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ARTICLE INFO ABSTRACT

Keywords: The contamination of water resources by heavy metals and pharmaceuticals is a significant threat to human

Pectin health and the environment. Pectin is a promising material for removing heavy metals from water. However, its

Adsorption kinetics removal efficacy for other types of pollutants is limited. In this study, we developed a novel approach to enhance

‘(/:\izts:i:; Erllt;em the remediation capacity of pectin (with a low degree of methylation) by crosslinking it with different agents:

Emerging contaminants calcium, europium, and their combination. We performed scanning electron microscopy, infrared spectroscopy,
and X-ray diffraction experiments to understand the molecular structure of pectin after gelation with the three
agents. Our results showed that calcium, europium, and their combination all induce the gelation of pectin.
However, the reticulated pectin structures exhibited significant structural differences depending on the type of
crosslinking agent used, which affected the adsorption capacity. Specifically, calcium cations partially formed a
crystalline “egg-box™ structure, whereas europium cations produced a more homogeneous network without
crystalline regions. The dual-crosslinking system comprising calcium and europium cations resulted in an in-
termediate network with both crystalline and amorphous regions. Our findings suggest that dual-cross-linked
pectin is a highly effective adsorbent for the simultaneous removal of both heavy metals and pharmaceutical
products. This novel approach of crosslinking pectin with multiple agents has the potential to significantly
enhance its remediation capacity, offering a promising solution for the simultaneous removal of multiple pol-
lutants from water.

1. Introduction Adsorption is a promising technique for decontaminating water and has

been used for a long time. Compared with other methods, it is relatively

Chemical contamination of water bodies and water shortages due to
overexploitation have increased the need for effective water treatment
and decontamination processes. However, current methods of removing
pathogens, organic impurities, and salts from water require large
amounts of energy [1,2]. Moreover, new contaminants appear in rivers
because of the generation of new chemicals at a high rate [3]. Hence, it is
essential to develop affordable and efficient water treatment methods to
address the growing demand for clean water while conserving energy.

Conventional water treatment processes are often energy intensive,
making it necessary to explore new and innovative technologies.

inexpensive and can be implemented in water treatment plants or do-
mestic treatments without excessive energy consumption. Adsorbents
can be environmentally friendly if the materials used in their fabrication
are biodegradable and do not contain nanoparticles. The development
and implementation of ecologically sustainable adsorption technologies
can help to overcome the challenges of water pollution and water
scarcity in a cost-effective and energy-efficient manner.

Pectin, a polysaccharide present in the cellular walls of plants, has
been used to remediate water against mono-, di-, and trivalent heavy
metals (such as Zn?*, Ni2t, and Cd?") with high efficiency and the
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possibility of reusing the adsorbent [4-6]. Pectin-based adsorbents must
be insoluble for use in water. Crosslinking with calcium ions is common
to achieve this, although other metal ions have also been used. Divalent
metal ions, such as Ca®", promote the gelation of pectin [7]. The
crosslinks are established between the carboxylate groups (COO7, i.e.,
non-methyl-esterified residues) of neighboring pectin chains via the
Ca?* ions, which replace the hydrogen bonds in neat pectin. The degree
of crosslinking in pectin is related to its degree of methoxylation (Dyy),
which represents the proportion of methyl-esterified carboxyl groups
(COOCH3) in comparison to non-esterified carboxyl groups (COOH)
within the poly(galacturonic) chains at the carbon 6 position. Pectin
with a low Dy demonstrates a more efficient crosslinking behavior. A
sequence of non-methyl-esterified units between the 6 [8] and 20 [9] is
necessary for the formation of these dimers. This structure is called the
“egg-box” model and was first developed for alginates [10] and applied
to low-Dy pectin [11]. Later [12,13], it was suggested that Ca®* jons
could also establish mono-complexes; that is, Ca?* ions can interact with
single carboxylate groups. Some reviews have summarized the forma-
tion of the “egg-box” model or other possible structures in pectin [7,14].
In addition to Ca?*, pectin can also be reticulated by cations such as
Zn?*. Crosslinking with Zn* results in a more heterogeneous network
structure because it interacts with both carboxyl and hydroxyl groups,
whereas Ca* interacts only with carboxyl groups [15].

The main limitation of pectin-based adsorbents is that they are useful
only for the removal of heavy metals and no other contaminants, such as
pharmaceuticals and other emerging pollutants. To address this, we
aimed to use Eu to crosslink pectin to enhance the removal of pharma-
ceutical products. Eu is a lanthanide that reacts with different pharma-
ceuticals [16,17]. It has been used as a fluorescent probe to detect
hydrochlorothiazide (a diuretic drug) [17] and tetracycline (TC; an
antibiotic) [18]. The interactions between pharmaceuticals and Eu can
also be used for other purposes, such as that presented herein. It is also
important to note that the acute toxicity of Eu was recently studied by
Destefani et al. [19]. Eu was classified as a “category 4" material, which
means that Eu has low toxicity when used in deficient concentrations, as
those employed in this work.

This paper presents the innovative use of Eu as a crosslinking agent
to enhance the performance of pectin-based adsorbents for water
remediation. We developed a dual-crosslinking system that utilizes both
Ca?* and Eu®" ions. We first investigated the isotherms and adsorption
kinetics of pectin crosslinked with Ca%t and Eu®" separately to deter-
mine whether Eu®t could be an effective reticulating agent. We then
evaluated a dual-crosslinking system (Ca"+Eu®") and found that both
agents effectively crosslinked pectin. Additionally, we assessed the
swelling properties and the interaction between Eu and pharmaceuticals
using fluorescence spectroscopy. We also compared the adsorption ca-
pacities of the adsorbents using three crosslinking systems (Ca2*, Eu®",
and the dual Ca®*+Eu®* system) for heavy metals (zinc) and two anti-
biotics (TC, and Ciprofloxacin (CIP)). When crosslinked with the dual
system, pectin exhibited excellent adsorbent qualities for the simulta-
neous removal of heavy metals and pharmaceutical products.

2. Materials and methods
2.1. Materials

Low-methoxyl pectin (Dy; = 9.9%) was sourced from Herbstreith &
Fox. Glycerol, calcium chloride, sodium hydroxide, and europium
chloride hexahydrate (product number 203254) were purchased from
Merck and used without further purification. According to viscosimetry

measurements, the molecular weight (M,,) of pectin was 82,000 g/mol
(see Supplementary Material).

2.2. Preparation of pectin-based films

A 6% w/v glycerol and 3% w/v pectin solution was prepared in an
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Erlenmeyer flask under vigorous magnetic stirring at a temperature of
70 °C until homogeneous dissolution (1.5 h). The solution was then
ultrasonicated at 70 °C for 1.5 h to homogenize the solution and elim-
inate bubbles. The solution (10 mL) was casted into a Petri dish and
dried in a vacuum oven for 12 h. Finally, thin hydrogels were obtained,
dried in a vacuum oven at 40 °C, and stored until further use.

2.3. Crosslinking methods

Three crosslinking procedures were performed for a film dose of 2.5
g/L.

2.3.1. Ca®* crosslinking

Pectin films were crosslinked using calcium chloride (CaCly). The
dried pectin films were immersed in a 500 mg/L Ca®" solution for 40
min.

2.3.2. Eu* crosslinking

Pectin films were crosslinked using europium chloride (EuCls). The
dried pectin films were immersed in a 500 mg/L Eu* solution for 40
min.

2.3.3. Ca®> +Eu®" dual-crosslinking

The dried pectin films were crosslinked with Ca?* and Eu®" by
immersing them in a 500 mg/L Ca2* solution for 40 min followed by
immersion in a Eu®* solution for 40 min.

2.3.4. Post-crosslinking processing

For all three cases, after crosslinking, the films were rinsed five times
with 200 mL of deionized water for 1 h to remove excess crosslinking
agent. Thus, we obtained three pectin films with different crosslinking
systems: P-Ca (samples crosslinked by Ca?*), P-Eu (samples crosslinked
by Eu®"), and P-Ca + Eu (samples with dual-crosslinking by Ca®* and
Euh).

To study the crosslinking reaction, we performed isotherm and
adsorption kinetic studies as described below.

2.4. Characterization techniques

2.4.1. Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectra were recorded on a Jasco
FT/IR-6300 spectrometer (Japan) from 4000 to 600 cm ! with a reso-
lution of 4 em™! and 200 scans per spectrum in the attenuated total
reflectance mode. All samples were dried at 40 °C in a vacuum oven
prior to measurements to ensure a constant water content in all samples.

2.4.2. Scanning electron microscopy

The morphology and composition of the pectin-based adsorbents
were investigated using scanning electron microscopy (SEM; Quanta
250 ESEM, FEI, Netherlands) and energy dispersive X-ray (EDX) spec-
troscopy (silicon drift detector, EDAX). The beam voltage and current
were set to 10 kV and 5 pA, respectively. Electrons were detected using a
large-field detector in low-vacuum mode. The chamber was evacuated
to 80 Pa. The samples were mounted on an aluminum stub using double-
sided tape.

2.4.3. X-ray diffraction

The dried neat pectin and crosslinked pectin films were character-
ized by powder X-ray diffraction (XRD; Philips X'pert PRO automatic
diffractometer) using Cu Ko radiation (1 = 1.5418 10\) with a secondary
monochromator and PIXcel solid-state detector. The voltage and current
were 40 kV and 40 mA, respectively. The scans were performed with a
0.026 step size in the 20 range of 2°-80° at room temperature. The
percentage crystallinity was calculated as (crystalline area/total area) x
100.
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2.4.4. Swelling experiments

The crosslinked pectin films were cut, accurately weighed, and
placed in vials containing 100 mL of water (pH = 7) under agitation at
room temperature. The films were weighted at certain intervals, after
drying the surface water with filter paper. The same sample was used for
each immersion time. The water uptake percentage was calculated as
(100 x (Mswollen — Madry))/Mdry, Where Mgyollen is the mass of the film
after the water immersion, and Mg,y stands for the mass of the dried film
before the water immersion.

2.4.5. Inductively coupled plasma—atomic emission and ultraviolet-visible
spectrometry

Inductively coupled plasma-atomic emission spectrometry
(ICP-AES; Agilent 5100) was used to measure the equilibrium concen-
trations of heavy metals. The pharmaceutical concentrations were
determined using ultraviolet-visible (UV-Vis) spectrometry (Agilent
8453A).

2.4.6. Contact angle

Contact Angle meter OCA 15 Plus, Data Physics Instruments GmbH,
Filderstadt, Germany, equipped with a high-resolution CCD camera and
a high-performance digitizing adapter, was used to determine the
wettability of pectin films before and after remediation. A 3 pl droplet of
distilled HoO was placed onto the surface of the crosslinked pectin.
SCA20 software (Data Physics Instruments GmbH, Filderstadt, Ger-
many) was used for image capturing and contact angle determination.

2.4.7. Photoluminescence

Photoluminescence spectra were obtained using a Cary Eclipse
Spectrophotometer (Agilent Technologies), with an excitation wave-
length of 365 nm and slits of 5 nm.

2.5. Batch adsorption experiments

Adsorption isotherm and kinetic experiments were performed for
two purposes. First, the crosslinking reactions with the three agents were
monitored to determine the maximum adsorption capacities and
appropriate crosslinking levels for each sample. Second, the experiments
helped to analyze the adsorption of heavy metals and pharmaceuticals.

2.5.1. Crosslinking reactions

Adsorption isotherms were obtained using adsorbents with different
initial Ca®* or Eu* concentrations in the range of 25-1500 mg/L. A
fixed amount of adsorbent (2.5 g/L) was used for each measurement.
Batch experiments were performed in 20 mL tubes, and the equilibrium
concentration was measured after 24 h. Kinetic adsorption studies were
performed at a fixed crosslinking agent concentration (500 mg/L) for
different durations (10 to 1440 min). Crosslinking solutions were pre-
pared from CaCl, or EuCls, and the pH was maintained at 7 by adding
0.1 M NaOH.

2.5.2. Adsorption of heavy metals and pharmaceuticals

Similar experiments were performed to study the adsorption capac-
ity of Zinc, two antibiotics (TC, and CIP). We used 1000 mg/L of a Zn?t
standard solution for ICP (18562, Sigma Aldrich) and deionized water
for zinc dilutions. The three adsorbents were crosslinked for 40 min at a
dose of 2.5 g/L.

Adsorption experiments were performed in batches using a dose of
2.5 g/L under agitation at 125 rpm and (25 + 1) °C. Adsorption iso-
therms were measured at various initial pollutant concentrations. For
the kinetic experiments, we measured the pollutant concentration at
different times ranging from 10 to 1440 min at a fixed initial concen-
tration of 150 mg/L for zinc and at 50 mg/L for the pharmaceuticals.

In both the cases, the equilibrium concentration (Ceq) and concen-
tration at time t (C;) were measured using ICP-AES; for the pharma-
ceuticals, UV-Vis was used to measure Ceq and C; The amount of
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adsorbed crosslinking agent or pollutant was determined based on the
difference between the initial and final concentrations in the solution.
Aliquots were collected at certain intervals to measure C, and Ceq was
taken as the equilibrium value of C;. The equilibrium adsorption ca-
pacity (geq; mg/g) and adsorption at time t (q; mg/g) were calculated as
follows:

Cy — C,,
Geg = % 8]

Cy— C
- 0 . t &)
where Cp is initial concentration of a given crosslinking agent or
pollutant (mg/L) and d (g/L) is the adsorbent dose. The removal effi-
ciency (R%) was calculated as follows:

R% = ((C°;7Cq)> x 100% 3)

0

2.5.3. Reusability studies

For regeneration and reusability studies, pectin films were subjected
to five adsorption cycles (dose of 2.5 g/L), each followed by one
desorption. Solutions of 10 mg/L of Zinc and 50 mg/L of Tetracycline or
Ciprofloxacin at pH 7 were used for adsorption. The final concentration
was measured after 2 h. Desorption was performed for 1 h using nitric
acid 0,1 M to desorb Zinc. We used formic and acetic acids at 1% for TC
and CIP. Desorption and adsorption were done under orbital shaking at
120 rpm. A washing and drying step in water between adsorp-
tion—desorption is required to remove the excess reagents.

2.6. Adsorption data analysis

The adsorption isotherms were fitted using the Langmuir (Eq. (4) and
Redlich-Peterson (Eq. (5) models [20].

_ quKiLCyq

Cy) = -ALred 4

9(Cea) 1+ K1.Ceq Q)
KrpCeq

Coy) = —22=ca 5

4( q) 1+aC¢q/} (5)

where ¢ is the adsorption capacity; qy is the maximum adsorption ca-
pacity; K is the Langmuir constant; and Klgp, f, and a are Red-
lich-Peterson constants. f is a dimensionless parameter between 0 and
1, representing the heterogeneity factor. The closer the value to zero, the
more heterogeneous the surface where the adsorbate interacts.

The adsorption data were analyzed using a nonlinear fitting of the
empirical pseudo-first-order (PFO; Eq. (6)) and pseudo-second-order
(PSO; Eq. (7)) kinetic models [21].

PFO : ¢; = q.(1 - eik”) (6)
2
q kzt
PSO:q =——— 7
Ly @

where k; and kj are the characteristic time-related constants of the PFO
and PSO models, respectively, indicating the adsorption speed at the
beginning of the adsorption process.

3. Results and discussion
3.1. Crosslinking reactions
3.1.1. Isotherms
This section presents the isotherms (24 h) of pectin crosslinked using

Ca%*, Eu®", and the dual- Ca?*+Eu3" crosslinking system. Hereinafter,
these systems are denoted as P-Ca, P-Eu, and P-Ca-Eu, respectively.
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Fig. 1. Adsorption isotherms of pectin films (dose of 2.5 g/L) at pH = 7 using (a) Ca, (b) Eu, and (c) Ca + Eu as the crosslinking agents. The dashed lines in panels
(a)-(c) indicate the nonlinear fittings obtained using the Langmuir model, and the dotted—dashed line in panel (c) indicates the nonlinear fitting obtained using the

Redlich-Peterson model.
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Fig. 2. Adsorption kinetics of pectin films (dose of 2.5 g/L) at pH = 7 using (a) Ca, (b) Eu, and (c) Ca + Eu as crosslinking agents. The dashed lines indicate the

nonlinear fittings obtained using the PSO and PFO models.

Fig. 1a and b show the Ca and Eu adsorption capacities of pectin after
24 h as a function of the equilibrium Ca and Eu concentrations,
respectively, and Fig. 1c shows the Eu adsorption capacity of the film
crosslinked with Ca. The adsorption capacities increased with increasing
initial Ca or Eu concentration until a plateau value was reached.

As shown in Fig. 1 and Table 1, the maximum adsorption capacity of
pectin for Ca was approximately 21 mg/g, whereas that for Eu was 56
mg/g. In contrast, the adsorption capacity of the Ca-crosslinked pectin
for Eu increased to 140 mg/g. Thus, the ability to adsorb Eu more than
doubled after Ca-crosslinking. It can be concluded that the dual-
crosslinking system promoted the adsorption of Eu by the pectin film.

The isotherms for pectin crosslinked with Ca or Eu were fitted using
the Langmuir model (Table 1). This model assumes that adsorption oc-
curs at identical sites and that only one molecule can be adsorbed at each
location [20,21]. For the sample reticulated with the dual system, the

Table 1

isotherm was fitted using both the Langmuir and Redlich-Peterson
models [22]. The Redlich-Peterson model had a better fit (R2 = 0.99),
which implies that this system does not exhibit ideal monolayer
adsorption behavior; the adsorption sites can be homogeneous or het-
erogeneous and are not identical [23]. This indicates that the structures
of the samples crosslinked with Ca or Eu differ from those reticulated
with both Ca and Eu. Regarding the parameters obtained from the
fitting, the K, and Kgrp values indicate that the extent of the interaction
between the adsorbate and adsorbent is favorable.

3.1.2. Kinetics

We analyzed the adsorption kinetics of pectin during crosslinking
using the three agents. Fig. 2 shows the results of crosslinking with the
three agents as a function of adsorption time. The isotherms show that
the Eu uptake in the dual-crosslinking system was very high compared

Calculated adsorption parameters for the three types of pectin film using the Langmuir and Redlich-Peterson adsorption isotherm models.

Sample Model Ry Ky, [L/mg] Kgrp [L/mg] qumax' [mg/g]
P-Ca Langmuir 0.99 0.050 + 0.032 — 21.2 £ 0.6
P-Eu Langmuir 0.99 0.32 £+ 0.06 — 56.2 £ 0.9
P-Ca-Eu Langmuir 0.96 0.65 + 0.26 — 1234+ 5.4
P—Ca-Eu® Redlich-Peterson 0.99 — 139.2 + 39.7

2 guax is the maximum adsorption capacity. "For pectin-Ca2*+Eu®* using the Redlich-Peterson model, @ = 1.78 + 0.64 mg/L and § = 0.92 =+ 0.02.
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Table 2
Calculated kinetic parameters for the three types of pectin film using PFO or PSO
adsorption models.

Sample Model R3j; ki [L/min] ko [g/(mg min)]  geq [mg/g]
P-Ca PSO 099 — 0.0064 + 0.0013 21.1 £ 0.5
P-Eu PFO 0.89  0.024 +£0.007 —— 58.5 + 4.0
P-Ca+Eu PSO 099 — 0.0020 + 0.0004 114.7 £ 2.1

with that in the case with Eu alone.

To select an appropriate kinetic model (PFO or PSO) and understand
the ion adsorption mechanism, we used three criteria: the R? value
extracted from the linear fitting, Akaike criterion, and Bayesian criterion
[24]. Based on the results (see the complete calculations in the Sup-
plementary Material), the crosslinking reactions of pectin with Ca and
the dual system (Ca + Eu) were best fitted using the PSO model, indi-
cating that the adsorption process was driven by chemisorption [25]. In
contrast, the crosslinking reaction with Eu was best fitted using the PFO
model, indicating that the adsorption process was driven by electrostatic
interactions or physisorption rather than chemisorption [26,27]. Fig. 2
and Table 2 show the fitting results. Thus, we can conclude that the
samples crosslinked with Ca and the dual system (Ca + Eu) had stronger
interactions between the ions and pectin than those crosslinked only
with Eu.

3.2. Morphology

Fig. 3a—d shows SEM images of the untreated and crosslinked pectin.
Morphological changes can be observed after crosslinking with the three
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agents. P-Ca had a spherical granular shape with a homogeneous size,
whereas P-Eu had a more granular surface with a preferential orienta-
tion. In contrast, P-Ca + Eu presented a more uniform surface than neat
pectin.

The EDX spectra in Fig. 3 indicate that all the crosslinked samples
contained Ca or Eu (see element content in Table S2 of SM). Neat pectin
contained Na (Fig. 3a), favoring the reticulation reaction [28]. After
crosslinking with Ca (Fig. 3b) or Ca + Eu (Fig. 3d), a peak was detected
at 3.70 keV, indicating the presence of Ca, and after crosslinking with Eu
(Fig. 3c) or Ca + Eu (Fig. 3d), two peaks related to Eu were detected at
1.13 and 5.8 keV. These peaks confirmed the existence of crosslinking in
all three cases. The EDX spectra did not exhibit significant variations in
different sections of the samples, indicating a homogeneous dispersion
of Ca, Eu, or both.

3.3. Structural properties of different crosslinked pectin-based adsorbents

In this section, we analyze the structural properties of the three
crosslinked samples. Fig. 4a shows the infrared spectra of the neat and
crosslinked pectin samples used to determine the structural differences
between the three crosslinking agents. The intense band in the region of
~3600-3000 cm™! corresponds to the stretching of hydroxyl groups
(-OH), whereas the bands in the region of 3000-2850 em ™! represent
methyl vibrations (-CHs). The band at ~ 1725 cm ! corresponds to the
C = O stretching of nonionic carboxyl groups (-COOH, -COOCH3),
whereas the band at ~ 1610 cm™! is assigned to the asymmetric
stretching vibrations of carboxylate anions (COO ™) [29,30].

The most significant changes after crosslinking were observed in the
carboxylate anion band (~1600 cm’l). In particular, the band at 1591

Z||| Pectin-Ca-Eu
2 Eu
Eu © Ca Eu
23T SR 65T 0i 1Y 203 4SS 60T
Energy [keV] Energy [keV]

Fig. 3. Scanning electronic microscopy images and EDX spectra of pectin-based films with (a) neat pectin and pectin samples crosslinked with (b) Ca, (c) Eu, and (d)

Ca + Eu. Fig. S3 shows images of the regions used for EDX mapping.
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Fig. 4. Infrared spectra of (a) neat and crosslinked pectin using three different crosslinking agents and (b) P-Ca and (c) P-Eu films crosslinked for different durations

(10, 40, and 400 min).
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Fig. 5. (a) Comparison of the XRD patterns of pectin adsorbents using different crosslinking agents. (b-d) XRD patterns of neat and crosslinked pectin films.
Experimental data are indicated by points, and fittings of the experimental data with the pseudo Voigt profiles are indicated by solid lines.

em™! for neat pectin shifted to 1598 em! upon crosslinking. This shift
to higher wavenumbers has been previously reported [28] and is
because Ca ions strongly interact with the ionized carboxyl group.
However, in the case of dual crosslinking, the band shifted slightly to
1590 cm ™!, and in the case of Eu crosslinking, the shift was much more
evident to 1583 cm ™. Therefore, unlike Ca, the Eu ions interact less
with the ionized carboxylate group, which is most noticeable in the case
of Eu alone. We confirmed this result by analyzing the crosslinking of
pectin with Ca and Eu separately (not in the dual-crosslinking system) at
different durations (10, 40, and 400 min). Fig. 4b and c show that, even
in the first few minutes of the crosslinking reaction, the Eu ions interact
less with the ionized carboxylate group (Fig. 4c). This suggests that it is
difficult to rationalize the formation of an “egg-box™ structure when
pectin is crosslinked with Eu.

Further evidence of the structure of each crosslinking system can be
found in the XRD patterns of the pectin films, as shown in Fig. 5. In
particular, the XRD patterns provide information about the amorphous
and crystalline phases in each material [31]. For the neat pectin film, the
XRD pattern contained sharp crystalline peaks at 26 values of 12.6°,
22.6°, and 33.8°, indicating a high degree of crystallinity (see the fitting
procedure in Fig. 5b). Amorphous halos were observed at 26 values of
31° and 41.9°, which do not produce a well-resolved XRD pattern and
represent the amorphous fraction of neat pectin. From the most intense
diffraction peak, a typical d-spacing of 0.70 nm was obtained for the neat
pectin film, which agrees with previous reports [32].

After Ca crosslinking, the diffraction peaks were broader than those
for the neat pectin film, indicating a lower degree of crystallinity.
However, peaks at 20 values of 14°, 23.7°, and 27.0° were observed with
amorphous halos at 26 values of 30° and 40°. Considering the most
intense diffraction peak, a typical d-spacing of 0.63 nm was obtained for

the Ca-crosslinked pectin film, indicating a variation in the lateral
spacing between pectin chains between the untreated (0.70 nm) sample
and the Ca-crosslinked one (0.63 nm). This XRD pattern has been pre-
viously reported for the dimerization of polymer chains through Ca
coordination, according to the egg-box model [33,34].

The Ca + Eu-crosslinked sample had even lower crystallinity, as the
diffraction peaks were even broader than those of the sample reticulated
with Ca. Nevertheless, we could still distinguish between the peaks at 26
values of 14.5° and 21.0°, with broad peaks at 26 values of 26° and 41°.
Considering the diffraction peak at 14.5°, a typical d-spacing of 0.61 nm
was obtained. Thus, the interlayer distance systematically decreased for
the neat pectin, P-Ca, and P-Ca + Eu samples, while the peaks became
broader and less intense. Moreover, using the integration method, we
estimated the crystallization percentages to be 34%, 21%, and 15% for
neat pectin and the Ca and Ca + Eu reticulated samples, respectively.
This indicates that after adding Eu, the sample lost half its crystalline
phase, and gradual amorphization of the pectin was observed when the
crosslinking changed from Ca to Ca + Eu.

In contrast, after crosslinking pectin with Eu alone, the XRD pattern
only showed amorphous halos centered at 20 values of 21° and 42°,
indicating highly defective crystals, if any. In addition, the crystalline
fraction was reduced to zero. Thus, crosslinking with Eu alone induced
complete amorphization of the pectin; consequently, we could not find
any signs of the “egg-box” model when the sample was crosslinked with
Eu.

In the absence of divalent cations, pure pectin chains interact via
hydrogen bonds [9]. In the presence of Ca ions, the pectin chains
interact via noncovalent Ca bridges between the carboxyl groups of two
different chains (dimerization [35]) and the hydrogen bonds that remain
in the network [36]. These results were reflected in the FT-IR and XRD
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Fig. 6. Schematics of three crosslinked systems: (a) P-Ca (a), (b) P-Ca + Eu, and (c) P-Eu.
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Fig. 7. (a) Swelling properties of pectin crosslinked with Ca, Eu, and Ca + Eu. (b) Contact angle of pectin-based adsorbents.

results. When Eu atoms enter the P-Ca lattice, they introduce defects
into the periodic network, as evidenced by the loss of crystallinity and
reduced interaction between the carboxylate groups. However, at this
point, we could not confirm whether, for this sample, there was only a
break of periodicity when Eu entered the network or whether there was
a disassembly of the “egg-box” structure.

To assess this further, we performed ICP-AES experiments to analyze
the release of Ca ions when the sample was further crosslinked with Eu.
After Ca crosslinking, the P—Ca films were washed extensively (100 mL
of water, 1 h each under agitation, five times). The water from each
wash cycle was analyzed by ICP to determine whether some of the Ca
ions were released (i.e., not bound to the pectin chains). Furthermore,
we investigated whether, in the dual-crosslinking system, there was ion
exchange between Ca and Eu (i.e., to determine if, during Eu cross-
linking, some of the Ca ions were released from the sample). The results
showed that, during Eu crosslinking, almost 70% of the Ca ions were
released. Therefore, Eu disassembled much of the “egg-box” structure, as
most of the Ca ions were lost. For example, considering P-Ca crosslinked
for 40 min, the Ca uptake was 2.69 x 107> mol, and during Eu cross-
linking, the sample released 1.77 x 10~ mol Ca. This indicated that the
sample lost 67% of the Ca ions.

The sample crosslinked with only Eu lost all its crystallinity, indi-
cating an amorphous sample with less interaction between the carboxyl
groups. The established crosslinks could be point-like interactions be-
tween two or three chains, enabling the formation of a stable 3D
network. Fig. 6 schematically shows the expected structures of pectin
using three different crosslinking agents based on the SEM, XRD, and FT-
IR results. We expected an egg-box model for P-Ca, in which two
carboxyl groups are attached to each Ca ion. Conversely, Eu formed an
amorphous network with random crosslinking points, as shown in

Fig. 6¢. Finally, the dual-crosslinked sample with Eu and Ca exhibited
both crystalline and amorphous phases, as shown in Fig. 6b.

3.4. Swelling of pectin adsorbents
The diverse structures of the different crosslinking systems also

affected the swelling properties (Fig. 7). This property is relevant in
water treatment because pollutants reach adsorption sites after diffusing

50
oot TTTTTTTTTTITToTTo
aof "
!
]
]
30!
T O e uni il
N [T,
=200 A i =
= |} .7 = Pectin - Ca
P = Pectin-Ca- Eu
104, :
T = Pectin - Eu
]
]
0l . . .
0 400 800 1200 1600
time [min]

Fig. 8. Kinetics of Zn?" sorption by pectin crosslinked with Ca, Eu, and Ca +
Eu. Adsorbent dose: 2.5 g/L, initial Zn>* concentration: 150 ppm. Dashed lines
represent the fitting of the PSO model (see Table 3).



J. Martinez-Sabando et al.

Table 3
PSO kinetic parameters for Zn?" sorption into P-Ca, P-Eu, and P-Ca + Eu. MRE
represents Maximum removal efficiency.

Sample Rig K5 [g/(mg min)] Gmax [mg/gl MRE[%)]
P-Ca 0.96 0.0026 + 0.0007 44.6 + 1.6 75.0
P-Ca + Eu 0.98 0.0032 + 0.0006 26.9 + 0.7 47.2
P-Eu 0.99 0.0008 + 0.0002 22.4 + 0.9 37.9

into the matrix. As swelling depends on the sample size, all the mea-
surements (average of three runs) were conducted using samples with
similar dimensions (thickness 0.154 + 0.031, 0.157 4 0.015, and 0.141
+ 0.024 mm for P-Ca, P-Eu, and P-Ca + Eu, respectively).

The P-Ca films reached water uptake equilibrium after 2 h, whereas
the P-Eu and P-Ca + Eu films reached equilibrium very quickly (after
15 min). The P-Ca film was also the most swollen system, whereas P-Eu
and P-Ca + Eu had less affinity for water. This indicates that there were
more available hydroxyl, carboxyl, and carboxylate groups in Ca-
crosslinked pectin to establish H-bonds with water than in the Eu and
Ca + Eu films.

In addition, to assess the hydrophilicity behavior of the film surfaces,
we studied the contact angles of the P-Ca and P-Ca-Eu films (see Fig. 7b).
Initially, both films exhibited similar contact angles, approximately 40°.
This indicates comparable hydrophobicity in their dry state. It has been
reported that surface roughness affects the contact angle of surfaces.
Moreover, an increase in surface roughness can lead to higher hydro-
phobicity. In Fig. 3, we observed that P-Ca exhibited a spherical granular
shape, suggesting that its morphology might contribute to its seemingly
higher hydrophobicity than reality. However, after 10 min, the contact
angle for P-Ca-Eu was higher (25.3°) than that for P-Ca (19.7°). This
result indicates that the water absorption capacity is higher for P-Ca
films, which confirms the results in Fig. 7a.
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3.5. Kinetics of Zn?* and pharmaceutical sorption on three reticulated
pectin adsorbents

This section focuses on the application of the developed adsorbents
for water remediation. The pH of the contaminated water was main-
tained at 7 in the experiments because this is its natural pH. Pectin, with
a low degree of esterification and crosslinking with Ca, is an excellent
adsorbent for mono- and divalent heavy metals [4-6]. However, to the
best of our knowledge, there are no reports on the adsorption of other
emerging contaminants, such as pharmaceuticals using pectin-based
adsorbents. It is also important to note that we have also analyzed the
possible Eu release into the water before and after adsorption by ICP-
AES. The results showed that no Eu was released into the water.

3.5.1. Non-simultaneous removal of heavy metals and pharmaceuticals

Fig. 8 shows the kinetic results (fitted with the PSO model; Table 3)
for the adsorption of Zn®* using the three adsorbents. The maximum
removal efficiency decreased from 75% to 47.2% and 37.9% for Ca, Ca
+ Eu, and Eu, respectively. This was expected because there were fewer
Ca ions in the P-Ca + Eu sample than in the P-Ca sample. The P-Eu
sample was also able to adsorb Zn, although its removal efficiency was
lower than that of the P-Ca adsorbent. The reason the P-Eu sample can
adsorb Zn is unclear, but we expect it is because Zn can also crosslink
pectin and not because of a strong interaction between Eu and Zn.
Further studies will be required to confirm this hypothesis.

Fig. 9 shows the adsorption kinetics of the crosslinking systems for
two pharmaceutical products: TC and CIP. P-Ca did not exhibit any
adsorption capability for antibiotics. Given the high affinity of Eu for
both TC and CIP [37,38], its removal ability is expected to be high.

Indeed, the P-Eu adsorbent had good sorption ability for TC and CIP,
but it is still higher for the P-Ca-Eu adsorbent. This is because the Eu
concentration was higher in the P-Ca + Eu sample than in the P-Eu
sample (concentrations of Eu were determined by ICP-AES in section
3.1). Table 4 shows the fitting parameters corresponding to the PFO and
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Fig. 9. Adsorption kinetics of P-Eu and P-Ca + Eu for (a and b): ciprofloxacin (CIP) at a dose of 2.5 g/L and 1 g/L respectively; (c and d): tetracycline (TC) at a dose
of 0.5 g/L and 2.5 g/L, respectively. Initial adsorbate concentration: 50 ppm. Dashed lines represents the fitting of the PFO and PSO models (see Table 4).
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Table 4
PFO kinetic parameters for TC and CIP sorption into P-Eu and P-Ca + Eu films at a dose of 0.5 g/L.
Sample Ads® Model R§dj kq [L/min)] k2 [g/(mg min)] Gmax [Mg/g] MREP [%]
P-Eu CIP PFO 0.98 0.008 + 0.002 174+ 1.7 96
P-Eu TC PSO 0.89 0.0008 + 0.0002 145+ 1.5 48
P-Ca + Eu CIP PFO 0.99 0.0030 + 0.0004 71+3 91
P-Ca + Eu TC PSO 0.99 0.00008 + 0.00001 346+1.4 81

2 Ads: adsorbate. PMRE: maximum removal efficiency (Co = 50 mg/L).

PSO models for samples with a dose of 0.5 g/L. Remarkably, the
maximum removal efficiency, with a dose of 2.5 g/L, is high, 91 and 81
for CIP and TC, respectively.

Finally, we also studied the interaction mechanism between TC and
CIP with P-Ca-Eu and P-Eu adsorbents. It has been previously studied
that TC can form stable complexes with Eu via the p-diketone structure
present in TC [39]. This complexation shows photoluminescence fea-
tures, and therefore the Eu-TC interaction can be detected by fluores-
cence spectroscopy.

Fig. 10 shows the emission spectra generated by Eu and its complexes
with TC and CIP adsorbed in P-Eu and P-Ca-Fu films (excitation wave-
length 365 nm). Eu shows a fluorescence characteristic peak at 615 nm
[40], as seen in the spectra corresponding to the films without

antibiotics. After adsorption, the significant enhancement of the emis-
sion spectrum at 615 nm indicates the formation of the complexbetween
Eu and B-diketone group on TC or CIP [41,42].

3.5.2. Competitive adsorption: Simultaneous removal of pharmaceuticals
and Zn?*

Typically, adsorption processes are studied using a single pollutant.
However, water is usually polluted with several contaminants [43],
which can have a negative or positive role in the adsorption process. For
example, heavy metals can compete with pharmaceuticals for adsorp-
tion sites [44]. In the present case, we expect the heavy metals to
interact with Ca ions and the pharmaceuticals to interact with Eu®" or
COO™ groups.
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Fig. 10. Emission spectra generated by Eu and its complexes with TC and CIP adsorbed in (a) P-Eu and (b) P-Ca-Eu films (photos show the P-Eu and Pe-Ca-Eu films
before and after TC and CIP adsorption under 365 nm UV irradiation). (c) Cartoon of the proposed mechanism for the interaction between TC and Eu or CIP and Eu.
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Fig. 11. (a) Adsorption isotherms and (b) kinetics of the simultaneous removal of Zn?>* and TC by P-Ca + Eu. Adsorbent dose: 2.5 g/L, initial Zn?>* and TC con-
centration: 30 ppm. Dashed lines represent the fitting of the Langmuir model (a) and PSO model (b) (see Table 5).



J. Martinez-Sabando et al.

Table 5

Chemical Engineering Journal 475 (2023) 146162

Isothermal parameters of the Langmuir model and kinetic parameters of the PSO model for simultaneous Zn?>*/TC removal using P-Ca + Eu adsorbent.

Isothermal parameters

Ads® R2%;

MREP [%]

Kinetic parameters

Ky, [L/mg] ge [mg/gl Rl K [g/(mg min)] max [mg/g] REmax [%]

Zn2* 0.99 0.60 + 0.09 19.1 £ 0.8 94.5 0.98 0.004 + 0.001 10.9 £ 0.4 93.3
TC 0.96 0.23 £+ 0.09 17.6 £ 0.2 93.6 0.99 0.0007 + 0.0001 9.7 £ 0.5 79.5
2 Ads: adsorbate. PMRE: maximum removal efficiency (Co = 10 mg/L).

Table 6

Adsorption capacities of pectin-based adsorbents compared with literature-reported similar adsorbents.
Adsorbent Ads. Dose [g/L] Co [mg/L] Qeq [Mg/g 1 REF.
P-Ca Zn*! 2.5 150 44.6 £ 1.6 -
Calcium alginate beads Zn?t 2.5 100 53 [45]
Inula Viscose leaves Zn3t 1 50 13 [46]
P- Ca -Eu CIP 1 50 70.0 £+ 2.0 -
Cationic flax oil cellulose CIP 0.4 80 188.67 [47]
Nickel alginate particles CIP 0.5 20 33.76 [48]
P-Ca-Eu TC 0.5 50 423+ 1.9 -
Sodium alginate copper beads TC 0.05 20 14.87 [49]
Iron(IlI)-loaded cellulose nanofibres TC 0.5 10 19.20 [50]

Fig. 11 shows the isotherms and adsorption kinetics for the simul-
taneous removal of Zn?>* and TC by P-Ca + Eu films. The experiments
were performed at an adsorbent dose of 2.5 g/L. The concentrations of
the mixed pollutants (Zn2+ and TC) ranged from 1 to 60 mg/L, and the
solution pH was adjusted to 7. The heavy metal and antibiotic concen-
trations were determined by ICP-AES and UV-Vis absorption spectros-
copy, respectively.

The isotherms were fitted to the Langmuir model, which assumes
that a chemical process occurs at homogeneous binding sites. We found
a good removal efficiency of approximately 94% for Zn?* and TC
(Table 5). These results demonstrate that pectin combined with both Ca
and Eu reticulation agents is a promising adsorbent for a combination of
pollutants.

Finally, Table 6 compares the efficiency of the adsorbents developed
in this work with other adsorbents using the same pollutants. As seen in
the table, the Zn adsorption capacity of the P-Ca films and the cipro-
floxacin adsorption capacity of the P-Ca-Eu films are within the range
reported in the literature. On the other hand, the remediation of tetra-
cycline by P-Ca-Eu film demonstrates significantly higher adsorption
capacity than those found in the literature.

3.6. Reusability studies

Fig. 12 shows that pectin films can be reused after Zn, TC, or CIP
adsorption. This information is crucial for escalation objectives as well
as for the possible impact produced on the environment. Moreover, our
previous studies (not shown here) demonstrate that one hour was
enough time for desorption, which is a quick time for industrial
purposes.

The desorption efficiency (Rgs%) was calculated as follows:

Cdes
R% = | ——F— 1
% <(C0 — Cads)) x 100%

where Cges is the concentration of the desorbed pollutant after 1 h, and
Cags is the concentration after 2 h of adsorption.

The adsorption efficiency of Zn in the P-Ca-Eu film treated with nitric
acid remained consistent across all 5 cycles, ranging from 84% to 89%.
However, the desorption efficiency dropped to 80% during the fifth
cycle, indicating that the pectin film lost effectiveness after the fourth
cycle.

In the case of desorption of antibiotics, we prefer using organic green
acids (acetic and formic acids) with lower pKa than nitric acid because
they can interact more selectively in the system without significantly

®

=100 100 (b)
2 80 80

F

£ 60 60

g

2 40 40

g

£ 20 20

E

L T I
Cycle [n°]

3 4 5
Cycle [n°]

L(c)

807

TC | 100 CIP
60}
40}

20¢

0

2 3 4 5
Cycle [n°]

I Zinc Adsorption [l Zinc Desorption HNO, [Jill TC/CIP Adsorption
[0 TC/CIP Desorption CH,0,[ | TC/CIP Adsorption [ | TC/CIP Desorption CH,COOH

Fig. 12. Relative adsorption efficiency of Zn (a), TC (b) and CIP (c) in pectin films on each adsorption cycle, followed by regeneration. TC and CIP desorption was
done with acetic acid (CH3COOH) and with formic acid (CH,0,), whereas Zn was desorbed with nitric acid (HNO3).

10



J. Martinez-Sabando et al.

losing performance after 5 cycles. Formic acid has more intense
desorption activity than acetic acid due to its higher pKa.

TC in P-Ca-Eu films shows lower removal efficiency than CIP-
containing samples due to their different kinetics (see Fig. 9). The
sample containing TC treated with formic or acetic acids decreased its
removal efficiency throughout the process. However, after the fourth
cycle, the sample containing CIP shows a slight reduction in removal
efficiency. This difference is probably related to a stronger interaction
between Eu and TC complex compared with CIP.

Regarding the desorption cycles, we observe a lower efficiency for TC
than CIP, independently of the acid used. We believe that we are losing
the Eu-TC complex during the acid treatments. However, CIP did not
show this behavior because the removal efficiency remains constant
throughout the desorption cycles. Therefore, we conclude that TC
cannot be recovered from pectin films, whereas CIP can be effectively
recovered.

4. Conclusions

Strict environmental regulations on water quality both in the EU and
the rest of the world have increased the need to improve the quality of
treated wastewater, particularly considering the emerging contaminants
(among others, heavy metals and pharmaceuticals). Pectin is a prom-
ising adsorbent for water remediation because it is cost-effective and
environmentally friendly. However, it can currently only be used for
heavy metal removal.

Here, a novel approach was developed to enhance the remediation
capacity of pectin (with a low degree of methylation) by crosslinking it
with different agents, namely Ca, Eu, or a combination of the two. Our
results showed that Ca, Eu, and their combination induce the gelation of
pectin, resulting in a reticulated pectin structure. The type of cross-
linking agent used results in significant structural differences that affect
the adsorption capacity. The dual-crosslinked pectin film with Ca and Eu
atoms had in an intermediate network with both crystalline and non-
crystalline regions, exposing more carboxylate anions (COO™ groups)
and enabling pectin to simultaneously adsorb heavy metals and phar-
maceutical products.

The adsorbent developed in the present work had heavy metal and
TC removal efficiencies (in simultaneous experiments) of 94.5% and
93.6%, respectively, at a pH of 7. The removal efficiencies will be
optimized further in future work by analyzing the effect of pH, adsor-
bent dosage, and degree of crosslinking. In addition, more work is
necessary to implement this adsorbent in water treatment plants. This
includes evaluating the volume of treated water and time for decon-
tamination, which will be part of our future work.

Overall, our novel approach of crosslinking pectin with different
agents has the potential to remarkably enhance its remediation capacity
for the simultaneous removal of various contaminants, thereby
providing an effective and sustainable solution for water pollution
management.
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