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ABSTRACT: A few thermosetting wood adhesive tannin
resin system from formaldehyde reaction with both con-
densed and hydrolysable tannin has been developed. Poly-
merization of formaldehyde with mimosa tannin and valo-
nia tannin was carried out at optimal conditions obtained
from literature to establish the adhesive resin formulation.
Formed reaction products were characterized by FTIR spec-
troscopy. The possible adsorption mechanisms for the ad-
sorption of various metal ions onto tannin-formaldehyde

resins were proposed. Also, thermal analysis were studied
and discussed by differential scanning calorimetry and ther-
mogravimetry. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci
102: 786–797, 2006

Key words: mimosa and valonia tannin; formaldehyde re-
action; adsorption mechanism; FTIR spectroscopy; thermal
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INTRODUCTION

Tannin compounds, extracted from the wood, bark,
leaves, fruits, and galls of plants, are unique and in-
expensive natural materials. Depending on their struc-
ture, they can be classified in two main categories:
hydrolysable and condensed tannins, and they are
widely distributed in nature. They have multiple ad-
jacent polyhydroxyphenyl groups in their chemical
structure, which have extremely high affinity for pro-
teins, metal ions, and other macromolecules like poly-
saccharides.1,2 Tannins have been a subject of exten-
sive research leading to the development of a wide
range of industrial applications. These include use in
tanneries, wood adhesives, manufacture of inks, dye-
ing of textiles, flocculant for water treatment, corro-
sion inhibitor for steels, dispersants, antioxidants,
medicine, cosmetic, etc.3–7 Following the oil crisis of
the 1970s, interest in plant-based polymeric resins in-
creased, and significant research developments on the
tannin-based resins were achieved in South America,
Australia, and South Africa.3,4

This article will describe how tannin-formaldehyde
resin can be prepared and characterized to use as an
adsorbent for the removal of various heavy metals.
When tannin compounds are used as an adsorbent,
however, they easily dissolve in water. To overcome

this shortcoming, and to enhance adsorption capacity,
various chemical attempts tried have been cited in
elsewhere.1 In this study, possible reaction mecha-
nisms of formaldehyde with both condensed and hy-
drolysable tannin have been discussed. Formed reac-
tion products were characterized by FTIR spectros-
copy, since FTIR spectroscopy offers a unique
capability in terms of the conversion of a specific
functional group. In particular, the appearance of the
hydroxyl group, methylol group, and dimethylene
ether bridges can be easily monitored.8 Thermal anal-
ysis techniques have often been used to study and
interpret the curing of thermostable adhesives and
their kinetics. Curing rate is affected, apart from for-
mulation,9 by the synthesis procedure10 and by the
presence of catalysts and other additives.11 Curing
characteristics can affect resin properties such as sta-
bility, spreading and wood penetration capacity, fra-
gility after curing, etc., thus conditioning its use in the
factory. Even if dynamomechanical analysis (DMA)
has been used to study curing from the point of view
of its mechanical behavior,12 the difficulty in modeling
the process has oriented most curing studies toward
the use of differential scanning calorimetry (DSC) and
thermogravimetry (TG). The measurements of an ex-
tensive property such as the enthalpy in DSC does not
allow its changes to be evaluated separately in func-
tion of the contributions of the simple reactions that
take place. For this reason, DSC cannot be used to
analyze the different reactions that take place during
thermal transformation, especially in adhesive curing.
The main advantages of these polymeric resins are
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high chemical and mechanical stability. These materi-
als have now been used for over 20 years as industrial
thermosetting tannin-formaldehyde adhesives for
wood products.13 Also, the possible adsorption mech-
anisms for the adsorption of various metal ions onto
tannin-formaldehyde resins were proposed.

MATERIALS AND METHODS

Materials

Two types of commercial tannin extracts, mimosa and
valonia, were obtained from Tuzla Dericiler Sanayi
Sitesi, İstanbul-Türkiye. The tannin content of the ex-
tracts were determined to be 63% as flavanoid for
mimosa tannin and 70% as gallotannin for valonia
tannin, according to the Vanilin-test,14 the Prussian
Blue-test,15 and the Rhodanine-test.16 The extracts,
which are considered their tannin contents were used
in the polymerization experiments without further pu-
rification. All other chemicals used in the studies were
of analytical grade and obtained from Merck Chemical
(Turkey).

Preparation of mimosa tannin resin

Commercial extract (12.70 g; 8 g of mimosa tannin or
equivalent 2.76 � 10�2 mol) was dissolved in 50 mL of
distilled water. A 65 mL of formaldehyde aqueous
solution having 37% by weight of formaldehyde (0.874
mol) was added and mixed for 5 min. Then 15 mL of
aqueous ammonia solution at 13.3N (0.200 mol) was
added to the solution to precipitate a tannin com-
pound. It is preferable that the pH of the solution after
the addition of ammonia is no less than 7. If it is less
than pH 7, tannin does not precipitate. After the ad-
dition of ammonia, brown precipitate was formed.
The mixture containing the precipitate was stirred at
313 K for 35 min to complete the crosslinking reaction.
Subsequently, precipitated tannin thus produced was
separated by filtration. Resin particles obtained were
washed by distilled water to away unreacted sub-
stances. The condensed tannin resin (CTR) was sieved
to give different particle size fractions using ASTM
standard sieves, and 75–100 �m particle size and dried
at 343 K for 24 h and then kept for following experi-
ments.

Preparation of valonia tannin resin

Commercial valonia extract powder (11.45 g) corre-
sponding to a hydrolysable tannin powder (8 g or 6.80
� 10�3 mol of gallotannin) was added to 50 mL of
13.3N (0.665 mol) aqueous ammonia, followed by stir-
ring for 5 min to dissolve it. To the resulting solution
was added 65 mL of an aqueous solution containing
37% formaldehyde (0.874 mol), followed by stirring

for 5 min for uniform mixing. When this stirring was
stopped, a yellow precipitate formed. After the result-
ing liquid containing the precipitate was stirred for 30
min, the stirred liquid was filtered through filter pa-
per. The precipitate thus obtained was added to 50 mL
distilled water, and heated at 343 K for 3 h with
stirring to remove free formaldehyde. The heated liq-
uid was filtered. Subsequently, the precipitate thus
obtained was added to 100 mL of 0.1N HNO3, fol-
lowed by stirring for 30 min. The liquid containing the
precipitate is mixed with mineral acid such as nitric,
hydrochloric, and sulfuric acid to make the precipitate
insoluble in acidic and basic medium. Finally, the
HNO3 solution was filtered and washed with distilled
water, followed by drying the filtered precipitate at
353 K to thereby obtain an insoluble tannin resin. The
hydrolysable tannin resin (HTR) was sieved to give
different particle size fractions using ASTM standard
sieves, and 75–100 �m particle size was used in the
adsorption experiments.

Adsorption studies

The lead, copper, zinc, and cadmium solutions were
prepared by dissolving Pb(NO3)2, CuSO4�5H2O,
3CdSO4�8H2O, and ZnSO4�7H2O, respectively, in dis-
tilled water at 100 mg/L concentrations. Adsorption
experiments were carried out by agitating 1 L of each
metal ion solution with 1 g mimosa tannin resin
(MTR) or valonia tannin resin (VTR) at pH 4 and at
room temperature (298 � 2 K). When the initial pH of
the adsorption medium was adjusted to a higher value
of pH 4, some of the metals were precipitated due to
the existence of OH� ions in the adsorption medium.
The mixture was continuously agitated by a jar test
apparatus at 150 rpm for 3 h. At the end of the ad-
sorption period, the solutions were filtered through a
0.45 �m Milipore filter paper. All metal concentrations
were measured using AAS equipped with an auto-
sampler (Shimadzu AA6701F). The amounts of metal
adsorbed were calculated from the concentrations in
solutions before and after adsorption process.

Measurements

FTIR spectra were recorded on a Mattson Intensity
Series FTIR spectrophotometer. The samples were pre-
pared after removing the supernatant, and a portion of
the residue was filtered through 0.45 �m Millipore
membrane filters. The remaining portion was dried at
353 K for 4 h. Potassium bromide disks were prepared
by mixing 1 mg of these samples with 200 mg of KBr
(spectrometry grade) at 10,000 kg/cm2 pressure for 30
min under vacuum. The spectra were recorded from
4000 to 400 cm�1 (100 scans) on samples in KBr disks.
Thermal analysis were carried out by using a Setaram
Labsys TGA thermobalance and Setaram DSC-131.
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Samples of 5–8 mg held in alumina open crucibles,
were used and their weights were measured as a
function of temperature and stored in the list of data
of the appropriate built-in program of the processor.
The TGA curves were immediately printed at the end
of each experiment and the weights of the sample
were then transferred to a PC at various temperatures.

RESULTS AND DISCUSSION

Tannin-formaldehyde reactions

Tannins are made up of complex phenolic compounds
of high molecular weight, ranging from 500 to 20,000.
They are divided into two major groups: (a) con-
densed tannins (proanthocyanidins) and (b) hydrolys-
able tannins (polyesters based on gallic and/or ellagic
acid and their derivatives). Generally, tannins are sol-
uble in water, with exception of some very high mo-
lecular weight compounds.17

Mimosa tannin (MT) is condensed tannin that has a
polymeric structure containing on the average four
flavanoid units. They are not an isolated group of
compounds, but a part of the vast collection of natural
compounds, and chemicals based on flavan-3-ol units.
The percentage of flavanoid units in mimosa tannin
(Scheme 1) is approximately: resorcinol (A)-pyrogallol
(B) 56%, resorcinol (A)-pyrocatechol (B) 24%, phloro-
glucinol (A)-pyrogallol (B) and phloroglucinol (A)-
pyrocatechol (B) 20%.18,19 A-rings of mimosa tannin
serve as very reactive nucleophiles and B-rings pro-
vide antioxidant properties and excellent sites for
complexation with metals and biopolymers due to the
presence of ortho-hydroxyls.18,19

The nucleophilic centers on the A-ring of a fla-
vanoid unit tend to be more reactive than those on the
B-ring. This is due to the vicinal hydroxyl substituents,
which merely cause general activation in the B-ring

without any localized effects such as those found in
the A-ring. Formaldehyde reacts with tannins to pro-
duce polymerization through methylene bridge link-
ages at reactive positions on the flavanoid molecules,
mainly the A-rings. Therefore, in all industrially
meaningful tannin-formaldehyde resins developed
until now, only the highly reactive resorcinolic A-
rings of the flavanoids were utilized, the catecholic or
pyrogalloic B-rings presenting such a low reactivity
only in extreme conditions of pH, time, and tempera-
ture would be able to condense with formalde-
hyde.20,21 Pizzi stated that while catecholic or pyrogal-
loic B-rings of the flavanoid unit do not react with
formaldehyde at pH lower than 10, the addition of
divalent and trivalent metallic ions such as zinc ace-
tate to the reaction mixture induce the B-rings to react
with formaldehyde at lower pHs, the optimum being
in the pH 4.5–5.5 range.22,23

Alkaline-catalyzed phenolic resins are called re-
soles. Tannin, being phenolic, reacts with formalde-
hyde in a manner similar to that for the reaction of
formaldehyde with phenol. However, unlike most
synthetic phenolic compounds, tannin has a high re-
activity toward formaldehyde, and is larger in size.
The free C6 or C8 sites on the A-ring react with form-
aldehyde, due to their strong nucleophilicity, to form
the insoluble tannin. This high reactivity of tannins
toward formaldehyde is the result of their A-ring
phloroglucinolic or resorcinolic nuclei, which have 10-
to 50-times higher rate of reaction than the reaction of
phenol with formaldehyde. Therefore, during the con-
densation reaction of tannin with formaldehyde, tan-
nin-formaldehyde resoles become rapidly immobi-
lized due to premature gelation as a result of its high
reactivity and molecular size.24 There are two steps
leading to formation of tannin-formaldehyde resole
resins: methylolation and condensation reactions. The
first step, methylolation, is an electrophilic aromatic
substitution reaction and, consequently, the products
obtained will be substituted in ortho and para posi-
tions. The presence of a second or third activating
group as in the case of resorcinol or phloroglucinol
(Scheme 1) will activate even more the original phe-
nol.11 The second step is a condensation reaction,
where a methylol group of one molecule reacts with a
second tannin, relasing a water molecule, thus form-
ing a methylene linkage. Further condensations result
in polymerization to obtain the resole.11 The methylo-
lation and condensation reactions are shown in
Scheme 2.

The original approach that each crosslinking node is
formed from three chains joining is not strictly valid in
the case of the reaction of tannins with formaldehyde.
This approach is valid strictly if one considers the
tannin as composed of monomers presenting three
available reactive sites, namely, C6 and C8 being re-

Scheme 1 The flavanoid unit in mimosa tannin. A-ring: R1
� H for resorcinol and R1 � OH for phloroglucinol; B-ring:
R2 � H for pyrocatechol and R2 � OH for pyrogallol.
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active with formaldehyde and C4 joining directly with
another flavanoid unit.25

The process of crosslinking is complicated in the
case of tannin, whereas resole resin produces linear
and regular crosslinking. This is due to the structure
and high molecular weight of tannin. Furthermore, in
the case of tannin, some of the OOH groups do not
participate in the crosslink formations. Apart from
resole resin, tannin molecules show steric hindrance
for OOH groups interactions because of their
branched complex structure.8

Turkish gallo-tannin (valonia tannin) is hexa-(or
hepta)-O-galloyl-�-d-glucose,25–27 and its structure is
shown in Scheme 3.

Scheme 2 Formation of mimosa tannin-formaldehyde resin. (a) methylolation reaction of flavanoit unit in mimosa tannin;
(b–d) condensation reaction path of flavanoit unit in mimosa tannin.

Scheme 3 Gallotannin structure in valonia tannin.
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Galloyl group in the gallotannin (Scheme 3) consists
of an aromatic ring bearing a esterified carboxyl group
(position 1) and three adjacent hydroxyl groups (po-
sitions 3, 4, and 5), leaving two free sites on the ring.
Reactivity considerations show that the hydroxyl
functions in 3 and 5 activate the free positions, while
the remaining groups deactivate them. The overall
effect is that galloyl group possesses an enhanced
reactivity toward electrophilic aromatic substitution,
compared to phenol, while not being as reactive as
phloroglucinol.11

VTR formation reactions are shown in Scheme 4.
There are two possible condensation reaction paths for
the reaction of gallotannin (valonia tannin) and form-
aldehyde, leading to the formation of a methylene
bridge. The first step of two mechanisms, methylola-
tion, is an electrophilic aromatic substitution reaction
[Scheme 4(a)]. The second step is a condensation re-
action. The two mechanism involve a hydroxymethyl
group with either a proton of the aromatic ring (ortho
position), with the release of one molecule of water
[Scheme 4(b)], or a hydroxymethyl group with the
simultaneous release of one molecule of water and one
molecule of formaldehyde [Scheme 4(c)]. In both

cases, a methylene bridge is created. Thus, the form-
aldehyde reaction at the ortho position of a sufficiently
large number of galloylated rings of valonia tannin,
would open the door to the formation of a three di-
mensional structure (crosslinking) upon reaction con-
ditions. This type of network is generally regarded as
the best resin system.11,28

As the MT and VT dissolve in water, both of them
do not dissolve in water after the reaction of tannins
with formaldehyde. Thus, unsoluble MTR and VTR
formed by the reaction of tannins with formaldehyde
show a perfect adsorbent properties for the adsorption
of many metal ions and unwanted compounds from
aqueous solutions.

FTIR spectroscopy studies

The FTIR spectra of MT, MTF resin, and various met-
al-adsorbed MTF resin are shown in Figure 1. Gener-
ally, wide bands in the range of 3550–3100 cm�1 cor-
respond to OOH bridging groups in all systems and
are attributed to water molecules hydrogen-bonded
with OOH groups in the MTR particles. The small
peaks in the region of 2880–2940 cm�1 are associated
with the methylene (OCH2O) bridges of the tannin-
formaldehyde resins.8,28,29 It has been demonstrated
that a large number of methylene ether bridges
(OCH2OOOCH2O) occur, which rearrange them-
shelves with relative ease to form methylene
(OCH2O) bridges with the release of formaldehyde.30

Also, COH stretching vibrations in the benzene rings
give absorption bands in this region. The absorption
bands between 1621 and 1463 cm�1 are characteristic
of the elongation of the aromaticOCACO bonds. The
deformation vibration of the carbon–carbon bonds in
the phenolic groups absorbs in the region of 1500–
1400 cm�1. The peak around 1250 cm�1 is associated
with theOCO stretchings of the benzene ring and the
dimethylene ether bridges formed by reaction with
the formaldehyde. The peaks at 1100–1010 cm�1 in the
spectrum of MT are due to COO stretching and CH
deformation.

The spectra of MTF resin were compared with the
IR spectrum of the MT. The intensity of COO peak at
1010 cm�1 is increased and broadened region of 1100–
960 cm�1. Also, the broad peaks in the spectra of MTF
resin at this region may be attributed to the formation
of dimethylene ether (OCH2OOOCH2O) linkage.
Since the most characteristic absorption of aliphatic
ethers is a strong band in the 1150–1085 cm�1 region
due to asymmetrical COOOC stretching, this band
usually occurs near 1125 cm�1.31 The deformation vi-
brations of the COH bond in the benzene rings give
absorption bands in the 840–730 cm�1 range. This
group does not participate in any chemical reaction
during the polymerization. However, this peak

Scheme 4 Reaction of galloyl group in valonia tannin with
formaldehyde. (a) methylolation reaction of galloyl unit in
valonia tannin; (b–d) condensation reaction path of galloyl
unit in valonia.
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showed a gradual decrease as the process of polymer-
ization progressed, because when the reaction takes
place, the volume of the system contracts.8,29

The spectra of MTF-metal adsorbed resins were
compared with the IR spectra of the MT and MTF
resin. The peak of methylol group (COO) at the region
of 1100–960 cm�1 in the spectra of MTF-metal ad-
sorbed resins is more broadened than those of MTF
and MT spectra. These changes at MTF-metal ad-
sorbed resins are attributed to complexation of MTF
resins and metal ions.32

Figure 2 presents the FTIR spectra of VT, VTF, and
various metal-adsorbed VTF resin systems. The broad
peak in the region of 3550–3100 cm�1 is characteristic
of the OOH stretchings of the phenolic and methylol
group of tannin. In all spectra, the small peaks in near
the 2900 cm�1 are due to aromatic COH stretching
vibrations.8,31

The band at 1732 cm�1 in the spectrum of VT be-
longs to carboxyl-carbonyl groups. The absorption
bands between 1604 and 1444 cm�1 are related to
aromaticOCACO bonds. The peaks at 1315 and 1037
cm�1 in the spectrum of tannin belong to phenol

groups.28,29 The peak at 1160 cm�1 is due to aromatic
COH deformation.8 The deformation vibrations of the
COH bond in the benzene rings also give small ab-
sorption bands in the 910–740 cm�1 range.

When the spectra of VTF resin were compared with
the IR spectrum of the VT, the peaks at 1732 and 1604
cm�1 belonging to CAO andOCACO are combined
and broadened. This broad peak is located at 1671
cm�1 with a shoulder at 1604 cm�1, which may be
attributed to the OCACO stretching vibration. This
change occurs most probably due to environmental
change of CAO groups of VTF, since the formation of
methylene bridge in ortho position of CAO groups of
VT during the polymerization process will affect the
vibration of CAO group. The band intensities be-
tween 1315 and 1037 cm�1 are reduced and slightly
shifted in the spectrum of the VTF resin. Also, the
peaks at 1315 and 1037 cm�1 region are converted to
small peak series. This situation may be attributed to
theOCO stretchings of benzene ring and the phenolic
OOH groups. Also, the formation of OCH2OOO
CH2O linkage appeared at 1150–1085 cm�1.31 The
intensity of peak at about 1450 cm�1 is slightly in-

Figure 1 FTIR spectra of metal ions adsorbed onto MTR. MT: mimosa tannin; MTF: mimosa tannin-formaldehyde resin;
MTF-Pb: Pb2�-adsorbed mimosa tannin-fromaldehyde resin; MTF-Cu: Cu2�-adsorbed mimosa tannin-formaldehyde resin;
MTF-Zn: Zn2�-adsorbed mimosa tannin-formaldehyde resin; MTF-Cd: Cd2�-adsorbed mimosa tannin-formaldehyde resin.
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creased due to the formation of methylene bridges by
reaction with the formaldehyde.28,29

When the spectra of various metal-adsorbed VTF
resins were compared with VTF resin, the small peak
series at 1315 and 1037 cm�1 are combined and
shifted, respectively, because of metal-tannate com-
plex formation between various metal ions and some
phenolic groups of tannin.33–36

It is expected that the change in the wide hydroxyl
band 3550–3100 cm�1 region in the spectra of both
MTF- and VTF-metal adsorbed resins after the compl-
exation or ion exchange reactions between various
metal ions and phenolic groups of both tannin resins.
But these changes are observed at 1100–960 cm�1 and
1315–1037 cm�1 regions for the spectra of MTF- and
VTF-metal adsorbed resins, respectively, because all

of the OOH groups in the tannin resins do not par-
ticipate in the complexation or ion exchange reactions
between the tannin resins and metal ions (see Scheme
5). The phenolic groups participated complexation or
ion exchange reactions are located in the 1100–960
cm�1 region for MTF and in the 1315–1037 cm�1 re-
gion for VTF resins. The wide bands in the 3550–3100
cm�1 region are belonging to free hydroxyl groups
(not participate reactions with metal ions) of the both
tannin resins.

Thermal studies

The thermal stabilities of the MTR and VTR were
investigated by thermogravimetric analysis (TGA) in a
nitrogen stream at a heating rate of 10°C min�1. The

Figure 2 FTIR spectra of metal ions adsorbed onto VTR. VT: valonia tannin; VTF: valonia tannin-formaldehyde resin;
VTF-Pb: Pb2�-adsorbed valonia tannin-fromaldehyde resin; VTF-Cu: Cu2�-adsorbed valonia tannin-formaldehyde resin;
VTF-Zn: Zn2�-adsorbed valonia tannin-formaldehyde resin; VTF-Cd: Cd2�-adsorbed valonia tannin-formaldehyde resin.
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thermal curves of both recovered tannin are shown in
Figure 3. The decomposition of these systems essen-
tially occurs in three stages.37 The first stage covers the
postcuring, thermal reforming, and preliminary oxi-
dation steps. The second stage depends mainly on the

stripping of the ring, chain cleavage, and elimination
of volatile fractions. In the third stage, oxidative deg-
radation takes place at markedly higher temperatures.

TGA curves of VTR show these three stages. The
first stage corresponds to the elimination of water, in
which a nearly 9% weight loss has occurred, while in
the second stage, the decomposition temperature
range of 150–300°C could be the result of the partial
breakdown of the intermolecular bonding and the
28% weight loss that has already occurred. The third
stage occurs in the temperature range of 300–750°C,
which may be due to the fragmentation of the in-
tramolecular forces, and the molecule as a whole is
decomposed with 40% weight loss. The char yield was
nearly 25%, which accounts for the elements present
in the wastewater.

The TGA trace of MTR impregnate shows its three
stages of decomposition. In the initial stage of decom-
position, nearly 6% weight loss occurred, which may
be because of the loss of water molecules that had
been bound with hydroxyl groups present in tannin
and in the voids. Nearly 21% decomposition takes
place in the temperature range of 155–310°C. The third
stage occurs in the temperature range of 310–800°C, in
which the weight loss was 33%. The char yield was
40%. The thermal stability of MTR was higher than the
VTR.

For the study on the kinetics of thermal degradation
of MTR and VTR, we can select the isothermal ther-

Scheme 5 Adsorption mechanisms for adsorption of diva-
lent metal ion onto MTR and VTR.

Figure 3 TGA curves of MTR and VTR.
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mogravimetry (ITG) or the thermogravimetry (TG) at
various heating rates.38 ITG is superior to obtain an
accurate activation energy for thermal degradation,
although it is time-consuming. In the case of thermal
degradation of materials, in which crosslinking due to
the side groups, the TG at various heating rates is
much more convenient than ITG for the investigation
of thermal degradation kinetics. Therefore, in the
present work, TG curves at various heating rates were
obtained and the activation energies (�Ed) for thermal
degradation of compounds were calculated by Oza-
wa’s plot, which is a widely used method. Degrada-
tions were performed in the scanning mode, from 30
up to 900°C, under nitrogen flow (20 mL min�1), at
various heating rates (�: 5.0, 8.0, 12.5, 15.0, and 20.0°C
min�1). In Figure 4, the TGA thermograms of MTR are
shown.

According to the method of Ozawa,39 the apparent
thermal decomposition activation energy, Ed, can be
determined from the TGA thermograms under vari-
ous heating rates, such as in Figure 4, and the follow-
ing equation:

Fd � �
R
b �d log�

d�l/T� � (1)

where R is the gas constant; b, a constant (0.4567); and
�, the heating rate (°C/min). According to eq. (1), the
activation energy of degradation can be determined

from the slope of the linear relationship between log �
and 1/T, as shown in Figure 5; the �Ed values for MTR
and VTR are given in Table I. �Ed calculated from the
Ozawa method is superior to other methods for com-
plex degradation, since it does not use the reaction
order in the calculation of the decomposition activa-

Figure 4 The thermal degradation curves of MTR at different heating rates.

Figure 5 Ozawa’s plots of logarithm of heating rate (�)
versus reciprocal temperature (1/T) at different conversions
for MTR.
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tion energy.40 Therefore, �Ed calculated from the
Ozawa method was superior to the former methods
for complex degradation.

The glass transition (Tg) temperatures were deter-
mined by a Setaram 131 DSC. Samples of about 5–8
mg held in sealed aluminum crucibles and a heating
rate of 20°C/min under a dynamic nitrogen flow (5 L
h�1) were used for the measurements. The differential
scanning calorimetry (DSC) traces for the two resins
are shown in Figure 6. In all cases, the curves are
endothermic. The first point of instability on the curve
has been taken as the glass transition temperature (Tg).
From Figure 6, the Tg for VTR and MTR are estimated
as 72 and 76°C, respectively. This estimation is debat-
able because the points of instability are not very
pronounced. The more pronounced transformations,
represented by the turning points on the DSC curves
in Figure 6, has more to do with the chemical break-
down or evolution of moisture and formaldehyde in
the resins. Data analysis was carried out with the

Setaram software package. The enthalpy changes
(�Ho

d) and heat capacity �Cp during thermal degrada-
tion obtained from the DSC thermograms of polymers
are given in Table II.

Mechanism of adsorption of metals onto MTR and
VTR

The results of the adsorption of various metal ions
onto MTR and VTR are given in Table III. It can be
seen from Table III that the adsorption capacity of
VTR is higher than MTR. This situation may be ex-
plained based on the VTR and MTR containing of
different surface reactive groups such as catechol and
pyrogallol groups to binding metal ions. VTR contains
three adjacent hydroxyl groups for binding of metal
ions, whereas B-ring of MTR contains two adjacent
hydroxyl groups.

The mechanism by which metal ions are adsorbed
onto different tannin resins has been a matter of con-
siderable debate. Different studies have reached dif-
ferent conclusions. These include ion-exchange, sur-
face adsorption, chemisorption, complexation, and ad-
sorption–complexation. It is commonly believed that
ion-exchange is most prevalent mechanism. Metals
react with phenolic groups of the tannin resins to
release protons with their anion sites to displace an
existing metal. Based on the complex polyhydric phe-
nolic nature of the MTR and VTR, a possible mecha-
nism of ion exchange could be considered as divalent

TABLE I
The Apparent Activation Energies of Resins Under

Thermal Degradation in N2

Sample

Activation energy �Ed (kJ/mol)

10% 20% 30% 40% 50% 60% Average

MTR 44.2 40.0 40.6 26.0 24.1 22.6 32.92
VTR 49.0 44.8 41.0 26.6 27.4 27.0 35.97

Figure 6 DSC curves of MTR and VTR.
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metal ion (M2�) attaching itself to adjacent hydroxyl
groups and oxyl groups, which could donate two
pairs of electrons to metal ions, forming chelated com-
pounds and relasing two hydrogen ions into solu-
tion.41

Other studies have found evidence that tannin res-
ins take up metals by complexation, surface adsorp-
tion, and chemisorption.42–44 Hemingway42 con-
cluded that the catechol or pyrogallol B-rings offer
special opportunities for formation of metal com-
plexes. Metals form complexes with the phenolics
with two adjacent hydroxyls (catechols), and the pres-
ence of a third adjacent hydroxyl (pyrogallols) in-
creases the stability of the complexes.42 The chemi-
sorptive bond could be formed by sharing a pair of
electrons, from the organic adsorbent, with metals.
The organic adsorbent, containing S, N, O, Se, or P, are
usually regarded as the reaction center for the chemi-
sorption process. Natural tannin derivatives are oxy-
gen-containing adsorbents; therefore, formation of
metal-oxygen bond is possible.44

Several studies support the general view that the
reaction of metal ions, such as Cu and Fe, with tannin
resin is one of chelate ring formation involving adja-
cent aromatic carboxylate OCOOH and phenolic
OOH groups or, less commonly, two adjacent
OCOOH groups, which participate in ion-exchange
reactions by binding metal ions with release of H�

ions.41,43–46

Surface adsorption is another mechanism by which
metal ions may be bound to tannin resin. This mech-
anism is a surface reaction where a positively charged
metal ion is attracted to a negatively charged surface
without the exchange of ions or electrons.

We believed that the adsorption mechanism may be
partly a result of the ion exchange or complexation
between the metal ions and phenolic groups on the
MTR and VTR surfaces. Thus, the metal ions/tannin
resins reaction may be represented in two ways as
shown in Scheme 5.

CONCLUSIONS

Both mimosa tannin- and valonia tannin-formalde-
hyde condensation have been studied. Mimosa tannin
and valonia tannin resin, which are obtained by the
condensation reaction between formaldehyde and
tannins, do not dissolve in water, whereas the natural
tannin compounds dissolve in water. They were used
as adsorbents for the removal of various metal ions
from aqueous solutions. Ion exchange and complex-
ation as possible adsorption mechanisms were pro-
posed and discussed. Two tannin resins obtained were
characterized by FTIR spectroscopy before and after
adsorption of various metal ions. Also, two tannin
resins were characterized by differential scanning cal-
orimetry (DSC) and thermogravimetric analysis (TG).
Thermal and kinetic data suggest that the two resins
are highly stable, and may be used for the removal of
metal ions at room temperature.
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