and considered, together with
the reactions reported in Fig. 5, as reactive paths taking place
during the formation of the polymer network. Similarly, the
increasing of the swelling features (Fig. 4A) observed upon
amine-mediated syntheses could be related rstly to all the BDE
molecules bound to an amine rather than acting as a bridge
between two GLU2 molecules. This feature might lead to a less
compact network which could display higher mobility of the
polymer segments composing the polymer structure, resulting
in increased absorbing features. Further, the presence of amino
pendants could result in more hydrophilic polymer networks,
capable of absorbing and retaining higher quantities of water. In
addition, the inefficacy displayed by GUA-mediated reactions
could be due to the low amount of GUA retained in the nal
product and to the fact that none of the mediated ring-openings
occurred with the formation of a quaternary ammonium, as sug-
gested by the FTIR-ATR results. This feature might have hindered
the formation of wider polymer networks due to the absence of
electrostatic repulsion phenomena. Ultimately, the positive values
obtained from the z-potential analyses could be due to the pres-
ence of either quaternary ammonium functions (DABCO, IMI,
TEA) or protonated amino pendants (IMI, GUA), in further
conrmation of the reactive paths previously proposed.
Evaluation of adsorption performances

Additional information on the adsorption capacity of the cross-
linked polymer was obtained through adsorption tests carried
out on water solutions of Orange II (OR). Considering that OR is
negatively charged, electrostatic interaction towards the poly-
mer sample was expected. Polymer suspensions were prepared
at increasing concentration of the probe molecule, and the UV-
vis adsorptions were collected aer 15 hours. The percentage of
probe molecule adsorbed by the polymer in respect of the
starting concentration (% absorbed) was calculated as:

% adsorbed ¼
�
1� Conc tðxÞ

Conc tð0Þ

�
� 100 (2)

where, Conc t(x) represents the concentration inmg L�1 of probe
molecule at t(x) (with x equal to 15 hours) and Conc t(0) the
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 Adsorption tests of Orange II. (A) % adsorbed vs. Conc. t(0). (B)
Zeta potential vs. Conc. t(0).
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concentration in mg L�1 of probe molecule at t0 (equal to 1, 5,
10, 25, 50, and 100 mg L�1). The % absorbed vs. Conc t(0) is
reported in Fig. 8A. Aer 15 hours the % adsorbed from all the
Conc t(0) tested was higher than 90%. From Conc t(0) of 1, 5, and
10 mg L�1, the % adsorbed was almost total (98.9 � 1.1, 99.2 �
0.2, and 99.2 � 0.5%, respectively) while from 25 to 100 mg L�1

a decrease was observed. The lower % adsorbed was observed
from 100 mg L�1 OR solution and amounted to roughly 93%.
Moreover, when considering the adsorption of OR in terms of
mg(Orange II) g(polymer)

�1 a proportional increase in respect to the
Conc t(0) was observed (Fig. 8); the higher adsorption was
observed from 100 mg L�1 OR solution and was 93.4 � 0.4 mg
g�1. In addition, to demonstrate the presence of electrostatic
interaction, the z-potential of each suspension was measured,
aer the 15 hours adsorption test. As reported in Fig. 8B,
a decrease in the z-potential values, proportional to the
increasing Conc t(0) was obtained, as evidence of what is
hypothesised above. Conc t(0) of 1, 5, and 10 mg L�1 did not
affect the z-potential of the pristine polymer, which was 25.0 �
3.5 mV, while from 25 mg L�1 a proportional decrease was
observed. The lower value resulted from 100 mg L�1 OR solu-
tion, equal to 15.6 � 0.85 mV.

Conclusions

The diglycidyl ether epoxy ring-opening reaction by amine was
proven to be a suitable approach for achieving the cross-linking
© 2021 The Author(s). Published by the Royal Society of Chemistry
of maltodextrins. It has been demonstrated that it is possible to
obtain a one-step synthesis of positive-charged water-insoluble
bio-based polymer networks without using additional charged
molecules. Moreover, this approach avoided the use of any
organic solvent by performing the synthesis in water media.
Glucidex 2®, a suitable maize-derived maltodextrin, was used as
building-block, while 1,4-butanediol diglycidyl ether (BDE) was
chosen as cross-linker thanks to its good water solubility, low
toxicity, and biocompatibility. 1,4-Diazabicyclo[2.2.2]octane
(DABCO), imidazole (IMI), triethylamine (TEA), and guanidine
hydrochloride (GUA) were tested to obtain the amine-mediated
ring opening reaction of BDE's epoxide rings, at different ami-
ne : BDE mol : mol ratios of 12.5%, 25% and 50%. All studied
synthetic conditions allowed us to obtain a polymer product; its
mass balance was higher in the presence of amine-mediated
reactions than in base-catalysed conditions only, and was
dependent on the amount of amine added during the synthesis.
The fraction of amine retained in the nal product was studied
via elemental analysis and was found to be affected by the
nucleophilicity of each amine and by the presence of proton
transfer reactions occurring from the amine responsible for the
nucleophile attack and alkoxide resulting from the epoxy ring-
opening. Furthermore, in the case of tertiary amines, the ring-
opening reaction resulted in the formation of ammonium
species, as conrmed by FTIR-ATR characterisation; also in this
case, the latter was found to depend upon the amine : BDE
mol : mol ratio. In addition, the swelling features towards water
were increased by the presence of amine-mediated reaction
which allowed polymers to be obtained characterised by lower
cross-linking density and more hydrophilic features. Further,
the presence of positive charges on each product water
suspension was conrmed, due to the presence of the afore-
mentioned quaternary ammonium functions or protonated
amines. Eventually, high adsorbing features were observed
from probe molecule adsorption tests, carried out in water at
room temperature. In this work, we have been able to demon-
strate how the combination of maltodextrins, diglycidyl ethers
and amines is a useful and sustainable approach for obtaining
one-step syntheses of cationic bio-based polymers suitable for
eco-friendly scaling-up, while the high adsorbing feature dis-
played allows these materials to be further studied as green
adsorbents for environmental, pharmaceutical and medical
applications.
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