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ABSTRACT

A large amount of copper ions are released into the environment, which significantly affects water resources. The reduction of copper contaminants and the potential
reutilization of these ions are important issues for environmental and human health. Resin based on Pinus radiata tannin and its derivatives obtained via chemical
modifications with three cyclic anhydrides (maleic, citraconic, and itaconic) adsorbed Cu(ll) from aqueous solutions. It was carried out in order to incorporate
functional groups able to interact with heavy metal ions. The effect of the pH on the adsorption, desorption, and maximum adsorption capacity for Cu(ll) solutions
was studied. The adsorption depends largely on the pH of the solution, and the highest adsorption was observed at pH 3. Modified tannins showed lower maximum
adsorption values than the original tannin. However, tannins modified with maleic and citraconic anhydrides presented larger values than the unmodified tannin under
high ion concentrations. The resin showed an adsorption capacity of Cu (1) of approximately 55 mmol g-1 and a desorption capacity higher than 55%. It is the reason
why it represents a complementary alternative, with respect to current treatments, for future use in the treatment of contaminated water.
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1. INTRODUCTION

Water pollution is a severe problem around the world, as many pollutants are
transferred to the aqueous environment due to industrial waste, agriculture,
atmospheric deposition, and lixiviation from mining*23l. Many of these
pollutants are toxic and carcinogenic heavy metals*5691, which include Pb, Hg,
Cr, Cu, and Cd9. While organic pollutants can be easily biodegraded, most
heavy metals accumulate in a variety of animals and plants and tend to persist
for a long time in ecosystems and be difficult to eradicate. The removal of copper
ions, which are the main waste product from Chilean mining is especially
complex since they easily attach organic and inorganic substances depending on
the solution pHIt12.14],

Water scarcity is the major problem that is faced all across the world. Although
70% of the world is covered with water, only 1% is fresh water, hence, it is
necessary to recycle wastewater to satisfy the needs. Due to the negative effects
of heavy metals, their removal from wastewater has become an important
concern. Various physicochemical processes have been proposed for removing
metal ions from water solutions, such as ion exchange processes, precipitation,
carbon adsorption, membrane filtration, electrodeposition techniques,
application of microorganisms and biomass[t51617-22], However, these methods
are typically expensive and inefficient for treating water with low metal ion
concentrations and may secondarily produce a large amount of waste. Hence, it
is necessary to develop low-cost and environmentally friendly materials for
treating large volumes of wastewater(23.241,

Many adsorbent materials are of agricultural and forestry originf2®! such as
peanut wastel2627 onion skinl®l, bagasse pith®], cork wastes®, technical
ligninst®Y coconut fibers2532 conifer leavesi 3, and wood barks[+%3¢1, Wood
barks, especially those from pine have been studied over the past years for
possible application in the removal of heavy metals from wastewater7383%due
to their high abundance and low cost.

Pine bark is a polyphenol-rich substrate (8-18 wt%), which has been found to
be effective in removing copper metal ions from water solution. Among those
polyphenols, tannins are one of the main components that enable effective
removall134%], This is due to their multiple phenolic groups that have an elevated
affinity for metal ionsil. Nevertheless, tannins are not ideal as they have a
limited number of adsorption sites which show poor stability, exhibit low
solubility in organic solvents and thermal instability, lack reactive functional
groups beyond hydroxyl groups (—OH), and must be immobilized to avoid
dissolution in waterl*424, In condensed tannin monomers there are three sites
for derivatization. The A-rings can be derivatized at the C-5 or C-7 -OH group
or at the C-6 position. On the B-ring, derivatization takes place mainly at the C-
3> or C-4> -OH group (or additionally at the C-5" -OH group in case of
delphinidins or gallo-pyrogallos). The C-ring can be modified at the C-3 -OH
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and at the C-4 inter C;s linkage. In Cys terminal units of condensed tannins,
derivatization may occur at the C-8 position[*]. Tannins’ ability to adsorb metal
ions is improved by chemical modifications, tailoring properties and diversifying
their applications®?4#4. Therefore, the derivatization is considered a useful
method that allows the molecule to be given greater functionality. Derivatization
has a series of advantages in terms of improving the properties of the molecules,
among which they are providing higher or lesser reactivity, providing more
active sites for the reaction, etc. A modification that provides advantages is the
esterification of polyflavonoids and lignin with five-member unsaturated cyclic
anhydrides (see Fig.1). In general, cyclic anhydrides such as maleic anhydride,
itaconic anhydride, and citraconic anhydride have high reactivity and can be very
useful agents for the synthesis of functional polymers. Since the process is free
of side-chain products, cyclic anhydrides are more reactive than their linear-
chain counterparts, which enables derivatization reactions at room temperature,
and the unsaturated carboxylic chain is a desirable functional group for several
types of polymerization pathways[*3]. The chemical combination of natural and
synthetic polymers yields new materials that have desirable properties, such as
biodegradability. Thus, the modification of natural polymers via graft
copolymerization is anticipated to be a promising technique as it functionalizes
these natural polymers to their potential uses and give desirable propertiestel,

In the present study, we aim to study the Cu(Il) uptake and desorption capacity
of tannins and their derivatives via reaction with three cyclic anhydrides (maleic,
itaconic, and citraconic) to obtain new resins able to remove copper ions (see Fig.
1). We hypothesize that condensed tannins from Pinus radiata bark resins and
their modified derivatives are polymeric building blocks with the capacity for
cationic exchange of Cu(ll). We addressed the following questions: (a) Is Cu(ll)
ion uptake realized by tannin-based resins? (b) What is the maximum uptake
capacity (at which pH is it realized)? (c) Are tannin-based resins highly
desorbed? (d) Do the tannin uptake and desorption capacities depend on the
ligand (-OH vs chains from the remains of the reaction with anhydrides)?

MATERIALS AND METHODS
2.1 Adsorbents

The condensed tannins and semi-commercial modified condensed tannins,
provided by the Technological Development Unit (UDT) of the Universidad de
Concepcion (UdeC), the significant characteristics of condensed tannins were
described by Garcia et al., 20155%1; 2016054; 2017551, CuSO, x 5H,0 (MERCK)
was used to prepare the Cu (II) solution with milli-Q water, all the equipment
used to carry out this research was provided by the Faculty of Sciences of the
Universidad Catdlica de la Santisima Concepcion.

The adsorption capacity of copper(ll) by condensed tannins from radiata pine
bark and their respective modifications with five-member anhydrides (maleic,
citraconic, and itaconic) were considered to determine the effects of pH at various
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exposure times and in consideration of ambient temperature. Subsequently, the
maximum adsorption capacity was determined, and studies were conducted
regarding FT-IR characterization. Finally, the metal desorption from each
adsorbent was investigated.

2.2 Effect of pH on concentration

50 mg of condensed tannins and 100 mg of modified condensed tannins were
dissolved in a 50 mL CuSO,4 x 5H,0 (2000 ppm) dissolution at pH range from
3to 5. The residual dissolution was analyzed on a model 902 atomic absorption
spectrophotometer (EAA) at 228.8 nm[%. Via this approach, the amount of
adsorbed copper was calculated using the difference in concentration before
versus after treatment.

2.3 Maximum adsorption capacity

Study of condensed tannins and modified condensed tannins in a CuSO4 x
5H,0 solution at six concentrations (1000, 2000, 3000, 4000, 5000, and 6000
ppm)i9 was carried out. Residual dissolution was conducted via the same
process as in the previous stage, however, the remaining solid was reserved for
subsequent characterization via FTIR spectroscopy.

2.4 FTIR spectroscopy analysis.

The characteristic absorption bands describe the metal-ligand interaction after
the defined exposure time. For this, the Fourier-transformed infrared
spectrometry (FTIR) Cary 630 model mode was used, which was configured at
a resolution of 4 cm* with 32 scans per sample in the spectral region in the range
of 4000 - 650 cm11471,

2.5 Cu(ll) desorption.

The use of 1 M and 2 M HClI as elution reagents was considered. The resins
were poured into a defined amount of acid, where they were subjected to constant
agitation for 24 h at 250 rpm. Next, they were analyzed using a GBC model 902
atomic absorption spectrophotometer (EAA)el,

3. RESULTS AND DISCUSSION

The condensed tannins and semi-commercial modified condensed tannins,
provided by the Technological Development Unit (UDT) of the Universidad de
Concepcion (UdeC), the significant characteristics of condensed tannins were
described by Garcia et al., 2015[531; 2016[54; 2017551, The modification and
general structures are shown in figure 1.
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Figure 1. Modification of the tannin condensate with five-member anhydrides
(maleic, citraconic, and itaconic).
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The modified tannins were characterized by FT IR spectra. The most
characteristic absorption bands are summarized in table 1. These corroborate that
the functional groups were present at the structure.
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Table 1. FTIR characteristic absorption bands of modified tannins.

Absorption band (cm™) Appearence Group

3200 - 3600 Stretching vibration O-H

2850 - 2980 Stretching C-H

1700 Stretching (C-O bond) | C-O carbonyl group
Anti - voltage stress .

1400 - 1450 deformation or [€ 7 H in CHs or

. I C-HinCH;

deformation vibrations

1000 - 1200 voltage vibrations Cc-0

700 - 900 push-up off the plane |C - H cis alkenes
and in the plane and C-H trans alkenes

3.1 Influence of pH on Cu(ll) adsorption.

It was determined that Cu(ll) adsorption occurs more efficiently at higher
acidity (considering pH values of 3.0, 4.0, and 5.0), and it is best suited for
unchanged condensed tannin with a stabilization period that ranges from 2 up to

24 h (see figure 2a, 2b, 2c).
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Figure 2a. Copper (I1) adsorption by unmodified condensed tannin and cyclic
anhydride modified tannins at various exposure times and pH 3. Unmodified
tannin (T); tannin modified with maleic anhydride (M), tannin modified with
itaconic anhydride (1), and tannin modified with citraconic anhydride (C).
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Figure 2b. Copper(Il) adsorption by unmodified condensed tannin and cyclic
anhydride modified tannins at various exposure times and pH 4.
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Figure 2c. Copper(ll) adsorption by unmodified condensed tannin and cyclic
anhydride modified tannins at various exposure times and pH 5.
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At higher pH values, there is a lower adsorption due to factors such as (i) the
three-dimensional conformations of the biopolymers and (ii) the formation of
hydrated species of Cu(ll) showing a lower affinity at higher pH values. Thus,
variations in the acidity of the dissolution have an important effect on copper
adsorption, namely, the adsorption capacity for metal cations depends on the pH
for both the unmodified tannin and its modified counterparts. The acidity
significantly affects the degrees of dissociation of the acidic and basic groups of
tannins to promote the processing of active groups with bivalent metalsit,

However, as the pH dissolution increases, more carboxylic acid groups are
deprotonated, thereby, favoring the metal-ligand interaction through carboxylate
ions. In addition to the deprotonation capacity of the active groups, other factors
may influence the metal-ligand interaction, such as the supramolecular
interactions between polymeric chainst®l. In addition, under acidic conditions
two competing reactions occur: (1) the polymeric or oligomeric chains can be
degraded to their monomers and (2) the flavonoid units can condenses.

3.2 Maximum adsorption capacity of Cu(ll).

Regarding the adsorption capacity (see Table 2), the condensed tannin had
more stable values. However, as the Cu(ll) concentration increases, the values
begin to decrease substantially. Hence, at high concentrations, the structure of
the polymer is saturated due to the structure characteristics of oligomers[?4. In
addition, the competitive effect between phenolic groups that belong to rings A
and B of condensed tannins provides destabilization during the process of
interaction with bivalent metals in aqueous solutions!*?l. However, the condensed
tannin chemistry is dominated by the presence of multiple -OH groups with
narrow but varying dissociation constants. In consequence, acid and base
catalyzed rearrangements, nucleophilic substitutions, and electrophilic aromatic
substitutions are common reactions!sl,

Table 2. Maximum copper(I1) adsorption (Molarity) of the condensed tannin
and its modified derivatives at pH 3.

Copper(11) adsorption of tannins [mmol Cu(ll)/g adsorbent]
Molarity T C | M
0 0 0 0 0
0.07 3.59 0.44 0.38 1.86
0.14 26.22 12.37 0.60 11.47
0.20 23.00 12.75 3.00 6.26
0.24 21.21 15.0 42.99 4.00
0.35 23.54 17.55 39.00 2.00
0.45 3.59 17.00 31.64 0
0.5 1.2 16.50 30.40 0

Although the tannin that was modified with citraconic anhydride had a low
adsorption capacity compared to the unmodified condensed tannin, it
demonstrated a stable adsorption capacity under increasing concentration values,
while for the other two modifications, unstable adsorptions were observed.

Accordingly, with the behavior and relationships from a molecular
perspective, to propose a couple of factors that are closely related to the
adsorption capacity of each tannin, which affects the selectivity: (i) the molecular
structure of the ligand and (ii) the stability of the three-dimensional structure of
the ligand.

Thus, for unmodified condensed tannins, the hydroxyl group is the only
chelating reagent, in contrast to modified tannins, in which the chelating reagent
is in addition to the remaining hydroxyl groups in all three cases and the terminal
carboxyl group that results from the modification may interact with Cu(ll). These
modifications can generate various degrees of rigidity, which depend on the
characteristics of the modifying agent. Thus, the vibrational movements and the
rotations on the axes of these molecules could be factors to consider during the
coupling of Cu(ll) in the active adsorption sites for each type of tannin.
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The unmodified tannin exhibits the most rigid structure, which is followed by
the unsaturated derivatives in the lateral chain (double-link C-C-type endo) of
the maleic and cynical anhydrides and, finally, the double bond C-C exo type
that possesses the itaconic anhydride, which endows it with a higher degree of
rotation release. When we consider the sp? hybridizations of the carbons that
belong to the tannins that are based on citraconic anhydride and maleic
anhydride, in comparison with the hybridization of the itaconic anhydrous-based
derivative, these hybridizations are identified as factors that influenced the
adsorption and molecular stabilityl.

3.3 Metal ion interaction— linking via FT-IR spectroscopy.

All tannins showed similar FT —IR spectra. However, differences are observed
between the modified and unmodified tannin spectra, which demonstrate that the
esterification reaction was successful. For the unmodified tannin, wideband and
intense characteristics of the absorption of the O — H bonds are recorded, which
are highly sensitive to the structure of the compound and to the conditions under
which the spectrum was obtained. Although this functional group is involved in
the formation of intermolecular hydrogen bridges, these interactions are more
significant in primary alcohols and less significant in secondary. These
absorption bands in the intervals of 3200-3600 cm correspond to the stretching
vibrations of -OHI5051],

The O-H absorption band differs between the untreated condensed tannin and
the condensed tannins that were treated with Cu(ll). For most of the treatments,
less data were obtained compared to the untreated tannin, and a weak stretching
C— H band that absorbs in the interval of 2850 — 2980 cm was identified 3. The
difference is observed with more detail in the spectrum that corresponds to the
tannin that was treated with Cu(ll) at a concentration of 0.452 M. However, no
major band changes/deformations are observed in the spectra.

For the modified tannins, the esterification reactions resulted in a deformation
in the absorption band near 1700 cm-, which corresponds to the carbonyl group
(stretching of the C-O bond). Thus, the formation of carboxylic acids occurred
through the replacement of hydrogen atoms in the hydroxyl groups of the
modified tannins[*l. The absorption bands that are discussed above suffered a
series of deformations, of the modified tannins that were treated with various
concentrations of Cu(ll), because after adsorption by these polymers, the C-O
absorption band suffered substantial deformation, which caused the weak
intensity of the signal. The O—H absorption band that corresponds to carboxylic
acid deforms such that it coincides with the absorption band of the -OH groups
in the free state. In addition, to show the adsorption of Cu(ll), the absorption band
of the carbon-carbon double bond (C=C) that corresponds to aromatic
compounds is considered. This absorption band presents readily observable
deformations with respect to the band of the modified tannin without treatment,
hence, the interaction of Cu(ll) with the polymers occurred both with the -OH
groups of the tannin and with those derivatives452, The absorption bands
between 1400 — 1450 cm, anti-voltage stress deformations (C-H in CHs) or
deformation vibrations (C-H in CH,) are observed. However, these absorption
bands are contiguous with the absorption bands of the C-O group. Hence, they
more likely correspond to a deformation vibration (C — H). At values that were
recorded at 1000 — 1200 cm, we can assign voltage vibrations C-O, namely,
v(C-0). Finally, there are absorption bands that range from 700 — 900 cm+ and
correspond to C — H push-ups off the plane, which are characteristic of cis
alkenes, and C — H push-ups that are characteristic of trans alkenes.

3.4 Desorption of Cu(ll)

The metal ion desorption after the treatment of tannins with 1 M and 2 M
hydrochloric acid are used to evaluate the recovery. Similar to adsorption, this
stage is fundamental for the manufacture of ion-exchange resins, thus, the
effectiveness of tannins as materials to remove metal ions was determined[“él.

According to Figure 3, 1 M hydrochloric acid was more efficient as a desorbing
reagent, which is because the higher concentrations of acid damage the structure
of the adsorbent such that the desorption capacity is affected by a possible mass
loss of the polymer or by irreversible chemical modification*8l. The derivative
that was obtained with maleic anhydride performed better in terms of metal
recovery with a recovery of 55% with 1 M HCI, and although it was the most
efficient, compared to the other derivatives, it is high unstable, which suggests
that the higher chelating power influences the strength of the interaction
substantially during the desorption process.
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under study.

The desorption percentage for resin containing itaconic anhydride (53% Cu(ll)
with 1 M HCI) is lower than that of the maleic anhydride derivative. However,
the derivative with itaconic anhydride has a higher adsorption capacity (35 — 40
mmol of Cu(ll)/g adsorbent), therefore , it was recovered higher Cu(Il) than that
other polymer adsorbents. The unmodified condensed tannin and the citraconic-
anhydride-modified tannin yielded similar results under both acid
concentrations.

Although the tannins realized acceptable values for the adsorption capacity,
chelation with Cu(ll) can be classified as satisfactory in quantitative terms. In
contrast, the process of desorption was not sufficiently efficient, which could be
related to the characteristics of the previous adsorption in each case

CONCLUSIONS

The Cu(ll) adsorption and desorption capacities of pine bark polyphenols
resins (condensed tannins) were determined from the maximum adsorption
capacity, the desorption via acid-base behavior, and the FT-IR spectroscopy
results, which demonstrated that modification (esterification) was an important
factor for ion desorption. However, the modification of polyphenol with cyclic
anhydrides substantially affected the ion uptake compared to unmodified
polyphenol.

Finally, copper adsorption through the use of condensed tannins and modified
condensed tannins is considered a viable technique for the recovery of bivalent
ions such as Cu(ll), however, it is suggested to continue future research to obtain,
greater and better results that allow the recovery of metal ions more efficiently
and sustainably.
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