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" Valonea tannin and formaldehyde condensation reaction was carried to prepare TAR.
" TAR formation and interaction with PGM chloro complexes have been characterized.
" Pd (II) reduced to metallic Pd0 onto TAR.
" TAR–Rh (III) surface complex interaction has been characterized.
" TAR can be applied to recover PGMs efficiently and simply with low cost.
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Valonea tannin (TA) and formaldehyde condensation reaction was carried out under alkaline condition to
prepare the valonea tannin–formaldehyde resol resin (TAR). Obtained resin was used as adsorbent for
recovery of palladium (II) and rhodium (III) ions from chloride-containing solutions. This kind of recovery
was very simple and useful for generating little secondary wastes. Interaction of adsorption also was
investigated: Chloropalladium (II) species were reduced to Pd(0), while hydroxyl groups of TAR were oxi-
dized during the adsorption. Proposed adsorption of the aquachlororhodium (III) species mostly takes
place via ligand exchange mechanism. TAR, Rh-adsorbed TAR, and Pd-adsorbed TAR were characterized
by scanning electron microscopy, energy-dispersive spectrometry, X-ray diffraction spectroscopy, and
Fourier transform infrared–attenuated total reflection spectroscopy.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Because of lower ore reserve and industrial applications, with
the exception of the automotive sector is the low amount of use,
an important part of the Platinum Group Metals (PGMs) placed
on the market provided by on the recycling processes. PGMs are
present in the form of chloro-complexes with complicated solution
chemistry. The species composition is dependent on factors such as
chloride concentration, pH, ionic strength, temperature, and the
age of the solution. The formation of metal complexes by PGMs
is related to the solution composition. This in turn may affect the
adsorption mechanism involved, i.e. chelation rather than ion ex-
change, and the affinity of the metal species for sorption sites on
the adsorbents. Solution chemistry of PGMs are generally very dif-
ferent to that of base metals [1].

Active carbon [2], ion-exchange resins [3–7] and low cost adsor-
bents [3–5] are suitable for adsorption. Large volumes of published
data exist regarding the recovery or removal of base metals from
aqueous solutions, but the same cannot be said for precious metal
recovery. Published precious metal biosorption data has focused on
gold recovery [6,4], but over the last 15–20 years, interest in the
recovery of strategically valuable metals such as platinum and pal-
ladium has increased [7–9].

Tannins are oligomeric compounds with multiple structure
units that have free phenolic groups. Since ancient times it is
known that certain organic substances have tanning properties
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and are able to tan animal skins to form leather [10,11]. They range
anywhere from 500 to sometimes greater than 20,000 in molecular
weight [12,13]. Tannins are usually soluble in water [13,14] except
for some with high molecular weight structures. Tannins may pro-
tect plants from herbivore and invasion of pathogenic microorgan-
isms due to their antimicrobial and antifungal properties [10].
They represent secondary metabolites widely distributed in vari-
ous sectors of the higher plant kingdom like in barks, leaves, fruits,
galls on plants and wooden sectors. The tannins appear as light yel-
low to brown or white amorphous powders, loose masses, with a
characteristic strange smell and astringent taste [15].

Depending on their chemical structure and properties, tannins
are usually divided into four major groups: Gallotannins, ellagitan-
nins, complex tannins and condensed tannins [12,10,13]. Gallotannins
are all those tannins in which galloyl units or their meta-depsidic
derivatives are bound to diverse polyol-, catechin-, or triterpenoid
units. Ellagitannins are those tannins in which at least two galloyl
units are CAC coupled to each other, and do not contain a glycosid-
ically linked catechin unit [16]. Complex tannins are tannins in
which a catechin unit is bound glycosidically to a gallotannin or
an ellagitannin unit. Condensed tannins are all oligomeric and poly-
meric proanthocyanidins formed by linkage of C-4 of one catechin
with C-8 or C-6 of the next monomeric catechin [10,17]. The struc-
tural variation amongst tannins is caused by oxidative coupling of
neighboring gallic acid unit or by oxidation of aromatic rings [18].

As a typical ellagitannins, Turkish valonea tannins contain a
large percentage of hexahydroxy diphenol groups (HHDP, Fig. 1),
having the potential to yield a high level of ellagic acid
[19,20,10,18]. Ellagitannin’s esterified groups with hydroxides of
glucose; occurs either bridged between different galloyl groups
with covalent bonds, or hexahydroxy diphenol group derivatives
[19,21]. Bridged group contains asymmetric centers and this al-
lows a rearrangement of the remaining part of D-glucose [19].

Turkish bearded oak (Quercus cerris)’s and Anatolian acorn oak
(Quercus macrolepis)’s fruit acorn capula (valonea) when extracted
with acetone/ethylacetate/water mixture to eliminate the sugar
fraction, valonea tannin can be obtained [12]. With hydrolyzing
this, a significant amount of ellagic acid, valonic acid dilactone,
Fig. 1. Low molecular weight p
gallic acid, and their derivatives are acquired [19,20,10]. Structures
of these compounds are given in Fig. 1. Valonea tannin contains
max 7% moisture, max 2% ash, and max 27% non-tannin substance.
Tannins in which extracted from acorns should be containing at
least 65% tannin [22,23].

The main constituents of the main commercial valonea tannin
are castalagin and vescalagin, positional isomers of penta-
hexa-hepta-o-galloyl-b-D-glucose, having molecular weight
950–1250 g/mol [20,24,19,13]. These main components can be
rearranged to form dimers, trimers, and oligomers [24,13].

Because of precipitate water soluble proteins, tannins are used
as tanning agent. They are also used in dyestuff industry, produc-
tion of iron gallate ink. Other industrial uses of tannins include tex-
tile dyes, and as antioxidants in fruit juices. In medicine, tannin can
be used healing for burned place, as astringent, and against diar-
rhea by using effect of shriveling [10]. Tannins have capable to pre-
cipitation of heavy metals and alkaloids with an exception of
morphine. This can be used against to mentioned media-induced
toxicity [14]. Recently the tannins have attracted scientific interest,
especially due to the increased incidence of deadly illnesses such
as AIDS and various cancers [25,14].

Ellagitannins, a subclass of hydrolysable plant tannins, are
receiving increasing attention as excellent resource for replacing
petroleum-derived phenolic compounds [26]. When low molecular
weight phenolic in tannins hydrolyzing, they can be easily con-
verted to gallic acid. Likewise, bigger phenolics in the valonea tan-
nin (Fig. 2) produce gallic acid to a large extent. Gallic acid is most
frequently encountered in plants in ester forms [14]. Other
phenolic acids are also present, but in low proportions. Therefore
a biocompatible, and cytocompatible member of polyphenolic
polymers that produced from valonea, gallic acid molecule as the
smallest repeating structure used as a representative [27].

Conventional syntheses of polyphenol resins are classified into
chemical and enzymatic methods [28]. In the chemical methods,
phenol reacts with formaldehyde in acidic or alkaline media,
forming novolac or resol resins, respectively [6]. As phenolic resins
completing their century of existence, they continue to be an
important bonding agent with favorable cost/performance
henolics of valonea tannin.



Fig. 2. Typical structure of valonea tannin.
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characteristics that surpass most other polymeric resins. It is
equally important as a resin matrix for fiber reinforced composites
requiring fire, smoke, and toxicity characteristics in critical high
performance areas such as aircraft interiors/panels, tunnel materi-
als, offshore oilfield grating and deluge pipe, and fire safe compo-
nents [29]. Adam and Holmes [30] first demonstrated the
capacity of this type resins to exchange cations on the very weakly
dissociating phenolic groups [31,32]. These can be used for isolat-
ing and separating rare alkali metals [33], actinides [34–38], heavy
metals [39,32,34,40–44] and, precious metals [45–48].

The increasing demand for the Platinum Group Metals (PGMs)
for production of catalysts and in related industries, combined
with the limited resources available, has led to increasing interest
in the recovery of these strategic elements [49]. Up to now, only a
few studies have been carried out on the separation of PGMs using
tannin derivatives [50,51,9,46,48].

Recently, studies have begun to focus significantly on the mech-
anisms involved in the binding of PGM to tannin resin. Initially,
these took the form of conjecture, but now spectroscopic methods
such as variants of X-ray, and Fourier transform infrared (FTIR)
spectroscopies for the elucidation of binding mechanisms are
widely used. These methods confirmed that no chemical change
to the adsorbent took place after metal loading, suggesting that
the acidic conditions merely favored electrostatic interaction be-
tween PGM and polyphenolics [47]. FT-IR spectroscopy is a power-
ful analytical method for monitoring the resin formation and
interaction mechanism with PGM. It offers a unique capability in
terms of its quantitative measurement of the conversion of a spe-
cific functional group. In particular, the appearance of the hydroxyl
group, methylol group and dimethylene ether bridges can be easily
monitored [26,52]. In addition to using XRD patterns, redaction of
PGM can be easily realized from sharp peaks [53,54]. The scanning
electron microscopy (SEM) has been used to show the particle size
and morphology of these resins. EDX analysis was performed to
determine elemental distribution for scanning surface in samples
[55].

Secondly, we give a detailed overview of the current informa-
tion, and studies employed to understand the tannins, and PGM re-
search, this study focused on two main areas. First, investigation of
tannin–formaldehyde resol resin (TAR) formation using several
techniques such as FTIR, SEM, energy-dispersive spectrometry
(EDS), and XRD. Second, interaction characterization of palladium
(II) and rhodium (III) ions in chloride containing aqueous solutions
onto obtained TAR particles. Our objectives were to reduce the
cost, and time while obtaining the starting chemicals from renew-
able sources.
2. Materials and methods

2.1. Materials

Commercial valonea tannin extracts were obtained from Tuzla
Dericiler Sanayi Sitesi, _Istanbul-Türkiye. The extract, which is con-
sidered their tannin content, was used in the polymerization
experiments without further purification. Valonea is obtained from
the acorn cup of the oak which grows in Asia Minor. The tannin
content of valonea is about 35%. Turkish oak is a source of valonea
where there are two factories having extraction batteries to pro-
duce tannin from valonea.

RhCl3�3H2O, PdCl2, NH3, HCOH, HNO3, HCl, NaCl and, NaOH pur-
chased from Merck Company. AAS standard solutions for determi-
nation of PGM purchased form UltraScientific Company. All other
reagents were analytical grade.

The aqueous Pd (II) stock solution was prepared from solid
PdCl2 in 1.0 M HNO3. The aqueous Rh (III) stock solution was pre-
pared from solid RhCl3�3H2O in 1.0 M HCl. The studied solutions of
palladium (II) were obtained by dilution with NaOH or HNO3 to ad-
just the H+ concentration to the desired value. Moreover, a suitable
chloride concentration was obtained. Both of the working stock
solutions were prepared to contain 200 mg/dm3 Pd (II) and Rh (III).
2.2. Preparation of TAR

The total phenolic content was determined using the Folin–Cio-
calteau method, described by Singleton et al. [56]. To 1 g of tannin
sample, added at least 60 mL of double distilled water. 5 mL of Fo-
lin–Ciocalteau reagent were added. The mixture was then allowed
to stand and then 15 mL of a 20% Na2C03 solution was added. Final
volume was adjusted to 100 mL, and read the color generated after
about 2 h at about 25 �C. The absorption was taken at 765 nm
against water as blank. The amount of total phenolic is expressed
as Gallic acid equivalent (mg Gallic acid/g sample) through the cal-
ibration curve of Gallic acid. The total phenolic content of valonea
tannin determined as 612 mg/g gallic acid equivalent. When con-
sidering the structure of tannins having glucose, this value is
approximately 68% tannin content of the commercial valonea ex-
tract. These results are in agreement with the Turkish Standards
[22], and the Potassium Iodate-test [57].

Commercial valonea extract powder (23.54 g) corresponding to
16 g hydrolysable tannin powder (14.46 � 10�3 mol) was added to
124 mL of 13.3 N (1.33 mol) aqueous ammonia, followed by stir-
ring for 5 min to dissolve it. Solution was heated at 60 �C in boiling
flask. The resulting solution was added 130 mL of an aqueous solu-
tion containing 37% formaldehyde (1.748 mol), followed by stirring
for 5 min for uniform mixing. Immediately after, the temperature
is raised to 90 �C. Solution was reacted for 2 h at 90 �C by contin-
uing mixing. Liquid concentrate diluted by adding 100 mL of dis-
tilled water. At the end of the production of GAR, the amount of
formaldehyde was determined by iodometrically as 5.09 per thou-
sand. This value does not exceed the appropriate limit of 1% [28].
After, brown precipitate containing solution’s pH adjusted to pH
2 with HNO3 to remove the residual chemicals. Subsequently, the
acid containing solution was filtered and washed with distilled
water again. The mixture is allowed to stand after the filtering is
done. Finally, TAR resin was dried at 80 �C to thereby obtain an
insoluble tannin resin.
2.3. Characterization

The contents of Rh (III) and Pd (II) in solutions were analyzed by
flame atomic absorption spectrometry (FAAS) (Shimadzu 6701F).
FT-IR spectra analysis of resins was performed by Shimadzu IR
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Prestige-21 at 1 cm�1 resolution. Samples were analyzed in atten-
uated total reflectance (ATR) mode using ceramic light source, KBr/
Ge beam splitter and a deuterated l-alanine triglycine sulfate
(DLATGS) detector. The FT-IR spectra analyses of TA, TAR, Rh ad-
sorbed TAR and Pd adsorbed TAR were carried out. The spectra
were recorded from 1800 to 700 cm�1 (accumulating 25 scans)
on sample at room temperature. To eliminate moisture and CO2

interference, background spectra were recorded before analysis
of the samples. Later on, it corrected by applying IR solution soft-
ware’s Kubelka–Munk function ATR-correction function. SEM and
EDS experiments were carried out on JEOL JSM-6060LV scanning
electron microscope operated at 20 kV. The morphology and size
of TAR was investigated using SEM. To show the presence of Rh
and Pd on the GAR, EDS analysis was performed. To clarify interac-
tion mechanism X-ray diffraction analysis of TAR measured with
RIGAKU Dmax 2200 at a Cu anode producing Ka radiation (40 kV,
30 mA). The specific surface area of the resin was determined with
BET nitrogen adsorption using a Micromeritics Flow Sorb 2300.
2.4. Adsorption studies

The palladium (II), and rhodium (III) solutions were prepared by
diluting stock solutions containing 200 mg/dm3 metal ion in dis-
tilled water to 50 mg/L concentrations. 50 mL of metal ion solu-
tions prepared for adsorption experiments and stirred after
adding 200 mg TAR particles. The stirring rate was the same for
all. All adsorption experiments were carried out in a standard
and strictly adhered to batchwise system at 20 �C for 60 min. Only
adsorption capacity experiments were carried out by agitating 1 g
TAR with 1000 mL of metal solution of the various initial metal
concentrations for 180 min (the time required for equilibrium to
be reached between metal ions adsorbed and metal ions in solu-
tion). The experiments were performed at 300 rpm. The initial
pH of the solutions controlled by adding a small amount of HCl,
HNO3, NaOH and HClO4. At the end of the adsorption period,
15 mL samples were centrifuged and the solutions were filtered
through a 0.45 lm Milipore filter paper to avoid any solid particle
in the aqueous phase. Samples were measured using AAS. All the
adsorption tests were performed at least twice so as to avoid
wrong interpretation owing to any experimental errors.

FAAS calibrated using 0, 4, 12 and 20 ppm standard solution for
Rh (III) and 0, 2, 6 and 10 ppm standard solution for Pd (II) in 1 M
HCl. Samples diluted to measurement limits for precise results.
Amount of adsorbed metal ions was calculated from the concentra-
tions in solutions before and after adsorption process. Results were
taken from the average of three scans for each sample.
Table 1
Effect of F/TA molar ratio to Pd2+ capacity (CoTAR = 49.9 mg/L, 0.2 g dry-basis TAR,
20 �C, pCl = 2, pH = 3, v = 50 mL, t = 60 min).

Resin number F/GA ratio Pd2+ capacitya (mg/g) % Removal

TAR1 1.0 9.31 74.6
TAR2 1.5 9.89 79.3
TAR3 2.0 10.26 82.2
TAR4 2.5 10.69 85.7
TAR5 3.5 11.53 92.4
TAR6 4.0 12.03 96.4
TAR7 4.5 11.82 94.7
TAR8 5.0 11.29 90.5
TAR9 5.5 9.89 79.3
TAR10 6.0 9.76 78.2

a Estimated uncertainty = ±1 mg/g.
3. Results and discussion

3.1. Preparation of TAR

Alkaline-catalyzed (resol) TAR are prepared similar to phenol–
formaldehyde resins. Resol resins formaldehyde/phenol (F/P) mo-
lar ratio generally higher than 1 [58,28]. It is preferred that when
a hydrolysable tannin powder is added to aqueous ammonia of
pH 8 or more [12]. When the amount of the tannin powder is less
than this pH value, a precipitate will not occur even if formalde-
hyde is added thereto. It is preferred that a formaldehyde which
undergoes a condensation reaction with the TA powder to form a
precipitate be added in an amount with which all of the dissolving
TA can be precipitated. If the formaldehyde solution is less, the
condensation reaction will not proceed sufficiently and TA which
does not precipitate will remain. On the other hand, it is possible
to select excessive amount of formaldehyde ratio. In this instance,
it would be an economically disadvantageous choice. In addition,
to determine the most appropriate F/TA ratio for adsorption of
PGMs, molar ratio ranging from 1 to 6 different TAR resins pro-
duced. This resins, adsorption pre-experiments results shown in
Table 1. It can be observed that the optimal F/P is equal to 4. This
ratio has been used for subsequent works.

There are two steps leading to formation of TAR: methylolation
and condensation reactions as shown in Fig. 3. The first step, meth-
ylolation, is an electrophilic aromatic substitution reaction and,
consequently, the products obtained will be substituted in ortho
positions (Fig. 3a). The second step is a condensation reaction. In
this moment, two mechanism involve a hydroxymethyl group with
either a TA forming methylene linkage (Fig. 3b) or a hydroxy-
methyl group forming dimethyl ether linkage (Fig. 3c), releasing
a water molecule. Although the dimethyl ether linkage transforms
methylene linkage by application of heat (Fig. 3d), but a little di-
methyl ether bridge still remain in resin because of condensation
reaction deliberately stopped [21]. This will be confirming TAR’s
FT-IR spectra. These are mono- or polynuclear hydroxymethyl phe-
nols which are stable at room temperatures, but are transformed
into three dimensional, cross linked, insoluble and infusible poly-
mers by the application of heat [58].

While we expect a linear polymer of polymerization takes place
only in positions that at the ortho, there is a small amount of di-
methyl ether bridges still remain, and this three-dimensional
structure will emerge. Although polymerization was occurred in
an acidic environment, all dimethyl ether bridges transformed to
methylene bridges, in this way a linear polymer can be said to be
built [59]. Due to insoluble cross-linked structure of GAR formed
by the reaction of GA with formaldehyde show a perfect adsorbent
property for the adsorption of PGMs and unwanted compounds
from aqueous solutions [49,60].

3.2. FTIR spectroscopy studies

Fig. 4 represents the FTIR–ATR normalized spectra of TA, TAR,
Pd and Rh adsorbed TAR. The main bands and their assignments
in TA are as follows: stretching vibrations of the aromatic ring
m(CAC)/m(C@C) at 1699, 1683, 1653, 1601, 1574, 1559, 1539,
1516, 1506, 1456, 1447, 1437, 1317, 1101, 1040 and 748 cm�1

[61], stretching vibrations of the carboxylic acid m(CO) at 1695,
1040, and 748 cm�1 [26,62], in plane deformation vibrations of
the carboxylic acid dip(OAH) at 1175, and 1101 cm�1 [62], tor-
sional vibrations of the carboxylic acid t(CO) at 748 cm�1 [63,52],
stretching vibrations of the phenolic group m(CAOH) at 1539,
1437, 1317, and 1040 cm�1 [52], in plane deformation vibrations
of the phenolic group dip(OAH) at 1539, 1317, and 1101 cm�1,
and torsional vibrations of benzene t(CH) at 907, 856, and
748 cm�1 [52,64]. One argued that, absorption band that much that
has been an indication of the complexity of the structure. Assigned
spectra peaks presented in Supplementary data and here the



Fig. 3. Reaction of TA with formaldehyde. (a) Methylation reaction of TA; (b) formation of methylene bridges in TAR; (c) formation of dimethyl ether bridges in TAR; and (d)
transformation of dimethyl ether bridges to methylene bridges.
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contribution to IR intensities and frequencies were written highest
to lowest.

It is noteworthy that valonea tannin presents a band associated
to the carbonyl stretching vibration of ester groups linked to meth-
ylene at 1717 cm�1 and other one for the modified resin ester
group must be linked to an aromatic ring appearing at
1732 cm�1 [65]. This adsorption peaks shows valonea tannin con-
tains that free or, boded to glucose gallic acid, ellagic acid, and
valonic acid dilactone structures. Disappearing these bans in the
TAR spectra can be explained by the hydrolysis (Fig. 5). These
groups could be attributed to the hydrolysis of ester groups by heat
and acidic conditions of the reaction [13]. As a result of reaction,
hexahydroxydiphenic acid and large amount of gallic acid occurs.
In the GAR spectra, it is also clear that the presence of a band at
1643 cm�1 can be due to the presence of acid groups in the GAR
(Fig. 5). Thus, the formation of acid groups in synthesis must be
considered.

Formation of TAR leads to obvious changes in FTIR spectra: The
new structure consisting of a large molecule that is attenuated
many of peaks. Due to participate chemical reaction during forma-
tion of TAR, the stretching vibrations between benzene group’s car-
bons peaks at 1699, 1683, 1653, and 1645 cm�1 regions showed
decrease and shifted to 1643 cm�1. In the region above this peaks
corresponding to carboxyl–carbonyl groups mentioned before [62].
Small peaks belongs to in plane deformation vibrations of the CAH
bond in benzene rings at 1539, 1601, 1437, 1317 cm�1 is greatly
decreases and some of them disappeared with polymerization
[66]. Peaks reflecting m(CAC)/m(C@C) and dip(CAH) of the benzene
at 1516, and 1506 cm�1 regions are disappears, and a new small
peak composed to 1505 cm�1. 1470, and 1437 cm�1 peaks at GA
are combined to create peaks at 1454 cm�1. Same thing can be said
peaks at 1456, and 1446 cm�1 regions. A new small peak in spectra
of TAR at 1445 cm�1, mostly represents benzene ring’s m(CC) and
dip(CAH) vibrations. Complete disappearance of the bands at,
1362, 1339, and 1317 cm�1 peaks at TA are combined to create
broad peaks at 1290–1400 cm�1. For TA, a peak reflecting the
deformation of the carboxylic acid dip(OAH) group is present at
1175 cm�1, as shown in Fig. 4. It can be clearly seen that the inten-
sity of this peak gradually increases and expands, while the peak is
slightly shifted to 1217 cm�1 in the TAR resin. During the resin for-
mation reaction, Because of hydrolysis reaction occurred, and thus
an increase in the amount of the carboxylic acid. The effect of this
phenomenon was obvious in the spectra of GAR. The new peak at
1150 cm�1 belonged to in plane deformation of OH in COOH and
OH groups. 1101 cm�1 peak at TA are slightly shifted to create peak
at 1103 cm�1. This peak mostly representing m(CO) and dip(OAH) of
carboxylic acid groups [66]. 1045 cm�1 peak at TA spectra mostly
representing dip(OAH) of phenolic and m(CO) of phenolic and car-
boxylic acid groups [58,66]. Also, the formation of ACH2AOACH2A
linkage appeared at 1103 cm�1. The out of plane deformation



Fig. 4. FTIR spectra of TA, TAR, Pd and Rh adsorbed TAR.
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vibrations of the CAH bond in benzene rings at 907, 856, and
748 cm�1 are completely disappeared due to polymerization [66].
In addition to the same reason vibrations at 907 and 748 cm�1 dis-
appeared too.

1539, 1437, 1362, 1339, 1317, 1101, and 1040 cm�1 peak
mostly representing dip(OAH) of phenolic groups [66,58,67]. Some
of them completely disappeared; some of them still remains but
combined other peaks in TAR spectra. Despite the use of phenolic
OH groups of during the formation of resin, 1445, 1416, 1311,
and 1150 cm�1 peaks indicate that TAR contains OH groups. These
groups can interact with PGM ions and this clearly seen at TAR-Pd
and TAR-Rh spectrum (Fig. 4).

1217 cm�1 peak mostly representing dip(OAH) of carboxylic
acid [64]. Also, the formation of dimethyl ether bridges
(ACH2AOACH2A) appeared a new peak at 1103 cm�1 at TAR spec-
tra. Since the most characteristic absorption of aliphatic ethers is a
strong band in the 1150–1085 cm�1 region due to asymmetrical
CAOAC stretching, this band usually occurs about 1050 cm�1

region [52,58,26,62]. Therewithal peaks at 1067, and 1042 cm�1

in TAR spectra corresponded to single bond (CAO) stretching
vibrations of (ACOOH) group [68,62].

When the spectra of TAR were compared with the IR spectrum
of the TA, the peak intensities at 1574, 1559, 1539, 1516, 1506,
1456, 1447, 1437, and 1417 cm�1 was reduced and shifted to
1505,1445, and 1416 cm�1 creating weak peak due to the forma-
tion of methylene bridges (ACH2A) [58,26,63]. One could suggest
that intensity weakening of spectrum, has been indication of
becoming big structure. Although, TA was soluble in water, the sol-
ubility of TAR was measured to achieve resistant under adsorption
conditions. Different curing times have been carried out. Pre-
experiments showed that 2 h enough time for resistant [12]. The
out of plane deformation vibrations of the (CAH) bond in the ben-
zene rings give absorption bands in the 907–748 cm�1 range
(Fig. 4, TA). These bands can be used to monitor degree of
crosslinking [69]. Majority of these bands disappeared during the
process of polymerization; therefore, these behaviors are attrib-
uted to the difficulty of phenolic ring deformation when it is highly
cross-linked [69,70,67]. In this manner, indicates the formation of
insoluble cross-linked structure. Considering all of these, proposed
TAR structure shown in Fig. 5. The functional groups before and
after adsorption on TAR and the corresponding infrared absorption
bands are shown in Supplementary data. The spectra display a var-
ious absorption peaks, confirming structure of TAR.

As can be seen the interaction between the TAR and both of me-
tal ion engaged from phenolic groups of TAR. The changes in 1574,
1555, 1150, 1103, and 1067 cm�1 wave numbers with the realiza-
tion of adsorption provide us evidence. These band shifts indicated
that the bonded AOH groups play a major role in Pd (II) and Rh (III)
sorption on TAR. Here, the main problem is determining of the type
of interaction. To reveal that, it would be useful to use instrumen-
tation like XRD and EDS. Disappearing 1573, 1555, 1150 and
1067 cm�1 and shifting peaks at 1445, 1312, 1103–1454, 1301,
and 1109 in spectra TAR–Pd are evidence of oxidizing hydroxyl
groups of TAR to quinone carbonyl groups [71–73]. Increasing peak
intensities at 1445 and 1416 cm�1 in palladium adsorbed TAR
spectra, has been another indication of engaging the quinone struc-
tures. In other words, AOH groups oxidized to C@O during adsorp-
tion. When TAR–Rh spectra compared to TAR–Pd, band intensities
are higher because of the Rh (III) ions adsorbed less than Pd (II)
ions. Even if shifted, presence of the bands 1555, 1150, and
1067 cm�1, it is also an evidence for more phenolic structure moi-
eties on TAR still remain [66,65,70]. Possible interaction between
rhodium chloro aqua complexes and TAR may be surface complex
formation. It should be noted here, because of all of the AOH
groups in TAR do not participate reaction between TAR and metal
ions, some bands appeared in spectrums. When the spectra of Rh
and Pd adsorbed TAR were compared with the spectrum of the
TAR (Fig. 4), in particular to TAR–Pd spectra, many small peak



Fig. 5. Structure of TAR.
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series disappeared. In general it may be argued, proportionally to
the degree of adsorption caused to reduction of degree of freedom
[26,52].

1217 and 1103 cm�1 bands in FTIR spectra of TAR–Pd remained
with slightly shifting after adsorption. Due to appearing carboxylic
acid’s (OAH) bond in plane deformation at these bands showing
that carboxylic acid in structure did not interact with the Pd (II)
ions. When FTIR spectra of TAR–Rh concerned, these bands in-
creased their intensity contrary to TAR–Pd showing that carboxylic
acid in structure interacted with the Rh (III) ions. From the FTIR re-
sults of TAR, bands at 1067 and 1042 cm�1 have been also an evi-
dence for existence of dimethyl ether bridge (ACH2AOACH2A)
moieties [52,58,26].
Table 2
Influence of pH on Pd (II) adsorption and its relationship between
the amount of generated hydrogen ions (CoTAR = 49.9 mg/L, 0.2 g
TAR, 20 �C, pCl = 3, v = 50 mL, t = 60 min).

pH0
a pHfinal

a Adsorbed Pd (II)b (mg/g)

1.99 1.98 8.75
2.52 2.48 10.57
3.04 2.90 12.32
3.54 3.21 11.81
3.98 3.37 11.28
4.46 3.46 10.58
5.01 3.49 9.96

a Estimated uncertainty = ±0.05,
b Estimated uncertainty = ±1 mg/g.
3.3. Adsorption studies

It can be said that, each kind of Pd (II) and Rh (III) species that in
Cl� ion containing aqueous solutions do not interact with TAR par-
ticles. The adsorption capacity and adsorption rate of palladium
onto the TAR particles depend on the distribution of Pd (II) and
Rh (III) species because the adsorbabilities of species differ from
each other due to their different chemical structure [6]. It was re-
ported that the sorption amount and mechanisms are influenced
by speciation of palladium; the Pd cationic species (PdCl+, Pd2+)
and nonionic form (PdCl2) are more favorable than anionic species
ðPdCl2�

4 ;PdCl�3 Þ [1,73,74,8]. While, low chloride concentration
(10�3 M) was especially chosen since the favorable species may
occur in this condition [74]. Table 2 shows influence of pH on Pd
(II) adsorption under the conditions of [Cl]total 0.001 mol/L. As
shown in the Table 2, experimentally highest adsorption efficiency
has been achieved at pH = 3. Under these conditions, to determine
the distribution of Pd species, computer software Hydra & Medusa
[75] used. Fig. 1 in Supporting data, showing that Cl� concentration
is a key parameter for the distribution of Pd species. When [Cl]total

is 0.001 mol/dm3, distribution of palladium species as follows: 75%
of PdCl2, 20% of PdCl+, 2% of PdCl�3 , 1% of Pd(OH)2, 1% of Pd(OH)+,
and 1% of the others. This result indicates that the predominant
Pd species are PdCl2 and PdCl+ under these conditions. Both of
these occupies species 95% of [Pd2+]total which means that nonionic
and cationic Pd (II) species predominate in the aqueous solution
rather than anionic species.
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Moreover it was difficult to estimate the accurate adsorption
amount only by TAR particles with initial pH 3, because in course
of time some of the Pd species becoming insoluble and, remaining
in aqueous solution as suspension. To reduce this, palladium stock
solution prepared in 1 M HNO3 and then working pH was adjusted
immediately before experiment. Thus, before the deposition of
insoluble palladium species, adsorption has begun. It is evident
that protons formed during the adsorption low values of the pH.
However, decreasing the amount of palladium in the solution must
be considered. When all of these are considered, insoluble palla-
dium species will begin to transform into soluble species. The
hydrolysis of palladium was observed experimentally at the initial
pH 3, by blank test performed which stirring at same conditions
without containing TAR particles. The results suggest that the
adsorption mechanism was not homogeneous in this initial pH. It
was also observed that the pH of the solution was reduced during
the adsorption of Pd (II) onto TAR particles (Table 2). This change is
attributed to the hydrogen ions releasing from the poly(hydroxy-
phenol) groups of TAR.

When looking at the literature, Pd (II) adsorption studies with
condensed tannin and nitrogen functional group containing resins,
optimum pH which highest adsorption efficiency is around 2
[1,8,76,73]. In another study, Wang et al. [46] discuss in Pd (II)
sorption on hydrolyzed tannin in hydrochloric acid solutions. Opti-
mum pH for adsorption capacity 5.6, they reported. Note that, at
this condition high amount of solid crystal palladium species take
place. Adsorption takes place with precipitation on resin surface.
Two studies made with hydrolyzed tannin by Ma et al. [9] and
Kim and Nakano [73] this value reported as 3. This value in safe re-
gion that not been precipitation of palladium species.

When Rh (III) ions are concerned, the situation little more com-
plicated. Water molecules participate to the complex structure by
the time and this occurs more than palladium complexes [77]. And
with a relatively large rhodium aqua Rhodade complexes, make
adsorption harder. To avoid this negative influence, the experi-
ments can be made at the higher pH [78,2,79]. In addition, in order
to eliminate the water molecule’s effect, Cl� ions should be used. In
this way, relatively small complexes should be involved. Consider,
at the higher HCl concentrations, TAR particles beginning to dis-
solve. Moreover, too high HCl concentrations are changing TAR
crystallinity and thus reduce the accessibility to that the acid
changes the shape of the adsorption internal sites [80]. Given all
these, the most appropriate media for Rh (III) adsorption is aque-
ous solution containing 1 M HCl. In these conditions, Rh (III) spe-
cies exist in ½RhCl6�3�=½RhCl5H2O�2� > 1 concentration ratio
[79,81]. Furthermore a new study by Gerber et al. [77] was
reported that in 1.0 mol/L HCl the abundance of the ½RhCl5H2O�2�

species is only 8–10% of the total, far from the 70–80% as
previously proposed reports. Nonetheless adsorption experiments
performed in 1 M HCl containing solutions for due to the afore-
mentioned negative factors. Consequently, it can be said that Rh
(III) is most difficult adsorbent in Platinum Group Metals [2,77].

Fig. 2 in Supporting data, shows effect of contact time to adsorp-
tion of Pd (II) and Rh (III) ions. The plateau of the plots at higher me-
tal concentrations, suggesting the fact that adsorption has peaked
out. The adsorption capacity of TAR particles with respect to Pd
(II), and Rh (III) were determined as 87.10, and 10.86 mg/g, respec-
tively. Langmuir single layer adsorption capacity of TAR was found
to be 74.43 mg Pd (II)/g and 97.51 mg Rh (III)/g (calculations will be
in a subsequent paper). Here, rhodium ions needing more contact
time and this may be attributed to big aqua chloro rhodium com-
plexes. In our previous report that has been conducted with having
similar structured gallic acid–formaldehyde resin adsorption
capacity was determined 99.45 mg Pd (II)/g and 25.12 mg Rh (III)/
g [48]. Pyrogallol–formaldehyde nano-resin produced for rhodium
adsorption and maximum uptake gained as 15.43 mg Rh (III)/g [82].
Immobilized tannin has also been studied as a Pd (II) adsorption
[9]. The adsorption capacity tannin membrane was 27.5 mg/g at
313 K. Condensed-tannin gel particles with poly-hydroxyphenyl
groups were synthesized as the adsorbent for the new recovery
system of palladium by Kim and Nakano [73]. The loading capacity
was approximately 45 mg/g under the conditions of initial pH 2,
[Cltot] 0.012 mol/dm3 at 313 K. Uheida et al. [76] carried out the
maximum loading capacity Pd (II) and Rh (III) was determined to
be 8.10 and 6.28 mg/g, respectively. In their other work [83], these
values were reported as for Pd (II) and Rh (III) to be 10.96 and
15.22 mg/g, respectively. The maximum adsorption capacity of
the murexide functionalized halloysite nanotubes adsorbent at
optimum conditions was found to be 42.86 mg/g for Pd (II) [84].

Fungal, phenolic polymers and melanins possess many poten-
tial metal-binding sites with oxygen-containing groups including
carboxyl, phenolic and alcoholic hydroxyl, carbonyl and methoxyl
groups being particularly important. Liu et al. [85] were used Bacil-
lus licheniformis bacteria for biosorption Pd (II). Maximum uptake
gained as 224.8 mg/g. The yeast Saccharomyces cerevisiae has been
found capable of sorbing palladium ion [86]. S. cerevisiae was
immobilized using polyethyleneimine and glutaraldehyde to pro-
duce a suitable sorbent, capable of high platinum uptake 170 mg/
g at low pH (<2). Tu et al. [87] showed the adsorption capacity of
the activated carbon having chemically modified with ethyl-3-(2-
aminoethylamino)-2-chlorobut-2-enoate as 92 mg/g from solution
of pH 1. Polyallylamine hydrochloride-modified Escherichia coli
biomass was investigated for the removal and recovery of Pd (II)
[88]. Maximum uptake of Pd (II) were 265.3 mg/g at pH 3. A feasi-
bility study was performed on Indian almond leaf biomass (Termi-
nalia catappa L.) to remove palladium (II) ion from aqueous
solution by Ramakul et al. [89]. The maximum biosorption capacity
of T. catappa L. biomass for Pd (II) ion was 41.86. Sari et al. [90]
used moss (Racomitrium lanuginosum) biomass and they deter-
mined biosorption capacity of the biomass for Pd (II) to be
37.2 mg/g at pH 5. In another study using chitosan derivatives
sorption performance has been enhanced by modification of
chitosan through the grafting of sulfur compounds (thiourea, rube-
anic acid). Sorption capacity gained as 352 mg/g for Pd (II) [91]. Glu-
taraldehyde crosslinked chitosan was studied for palladium
sorption which has been 180 mg/g maximum Pd (II) capacity
[74]. Another modified chitosan resin reported in which modifica-
tion with glycine modified [92]. The maximum adsorption capacity
was found to be 120.39 mg/g. When modification conducted by l-
lysine, this value was to be 109.47 mg/g [93]. A method for the syn-
thesis of chitosan crosslinking 2,5-dimercapto-1,3,4-thiodiazole
adsorbent was studied by Li et al. [94]. According to this study, it
was found that the adsorption capacity was significantly affected
by the solution pH, with optimum pH value of 2.0, the saturated
adsorption capacity was 16.2 mg/g for Pd (II). The adsorption of
Pd (II) on thiourea-modified chitosan microspheres was investi-
gated [95]. The maximum adsorption capacity of 112.4 mg/g for
Pd (II) and this value decreased with temperature increasing. As
seen above, only a few study reported with tannin resins. And in
these articles there has not been rhodium as adsorbent. Also
majority of biosorbents has been biomasses and chitosan. Looking
at all of these studies, TAR particles can be use efficiently for re-
moval of Pd (II) and Rh (III) from chloride containing aqueous
solutions.

3.4. Characterization

A typical SEM microimages of Pd (II)- and Rh(III)-adsorbed pow-
der samples of GAR are shown in Fig. 6. These micrographs reveal
the homogeneous nature of surface morphology of the TAR pow-
ders which also shows that TAR particles possess to porous struc-
ture (Fig. 6c). With this porous structure, Pd (II) ions adsorbed to



Fig. 6. SEM micrograph of Pd (II) adsorbed (a) and Rh (III) adsorbed (b) and natural
(c) TAR particles.

Fig. 7. Energy dispersive spectroscopic analysis (EDS) of pattern of Pd (II) adsorbed (a)
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the surface, later on they can move into the interior of the pore.
This also increases adsorption capacity. The porous structure of
TAR is partially disrupted during Rh (III) adsorption in 1 M HCl
solution (Fig. 6b). This is contrary to the previous situation, de-
creases adsorption capacity because of reduction of pores in
structure.

The EDS patterns of Pd (II) and Rh (III) adsorbed TAR was given
in Fig. 7. EDS analysis did not provide us precise information about
exact metal binding mechanism on the surface, but it also provide
us ability to make supportive comparisons and taking place of the
adsorption. However, when two EDS analysis considered, the
weight percentage of Pd was greater than Rh. As the expected re-
sult, Rh (III) adsorption capacity on TAR particles showed less than
Pd (II) ions. Another important point to note here, suggest us about
nature of adsorption mechanism.

In the EDS pattern of Pd at Fig. 7a, palladium and chlorine oc-
curs on surface 2.92%, 0.37%, respectively. This chlorine may only
exist made a complex with Pd on the surface of TAR particles.
Therefore, at the end of adsorption period, it must be only small
amounts of palladium existing on surface as surface complex
formed. Probably, large amount of palladium reduced to metallic
form with TAR particles. This situation can be proved from XRD
pattern at Fig. 8a. When compared to Pd (II) and Rh (III) EDS spec-
tra (Fig. 7), the percentages are respectively 2.92% and 0.33% of the
surface. The percentage of Cl� ions is 2.92% and 0.33%, respectively,
too. Despite the adsorption conditions being different, presence of
a very small amount of rhodium against chlorine (when converted
to molar ratio), it can be explained by Rh (III) complexed with Cl�

ions on TAR surface. This shows, Rh (III) adsorption stage is surface
complex formation. Once and for all XRD pattern results (Fig. 8)
will help us to make a final decision on this issue.

Specific surface area (BET) and the total pore volume measure-
ments of TAR particles are 8.07 m2/g. This value when compared to
other phenolic resin [48] has been lower, and this suggested that
it’s low adsorption capacity.
3.5. Adsorption mechanism

The schematic diagram shown in Fig. 9 illustrates the adsorp-
tion mechanisms of Pd (II). The adsorption of Pd (II) follows two
steps; firstly, surface complex formation takes place between the
TAR particles and chloro palladium species (Fig. 9a). Secondly,
while palladium complex reducing to metallic form (Pd0), hydro-
xyl groups of TAR oxidized to quinone carbonyl groups (Fig. 9b).
and Rh (III) adsorbed (b) TAR (20 kV, scattering angle: 35�, measuring time: 10 s).



Fig. 8. XRD pattern of (a) palladium and (b) rhodium adsorbed TAR particles. Vertical lines represent the XRD peaks of metallic palladium (Pd0).

Fig. 9. Adsorption mechanism steps of Pd (II): (a) surface complex formation and (b) oxidation–reduction reactions between PdX2 and adjacent hydroxyl groups of TAR.
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The generation of Pd0 on the TAR after the adsorption was eluci-
dated by XRD diffractogram shown in Fig. 8a. The five peaks at
2h = 39.98, 46.44, 68.38, 82.27, and 86.96, which definitely belong
to elemental crystalline palladium verifying the reduction of Pd (II)
to Pd0. This suggests Pd (II) underwent subsequent reduction after
being adsorbed onto TAR surface [72,46,73,8]. In a study Parajuli
and colleagues [96], only one OH bonded to benzene chain pheno-
lic resin cannot reduce Pd (II). But, when Au (III) is concerned sit-
uation is reversed. In here, our resins owing to having two or
more OH groups that bonded to benzene ring and this providing
to TAR stable quione structures reduction of palladium can be pos-
sible. As mentioned above, disappearing 1643, 1574, 1555, 1150,
and 1067 cm�1 and shifting peaks at 1454, 1321, and 1103–1454,
1302, and 1109 cm�1. TAR–Pd spectra may also explain the oxida-
tion hydroxyl groups of TAR to quinone carbonyl groups.

As shown in Table 2, pH decreases due to the hydrogen ions re-
leased from TAR. The amount of generated hydrogen ions was plot-
ted against the adsorbed amount of palladium between at the
initial pH 2, and 5, as shown in Fig. 3 at Supporting data. The slope
elucidates that the release of two hydrogen ions results in the
reduction of one Pd (II) through two electron transfer from TAR
to Pd species. Mentioned these results, support proposed mecha-
nism that has been showing at Fig. 9.
The schematic diagram shown in Fig. 10 illustrates the adsorp-
tion mechanisms of Rh (III). The adsorption of Rh (III) follows the
ionization and adsorption model. When there is an absence of
the phenolic and acidic groups, the p sites in the carbons of the
benzene chain play an important role in [RhCl6]3� ions (or [RhCl5-

H2O]2�) adsorption on the TAR surface. According to this model, in
strong acid concentrations, a large amount of H3O+ was firstly ad-
sorbed in the p sites [97]. These sites could be the p sites, which
are capable of acting as the electron donors (as a Lewis-type acid)
to form a coordination bond with anionic aqua chloro complexes of
Rh (III) in which acts as a Lewis-type base. Subsequently, slow intra
molecular transformation of the latter to an inner sphere complex.
As the slow intramolecular conversion reaction (the postulated
rate-limiting step) apparently occurs away from the interface
[98]. Due to carbons of benzene, bonded groups to such as car-
boxyl, CAC bond, dimethyl ether, and methylene, a relatively small
amount of free p site carbons located at TAR molecules [99], and
this decreased to the adsorption capacity when compared to simi-
lar resin in our recent study [48]. Accordingly, the metal complex
attached decreasingly to the free p site carbons of surface through
an electrostatically held proton. Another reason for being capacity
lower, it may be presence of large amount of oxygen attached to
benzene ring. The presence of the surface oxygen groups near these



Fig. 10. Adsorption mechanism of Rh (III) species: (a) [RhCl6]3� and (c) [RhCl5H2O]2� surface complex formation with protonated p carbons of TAR, (b) side reaction in the
bulk solution occurs between Cl� and H2O to form OH� ions. The H+ ion adsorbs competitively.
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p sites decreases the Lewis basicity of the carbons to form CAH3O+

(Lewis-type acidic active site) due to an electron withdrawing ef-
fect which destroys the electron delocalization [99]. After realized
adsorption, XRD pattern in Fig. 8 shows an amorphous structure
which proves Rh (III) complexes have not reduced to its metallic
form [72,46,73,8].

4. Conclusions

The ultimate purpose is to produce novel resin, and understand-
ing how interactions between resin and PGM. For this purpose, val-
onea tannin–formaldehyde resol type condensation has been
studied. TAR characterization done by using FTIR, SEM instru-
ments. TAR particles, which are obtained by the condensation reac-
tion between formaldehyde and tannin, do not dissolve in water,
whereas the tannin dissolves in water. In order to represent
PGM, two metal which bearing different chemical properties Pd
(II), and Rh (III) were used. The adsorption capacity of TAR particles
with respect to Pd (II), and Rh (III) were determined as 87.10, and
10.86 mg/g, respectively. For the recovery of PGM, the results ob-
tained herein show that TAR particles can be used as an effective
adsorbent from aqueous solution. The adsorption of Pd (II) and
Rh (III) species onto TAR can occur via different steps and
mechanisms.

It was found that Pd (II) was adsorbed onto the TAR particles as
a reduced metallic Pd through redox reaction mechanism: chlor-
opalladium (II) species were reduced to Pd (0), while hydroxyl
groups of TAR were oxidized during the adsorption. The adsorption
process can be divided into two steps: fast adsorption by the ligand
substitution at the initial stage and slow adsorption by the subse-
quent redox reaction after the ligand substitution reaches an equi-
librium state.

TAR particles were used as adsorbent for the removal of Rh (III)
ions from 1 M HCl solutions. Rh (III) species ½RhCl5H2O�2� and
½RhCl2ðH2OÞ4�

� are adsorbed onto polyphenol resin surface. Surface
exchange and complexation as possible adsorption mechanisms
were proposed and discussed meanwhile, reduction of Rh (III) spe-
cies to metallic form do not occur in under these conditions. Ob-
tained TAR was characterized by FTIR spectroscopy before and
after adsorption of rhodium metal ions. Ideas are supported by
the EDX, XRD, FTIR spectra and stoichiometrically. Adsorption ki-
netic, equilibrium isotherm, thermodynamics and system design
can be examined in next studies.

The results suggest that GAR particles are very useful as an
adsorbent in a novel recovery system for PGMs. For the recovery
of Pd (II), and Rh (III), GAR adsorbent is quite an effective way to
achieve a series of unit operations (extraction, reduction, adsorp-
tion, solid–liquid separation) simultaneously onto the GAR, and
there is a little secondary waste (non-additives for reduction and
precipitation). Therefore, this system shows good promise as a
recovery method for PGMs. It is expected that not only the efficient
Pd (II) and Rh (III) adsorption, but also the separation from the
mixture of metal ions will be possible using GAR particles by con-
trolling the solution composition (pH, pCl, ionic strength and dis-
tribution of PGM species).
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2013.01.043.
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