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Abstract: Condensed-tannin gel has been investigated as a metal adsorbent for the recovery of pre-
cious metals from industrial wastes because of the presence of polyhydroxyphenyl groups in their
structure. In order to enhance the adsorption properties of condensed-tannin gel, which shows very
low adsorption rate and ability to adsorb only at low acidic condition, amine groups have been chemi-
cally introduced. Condensed-tannin gel was subjected to agueous ammoniatreatment for the introduc-
tion of new aminefunctional groupsinto the gel structure. The treatment conditionswere optimized for
maximum amineincorporation with the help of elemental analysis experiment. SEM photograph repre-
sented porous structure of the gel which assures effective mass-transfer performance. A comparison of
adsorption Kinetics of amine-modified tannin gel (ATG) with those of original tannin gel (TG) showed
that ATG is more efficient for the uptake of Palladium(Il) from acid solutions.
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| ntroduction

Natural condensed-tannins extracted from
plants have an intriguing property of high affin-
ity to metal ionsthat leads scientiststo investigate
the potentia use of this biodegradable and envi-
ronment friendly compound to removetoxic metal
ions(Pb*, Cré*, etc) from waste water and recover
precious metals (Ag, Au®*, Pd*, Pt*, etc) from
industrial wastes[1-6]. Much attempt has already
been taken to give the natural tannin compounds
proper chemical form in order to overcometheir
solubility and use in industrial metal recovery
process [7,8]. To use these compounds as an ad-
sorbent in hydrometallurgical process, gel phase
materials are prepared using formaldehyde as a
cross-linker in basic condition. The polyhydro-
xyphenyl groupsof the B-ringsof tanningel (TG)
serve asreactive sitesfor the adsorption process
[9,10]. However, tannin gel (TG) showed very
low rate and ability to adsorb precious metal ions
only at low acidic conditions [11,12]. This re-
strictsthe use of tannin gel inindustrial recovery
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process, where highly concentrated acid is used
to leach metals out from their wastes. From this
perspective, it isnecessary to develop some more
effective adsorbents able to cope with the real
industrial-waste environment. To the best of our
knowledge, hardly any effort has been given to
modify tannin compounds for the purpose of
metal recovery. To develop more efficient and
selective recovery, yet biodegradable and envi-
ronment friendly, we have proposed to incorpo-
rate primary amine groupsinto tannin gel because
the amine groups have high affinity and selec-
tivity for precious metal ions based on the ap-
proach of hard and soft acids and bases
(HSAB)[13]. According to this theory the nitro-
gen atom of amine groupsisrelatively softer than
oxygen atom and is generally more strongly
bound to soft precious metal ions such as Pd(l1).
Kidaet al. [14] used (-)-epigallocatechin (EGC),
atype of flavanol having trihydroxyphenyl-type
B rings, asamodel compound for the ammonia
reaction and showed that the hydroxy! group of
EGC at the C-4 position can be replaced by the
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amino group that is shown in figure 1. Conse-
quently, itislikely to assumethat tannin gel bear-
ing monomeric units similar to the EGC can be
modified by the treatment with ammonia. This
paper describesfor the first time how best to in-
troduce the amine groupsinto tannin gel by am-
monia treatment.

The newly prepared ATG in hand, we have
furthermore assumed that the amine groupsaong
with the hydroxy! groups of modified tannin gel
would function as better adsorbent for precious
metals especially Pd(Il). Pargjuli et al. [15] in-
corporated primary amine and ethylenediamine
ligands onto cross-linked lignophenol and
showed that the nitrogen-containing soft base
compounds have high selectivities to precious
metalswhich aretypically soft acids. From these
point of view, amine-modified tannin gel (ATG)
has been investigated for the precious metal
Pd(I1) recovery from agueous sol utions and com-
pared with the previous findings using untreated
tannin gel (TG).

Materials and Methods
Preparation of tannin gel

Condensed-tannin (28 g) extracted from
wattletree (or commercially mimosatannin, sci-

entifically Acaciamearnsii) wasdissolved in 50
mL 0.25 M sodium hydroxide solution at room

180

temperature with constant stirring for 24 h . To
themixture, formalin (37% formaldehyde, 6 mL)
was added as a cross-linking agent in basic con-
dition and temperature was gradually raised to
353 K for 12 h in order to facilitate the conden-
sation reaction resulted in polymerization to ob-
tain suitable tannin gel. The tannin gel prepared
was sieved to give proper size particles 125-250
pm. Distilled water and 0.05 M nitric acid were
used subseguently to remove unreacted reagents
or debris.

Preparation of amine-modified tannin gel

The tannin gel particles (containing 70%
water) were employed to modify chemically us-
ing agueous ammonia solution with mass con-
centration of 50 g L. All modification experi-
ments were carried out in well-sealed glass bot-
tles placed in athermostatic shaker with shaking
speed 100 mint. A wide range of preparation pa-
rameters were tested to identify factors having
the most significant effects on the chemical and
physical characteristics of modified tannin gel
particles. Variables such as the concentration of
ammonia solution, treatment time, temperature
and particle size of tannin gel were investigated.
Finally the amine-modified tannin gel (ATG)
adsorbent was extensively washed with distilled
water until it was made surethat the gel particles
contain no free ammonia.
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Figure 1. Reaction of Epigallocatechin with ammonia.
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Kinetic Sudies

Adsorption kinetic studies were conducted
batch-wisewith ATG (200 mg) in prepared PACI,
(100 mg L, 500 mL) solutions containing in a
three necked round-bottomed flask stirred at con-
stant temperature water bath. The Pd(11) concen-
tration of the sampled solutions at different time
interval were measured by inductively coupled
plasma spectrometer (ICPS-8100, Shimadzu
Corp.). The metal ion adsorption capacity of the
gel adsorbent was cal culated using mass balance
calculation.

= G-C

m
where, q is adsorption capacity (mg g*), C, and
C, the initial and final concentrations of metal
ion (mg L), respectively, V isvolume of experi-
mental solution (L) and m the mass of the dry
tannin gel particles used (g).

Results and Discussion
Surface analysis

The prepared tannin gel (TG) and amine-
modified tannin gel (ATG) were subjected to
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scanning electron microscopy (SEM), Keyence
VE-9800, for surface analysis. Figure 2 shows
the structure of TG and ATG. It was clearly ob-
served from the SEM experiment that the gels
have porous structure with uniform gel network.
This advantageous property givesthe gel ability
to withstand in highly acidic conditions and vig-
orous mechanica environment. The interstitial
spaces present in the gels, that incorporate sol-
vent in the primary stage, also assure effective
mass-transfer performance. Fig. 2 also reveals
that the network structure of TG remains intact
in ATG after treatment with ammonia solutions.

Elemental analysis

Theintroduction of nitrogen atom into tan-
nin gel particles was confirmed by elemental
analyses of tannin gel (TG) and amine-modified
tannin gel (ATG) prepared in different conditions
asshown in Table 1. Out of the different param-
eters considered for the treatment of tannin gel
with ammonia, temperature showed marked in-
fluence on nitrogen content in the gel structure.
The results of elemental analyses made it clear
that amine group is present in modified tannin
gel and the maximum percent of nitrogen (3.28%)
is somewhat low. Thisis due to the fact that the

2.00 ym
tannin gel (TG)

2.00 um
amine-modified tannin gel (ATG)

Figure 2. SEM photographs obtained at 5000x magnification, 25 kV voltages and 2 um scales.
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Table 1
Elemental analysis of amine modified tannin gel and untreated tannin gel.
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Preparation conditions

Elemental analysis %

Sumple TrAmEnt pconggon TR e oy o
(%) (pm)
1 0.5 10 298 125~250 54.31 4.87 37.72 1.89
2 1 10 298 125~250 53.52 4.93 38.03 2.19
3 3 10 298 125~250 53.81 4.58 37.28 2.37
4 7 10 298 125~250 53.65 4.82 373 2.64
5 24 10 298 125~250 53.78 4.96 37.44 2.74
6 1 1 298 125~250 53.23 4.84 37.58 2.42
7 1 5 298 125~250 55.21 4.73 3641 286
8 1 10 298 125~250 5296 4.72 37.44 2.65
9 1 25 298 125~250 54.04 4.61 37.15 2.68
10 1 10 313 125~250 56.25 5.01 3623 3.07
11 1 10 333 125~250 54.67 5.07 373 3.28
12 1 10 298 250~355 54.03 5.03 37.11 243
13 1 10 298 355~710 53.63 4.95 37.39 224
14 Untreated tannin gel 58.48 533 3599 044

Wattle tannins constitute about 70% pyrogallol
type B rings [10]. Only those flavanols having
pyrogallol typeB rings(vicinal trihydroxyphenyl
groups) can be modified and the rest of the
flavanols having catechol type B-rings do not
react with ammonia[14]. The moles of nitrogen
per moles of tannin monomer (flavanol unit
whose tentative molecular weight is 300) cal cu-
lated form elemental analyses dataindicated that
about 70% of the total flavanol rings present in
tannin gel can be successfully modified by am-
monia. The elemental analyses also helped to
determine the optimum condition for the modi-

fication reaction. The reaction was carried out
for 1 hour at 333 K with 125~250 pum tannin gel
particles and 10% aqueous ammoniaasthe opti-
mum conditions.

Kinetic comparison of ATG and TG

In order to compare the amine-modified tan-
nin gel (ATG) to tannin gel (TG) for PA(Il) re-
covery from acid solutions (pH close to pH 2),
adsorption experiments were carried out keep-
ing all conditions same. Figure 3 showsthetime
profiles of palladium(l1) adsorption by the two
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Figure 3. Time profile of Pd adsorption by TG ATG-
1(2.19% N), and ATG-2 (3.28% N).

types of ATG having different percent of nitro-
gen (measured by elemental analysis, ATG-1and
ATG-2) in the gel structure and the kinetic data
obtained in the previous work using unmodified
TG[7].

It isevident that the adsorption of Pd(11) by
both of the ATG were very rapid while the TG
showed very low adsorption rate under the same
conditions. Adsorption equilibriums were
reached within two hours for both of the ATG
To give a quantitative explanation the relative
adsorption rates of different adsorbents, slopes
(dg/dt), which corresponds to the rate, were cal-
culated by using differential method with the help
of Least Square Method (LSM) asshowninFig-
ure 4. Both the ATG containing 3.28 percent ni-
trogen (ATG-2) and 2.19 percent nitrogen (ATG-
1) inthe gel exhibited intenseincreaseintherate
of adsorption compared to TG under the same
conditions. According to this study, the adsorp-
tion capacity of TG was found 16 mg g?, while
the capacities of ATG-1 and ATG-2 were 62 mg
g'and 110 mg g'respectively after 8 h adsorp-
tion studies. It is worthwhile pointing out that
ATG-2 exhibits better performancein adsorption
capacity than that of ATG-1. It can be inferred
from these datathat nitrogen atom introduced into
tannin gel contributesto sharp risein the rate of
adsorption and the capacity somewhat depends
on the quantity of nitrogen introduced into the
gel network. Although the chemical reaction be-
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Figure 4. Comparisons between kinetic data of tannin
gel (TG) and amine-modified tannin gel (ATG).

tween Pd(11) and TG has already been proposed
by Kim et al. [11], the interaction pattern with
ATG isunder study.

Conclusion

Amine groups have been introduced into
condensed-tannin gel with the treatment of aque-
ous ammonia. Although the highest percentage
of amine-introduction was achieved at high tem-
perature, the quantity is rather small relative to
the hydroxyl groups contained in the tannin gel.
The surface of the newly prepared gel washighly
porous which is suitable for migration of metal
ionsin order to reach the active sites for adsorp-
tion. The physical structure of tannin gel network
was unchanged after ammonia treatment that
implies the suitability of the new gel to usein
metal recovery from acidic solutions. Theintro-
duction of amine groupsinto tannin gel has sig-
nificantly enhanced the rate as well as capacity
of palladium recovery. Thislow-cost, easily pre-
pared, biodegradable adsorbent ATG can poten-
tially be used for the recovery of Pd(I1) and pos-
sibly some other precious metals from aqueous
solutions.
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