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Abstract: Novel and environmentally benign adsorbents were prepared via a simple sulfuric
acid treatment process using the wastes of astringent persimmon, a type of biomass waste,
along with persimmon tannin extract which is currently employed for the tanning of leather
and as natural dyes and paints. The effectiveness of these new biosorbents was exemplified
with regards to hydrometallurgical and environmental engineering applications for the
adsorptive removal of uranium and thorium from rare earths, cesium from other alkaline
metals such as sodium, hexa-valent chromium from zinc as well as adsorptive recovery of
gold from chloride media. Furthermore, reductive coagulation of gold from chloride media
for the direct recovery of metallic gold and adsorptive recovery of palladium and platinum
using chemically modified persimmon tannin extract were studied.



Metals 2015, 5 1922

Keywords: adsorption; precious metals; radioactive elements; chromium(VI); persimmon
tannin; biomass wastes

1. Introduction

Within the last decades, increasing attention has been paid towards energy saving hydrometallurgical
processes for the recovery of valuable metals and the removal of hazardous materials. In
hydrometallurgical processing, a leach liquor is subjected to metal separation and purification, which
includes solvent extraction, ion exchange, precipitation, membrane filtration, and so forth. However, all
the aforementioned methods suffer from significant disadvantages, which include incomplete metal
recovery, high capital costs, high reagent and/or energy requirements and generation of toxic sludge or
other waste products that demand additional disposal considerations, hence increasing the overall cost.
Due to their high efficiency, flexibility, applicability over a wide range of metal concentration, and
simple sludge free operation for the effective recovery of analyte, adsorption techniques demonstrate
great promise for the recovery of metal values from aquatic environment. From the technical and
economical points of view, in recent years, much attention has been focused on low cost adsorbents
prepared from various biomass wastes as they are relatively inexpensive, environmentally benign,
biodegradable and renewable. In such biomass wastes, the chemical components which exhibit effective
adsorption behaviors include several polysaccharides such as pectic acid, alginic acid, chitin and
cellulose, polyphenol compounds such as lignin and tannin, and proteins. Additionally, such adsorption
behaviors of the original components can be significantly enhanced using simple chemical treatments or
chemical modification processes. For example, although the adsorption of chitin for metal ions is poor,
that of chitosan which can be produced by simple hydration reaction using concentrated sodium
hydroxide solution is attractive particularly with regards to hydrometallurgical processing [1].
Furthermore, although cellulose itself exhibits negligible adsorption for nearly all metal ions, it exhibits
extraordinary high and selective adsorption for gold as a consequence of a simple concentrated sulfuric
acid treatment [2].

Concerning tannin compounds, it is well known that they possess ion exchange and complexation
characteristics towards metal ions; that is, the potential of tannin rich biomass materials for the recovery
of heavy and precious metals has been reported by some authors [3,4].

Persimmon is a popular fruit in East Asian countries such as China, Korea and Japan. There are
two kinds of persimmon fruits, sweet persimmon and astringent persimmon, which differ by their content
of water soluble persimmon tannin. Although the former can be eaten, as they are similar to apples, the
latter are rich in the water soluble persimmon tannin which generates a very astringent taste and, are thus
unsuitable for direct consumption. However, such astringent persimmon can be edible by peeling and
drying in the open air for a few weeks during the winter wherein the water soluble persimmon tannin is
transformed by a spontaneous condensation reaction into water insoluble polymerized tannin and its
astringent taste is diminished. Here, persimmon tannin is a kind of polyphenol compound possessing a
complicated chemical structure as shown in Scheme 1 containing large amounts of catechol and
pyrogallol functional groups [5]. Persimmon extract, the juice of astringent persimmon, contains large
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quantities of persimmon tannin and has been traditionally employed in various applications as natural
paints, dyes, tanning agent for leather tanning, a coagulating agent for proteins, etc. During the preparation
of dried persimmon fruits and astringent persimmon extract, large quantities of peels and juice residue,
or biomass wastes, are generated. These wastes still contain large amounts of persimmon tannin. In our
recent works, several novel types of environmentally benign adsorption gels were prepared from the
powder of the astringent persimmon juice and also from the above-mentioned persimmon wastes as
potential agents for the recovery of valuable metals and the removal of hazardous metals. In the present
paper, these works are summarized and briefly reviewed from the viewpoints of hydrometallurgy and
environmental engineering.

Scheme 1. Schematic structure of persimmon tannin where m stands for the number of the unit.
2. Adsorptive Removal of Uranium and Thorium

After the oil crisis in the 1970s, the recovery of uranium from sea water received a considerable
amount of attention in Japan. From such interest, Sakaguchi and Nakajima found that some tannin
compounds such as Chinese gallotannin (tannic acid) immobilized on cellulosic matrices such as
cellulose powder are effective for the recovery of uranium from sea water [3]. They further discovered
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that persimmon extract exhibits an extremely high affinity for uranium, and subsequently prepared an
adsorption gel for the recovery of uranium by crosslinking it using glutaraldehyde [6]. They attempted
to employ this gel not only for the recovery of uranium from sea water but also for the removal of trace
amounts of uranium from uranium milling wastewater. Environmental pollution by radioactive elements
such as uranium and thorium is not limited to uranium mines and nuclear facilities. Rare earth ores,
monazite, bastnaesite and xenotime, contain some quantities of these elements, which are removed in
the mineral dressing stage at mine sites. However, unfavorable treatment and management of tailings of
these ores may bring about serious environmental contamination. For instance, in the early 1980s a
serious environmental pollution problem took place at a rare earth plant at Ipoh, Malaysia. As seen from
this case, selective removal of uranium and thorium from rare earths has been required in order to avoid
such environmental problems.

From such a viewpoint, studies were conducted on the selective removal of uranium(VI) and
thorium(1V) from lutetium(l11) (the heaviest rare earth exhibiting similar chemical behaviors with these
actinide elements) using three kinds of adsorbents [7,8]. These are as follows: (1) A persimmon peel gel
(PP gel) prepared from persimmon peel waste generated in the production of dried persimmon fruits by
boiling in concentrated sulfuric acid for the dehydration condensation reaction for crosslinking between
polyphenols and polysaccharides such as cellulose; (2) a gallic acid resin prepared by interacting gallic
acid with a commercially available weak base anion exchange resin (DIAION WA30, Mitsubishi
Chemical Corp., Tokyo, Japan); and (3) a kakishibu resin, which was prepared by impregnating
persimmon extract (kakishibu) into a high porous resin without any functional groups (DIAION HP 20,
Mitsubishi Chemical Corp., Tokyo, Japan), kindly donated by Tomiyama Corp., Kyoto, Japan.
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Figure 1. Percentage adsorption of uranium(V1) at varying equilibrium pH on PP gel, gallic
acid resin and kakishibu resin.
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Figure 1 shows the pH dependency of % adsorption of uranium(VI1) on the PP gel, the gallic acid
resin and the kakishibu resin for comparison. For all adsorbents, the adsorption increases with increasing
pH, indicating that adsorption takes place according to a cation exchange mechanism with the phenolic
hydroxyl groups of the persimmon tannin releasing hydrogen ions as suggested by Sakaguchi and
Nakajima [6] (a similar adsorption mechanism will be discussed in Section 4 (chromium(V1) adsorption)
by the reaction equation shown in Scheme 2b) wherein nearly quantitative adsorption is achieved at pH
values greater than 4.5. The adsorption on the PP gel appears to be nearly equal to that on the gallic acid
resin and higher than that of the kakishibu resin. On the other hand, the adsorption behavior for
thorium(1V) was found to be nearly equal for all of the three adsorbents while the adsorption of
lutetium(I11) on the PP gel was found to be higher than that on other two adsorbents.

Figure 2 shows the comparison of the % adsorption of uranium(V1), thorium(IV) and lutetium(l11) on
the PP gel to compare the order of selectivity among these three metal ions. As seen from this figure, it
is as follows: Th(1V) > U(VI) > Lu(ll). That is, uranium(VI) and thorium(1V) are selectively adsorbed
on the gel over lutetium(l11), supporting the feasibility of selective adsorptive removal of the radioactive
elements, uranium(V1) and thorium(lV), contained in rare earth ores using this gel.
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Figure 2. Percentage Adsorption of uranium(V1), thorium(lV) and lutetium(ll) at varying
equilibrium pH on PP gel [8] (with permission for reuse from TMS).

From the study of the adsorption isotherms of uranium(V1), thorium(lV) and lutetium(lll) on the
PP gel, it was found that the adsorption appears to exhibit the Langmuir type adsorption; i.e., it increases
with increasing metal concentration and tends to approach constant values corresponding to each metal
ion, from which maximum adsorption capacities were evaluated for uranium(VI), thorium(IV) and
lutetium(111) as follows, respectively: 1.29, 0.49 and 0.28 mol kg *-dry gel. In contrast to the selectivity
order, uranium(VI) is much more greatly adsorbed than thorium(IV) and lutetium(l11). Compared with
the adsorption capacities of commercially available chelating resins, that of uranium(V1) on the PP gel
is very high as in the case of the persimmon tannin gel reported by Sakaguchi and Nakajima [6].



Metals 2015, 5 1926

Based on experimental results of the above-mentioned batch wise adsorption tests, mutual separation
between uranium(V1) and lutetium(111) was tested using a small glass column packed with PP gel and
model solution containing 0.21 mmol dm~2 uranium(V1) and 0.29 mmol dm~3 lutetium(l11) at pH = 3.81.

Figure 3 shows the breakthrough profiles of these two metal ions; i.e., a plot of the relative concentration
of these ions in the effluent (their outlet concentrations) compared with their feed concentrations against
contact time after the initiation of the flow. As seen from this figure, breakthrough of lutetium(l11) began
at the contact time before 10 h just after the initiation of the feed while that of uranium(VI1) began at
20 h, suggesting that the mutual separation of uranium(VI1) from lutetium(lll) can be successfully
achieved using the column packed with the PP gel.
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Figure 3. Breakthrough profile of uranium(V1) and lutetium(l11) from the column packed
with persimmon peel (PP) gel.
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Figure 4. Elution profiles of uranium(VI) and lutetium(111) from the PP gel packed column
after breakthrough using 1 mol dm™ hydrochloric acid solution.
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Figure 4, on the other hand, shows the elution profiles for these two metal ions from the column after
eluting the loaded column with a 1 mol dm™3 hydrochloric acid solution. As seen from this figure,
uranium(V1) was eluted at a concentration greater than 25 times that of the feed solution for the breakthrough
test, though a small amount of lutetium(l11) coexisted as a contaminant in the eluted solution.

Further, from the results of the cycle test, it was apparent that repeating the adsorption of uranium(V1)
followed by elution did not compromise the adsorption capacity of the PP gel for uranium(V1) even after
10 cycles, further supporting its feasibility for practical application.

3. Adsorptive Removal of Cesium

Cesium (**¥'Cs) is one of the fission products of nuclear fuels contained in radioactive wastes. Due to
its long half life (30 years) and bio-toxicity, its separation and removal from aquatic environments has
always attracted special attention, and this has become much more important in recent days after the
nuclear plant accident at Fukushima, Japan.

Studies on the removal of cesium(l) ion from aqueous solution have been focused largely on adsorption
and ion-exchange methods [9-12]. Natural and synthetic zeolites, clay minerals and synthetic organic or
inorganic ion-exchangers have been employed for large scale separation of ¥’Cs from low and
intermediate-level radioactive waste effluents or contaminated water [9,10,13,14]. However, the
majority of these materials appear to be uneconomical as a consequence of their high operational cost
and poor performance. It has been reported that the phenolic resins such as Duolite S-30 (phenolic), and
Duolite CS-100 (phenolic-carboxylic), can selectively remove cesium(l) from alkaline solutions [15,16].
The phenolic OH groups are, however, ionizable and only effective at high pH. Because of their
comparatively lower pKa versus the monohydroxy phenols, the polyhydroxyphenols are ionizable and
can function as metal chelators at relatively lower pH than the monohydroxyphenols. Based on such
findings, we anticipated that bioadsorbents having polyphenolic moieties would exhibit adsorption
selectivity towards cesium(l) ions at approximately neutral pH. From this perspective, our focus was
towards developing highly effective adsorption materials for cesium(l) removal using a persimmon
extract rich in persimmon tannin [17,18]. That is, the adsorbent in the present case, which is abbreviated
as CPT (cross-linked persimmon tannin) gel hereafter, was prepared from commercially available dried
persimmon tannin extract powder (Persimmon-Kaki Technology Development Co. Ltd., Jincheng,
China) also by means of crosslinking in boiling concentrated in sulfuric acid at 100 <C.

Figure 5 shows the effect of initial pH on the adsorption behavior of CPT gel towards cesium(l)
and sodium(l) ions. It is clear from this figure that the adsorption of these metal ions is also greatly
affected by pH similar to the adsorption of uranium(V1), thorium(1V) and lutetium(I11) as described in
the preceding section. Although cesium(l) is negligibly adsorbed on this adsorbent in acidic region, its
adsorption increases with increasing pH, achieving near quantitative removal at pH higher than 4.5 with
moderate adsorption of sodium(l) ion (around 40%), which supports the applicability of this adsorbent
for the selective removal of cesium(l) at around neutral pH.
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Figure 5. Percentage adsorption of cesium(l) and sodium(l) ions on crosslinked persimmon
tannin (CPT) gel at varying initial pH [17] (with permission for reuse from Elsevier B.V.).

Figure 6 shows the isotherm plots for the adsorption of cesium(l) (plot of amount of adsorption
(g) vs. equilibrium concentration (Ce)) as well as sodium(l) on CPT gel. The plots indicate the typical
Langmuir’s monolayer type of adsorption. From the Langmuir plot using these data, the maximum
adsorption capacities for cesium(l) and sodium(l) on this adsorbent were evaluated as 1.33 and

0.45 mol kg2, respectively.
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Figure 6. Adsorption isotherms of cesium(l) and sodium(l) ions on CPT gel [17] (with
permission for reuse from Elsevier B.V.).

A comparative evaluation of the maximum adsorption capacity of this adsorbent towards cesium(l)
ion was carried out with those of different adsorbents reported in literatures as listed in Table 1. From
this table, it is deduced that the present adsorbent containing polyphenolic groups as ionizable and
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coordinating functional group have significant adsorption potential for cesium(l) removal from aqueous
solutions compared with other adsorbents.

Table 1. Cesium(l) ion adsorption capacity comparison of the CPT gel and other adsorbents.

Adsorption Capacity  pH of the

Adsorbent (mol kg) Solution Reference
Zeolite A 1.57 6.0 [10]
Phosphate-modified montmorillonite 0.70 5.0 [9]
Ammonium molybdophosphate-polyacrylonitrile 0.61 6.5 [19]
Copper ferrocyanide functionalized mesoporous silica 0.12 7.8 [9]
Prussian blue 0.09 7.8 [9]
Natural clinoptilolite 0.37 6.5 [13]
Brewery waste biomass 0.07 4.0 [12]
Arca shell biomass 0.03 55 [11]
Sulfuric acid crosslinked Pseudochoricystis ellipsoidea 1.36 6.5 [20]
CPT gel 1.34 6.5 [17]

Taking into account the remarkable selectivity and adsorption capacity of CPT gel towards cesium(l)
over sodium(l), practical applicability of this adsorbent for selective adsorption, preconcentration
and removal/recovery of cesium(l) from the mixture of both the ions was studied by continuous
column experiment.

Figure 7 shows the breakthrough profiles of cesium(l) and sodium(l) ions using a small glass column
packed with CPT gel. In this figure, relative concentrations at outlet to the feed concentration (C+/Ci) are
plotted against the bed volume (B.V.) which is defined as the ratio of the total volume of the feed solution
passed though the column to the volume of the adsorbent packed in the column. As expected from the
results of batch wise experiment, breakthrough of sodium(l) took place after a few hours while that of
cesium(l) began to take place after 100 h (996 B.V.), suggesting satisfactory separation between these
two metal ions.

C/Ci ()

0 500 1000 1500 2000 2500 3000
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Figure 7. Breakthrough profiles of cesium(l) and sodium(l) ions from the column packed
with CPT gel [17] (with permission for reuse from Elsevier B.V.).
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After the adsorption bed was saturated, elution test was carried out by using 1 mol dm™ hydrochloric
acid solution in order to recover the adsorbed cesium(l) in concentrated form. It was found that the
elution was quite fast and the concentration of cesium(l) in the elute was much higher than that of the
feed solution, i.e., the preconcentration factor (=outlet concentration of the column/feed concentration)
for cesium(1) was evaluated as 140. Adsorptive separation of cesium(l) with high preconcentration factor
and quantitative elution in a short period of time suggest that the CPT gel can be used repeatedly and
effectively for the separation and removal of cesium(l) from the mixture of sodium(l) ions.

4. Adsorptive Removal of Chromium(VI)

Chromium exists as chromium(l1l) and chromium(V1) in aqueous medium. Chromium(VI) is
500 times more toxic than chromium(lll). Its toxicity includes lung cancer as well as kidney, liver and
gastric damage [21]. The maximum level of chromium(VI) permitted in waste water is 0.5 mg dm™3,
Industrial effluents from plating industries, leather tanning and so on sometimes contain higher levels of
chromium(VI) than the permitted level [22]. It is essential for such industries to treat their effluents to
reduce the chromium(V1) content to the acceptable level. In conventional chromium plating, chromium
is plated as a thin layer on zinc-coated steel plate. This generates post treatment wastewater containing
a high concentration of zinc(Il) and a small amount of chromium(V1). In the present work, persimmon
waste generated in the production of persimmon extract as the residue has been tested for the removal
of chromium(V1), taking account of chromium(V1)-containing effluents from the plating industry [23].
That is, the adsorbent was prepared from the persimmon extract residue also by boiling in concentrated
sulfuric acid at high temperature for cross-linking in this case. This adsorbent is abbreviated as CPW
(crosslinked persimmon waste) gel, hereafter.

Chromium(V1) exist in aqueous solution as HCrO4~, H2CrOa, HCr207~ and CrO4%~ depending on the
pH of the solution and the total chromium concentration.

Figure 8 shows the % adsorption of several metal ions as a function of equilibrium pH on CPW gel.
This figure shows a high selectivity of this adsorbent for chromium(VI) at pH < 3. It also shows that
the % adsorption of all metal ions investigated in this experiment, except for chromium(V1), was found
to increase with increasing pH in the pH range of 1-5 whereas opposite behavior was observed for
chromium(VI1). That is, the % adsorption of chromium(V1) increased with increasing pH in the pH range
of 1-3 and then decreased with further increases in pH. This contrasting behavior for chromium(VI)
adsorption compared to the other metal ions can be attributed to a different adsorption mechanism shown
in Scheme 2 [4]. As stated earlier, Cr(VI) exists in agueous medium as HCrO4 ", H2CrO4, HCr207 and
CrO4%~, among which the HCrO4™ is the dominant species up to pH 5 [24].

Scheme 2a shows the adsorption mechanism of the oxo anionic form of chromium(VI) on CPW gel
from an acidic solution in terms of an esterification reaction, which suggests that a high concentration
of H* ion enhances chromium(VI) adsorption whereas a high concentration of OH™ ion suppresses
chromium(V1) adsorption, thus accounting for the decrease in the % adsorption of chromium(VI) with
increasing the pH of the solution at pH higher than 3. The reason for decreasing % adsorption with
decreasing pH of the solution at pH less than 3 is due to the reduction of chromium(V1) to chromium(lil)
in acidic solution as will be discussed later.
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On the other hand, the adsorption of other metal ions, except for chromium(V1), which exist as cationic
species in aqueous solution, are adsorbed on CPW gel according to a cation exchange mechanism as
shown in Scheme 2b, which accounts for the increase in the % adsorption with increasing pH of the solution.
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Figure 8. Effect of equilibrium pH on the adsorption of different metal ions on CPW
gel [23] (with permission for reuse from Elsevier B.V.).
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Scheme 2. The binding mechanism of (a) chromium(V1) and (b) other metals to the hydroxyl
groups of catechol units on the cross-linked persimmon gel.

Batch wise kinetic experiments were carried out in order to elucidate the equilibrium time and
mechanism of the adsorption reaction of Cr(VI).

The time variation of % adsorption of total chromium at varying pH is shown in Figure 9, which
reveals that the chromium adsorption monotonously increases with increasing contact time until reaching
constant values corresponding to pH values, except for the case at pH = 1. On the other hand, at pH = 1,
after the adsorption rapidly increases at the initial stage similar to the cases at other pH values, it slightly
decreases and tends to approach a constant value. This phenomenon was observed also in the adsorption
on the crosslinked grape waste gel and it was concluded to be attributed to the adsorption coupled
reduction mechanism of chromium(V1) to chromium(l11) which is not adsorbed at low pH as seen from

Figure 8 [25].
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Figure 9. Effect of contact time on the adsorption of total chromium on cross-linked
persimmon waste (CPW) gel from chromium(V1) solution at different pH values [23] (with
permission for reuse from Elsevier B.V.).

In order to elucidate the actual mechanism of chromium(VI) adsorption by CPW gel, the rate of
change of both chromium(VI) and chromium(111) concentrations in solution were measured at pH =1 as
shown in Figure 10. The result shows that chromium(VI1) ions were completely removed from the
aqueous solution at this pH and chromium(111) ions were generated which were not present in the original
solution. This result demonstrates that there is not only an adsorption mechanism of chromium(V1) but
also a reduction mechanism taking place in this pH range. That is, the oxo anionic species of
chromium(VI1) that is adsorbed on the adsorbent by the esterification reaction as described earlier is
reduced to chromium(l11) by the electron rich polyphenolic aromatic ring that supplies electrons for the
reduction reaction as described by the following reactions:

CrO4* + 8H" + 3¢~ — Cr®* + 4H.0 (1)

After reduction, the adsorbed chromium is released into the aqueous solution in the form of chromium(lll)
ions, thus increasing the concentration of chromium(l11) in the solution with contact time.

Isotherm studies were carried out to investigate the effect of metal concentration on the adsorption
of chromium(V1) on the CPW gel. Figure 11 shows the experimental isotherm plots for chromium(V1I)
adsorption by the CPW gel at different pH values ranging from 1 up to 4. From the result in this figure,
the adsorption of chromium(V1) at all the pH values tested appears to take place according to the
Langmuir model, that is, the amount of adsorption increases with increasing chromium(\/1) concentration
at low concentration while it tends to approach constant values corresponding to each pH at high
concentration in the aqueous solution.
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Figure 10. Time variation of the concentrations of chromium(V1) and chromium(l11) as well
as total chromium in the aqueous solution at pH = 1 during adsorption [23] (with permission
for reuse from Elsevier B.V.).
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Figure 11. Adsorption isotherms of chromium(VI) on CPW gel [23] (with permission for
reuse from Elsevier B.V.). o pH 1, ApH 2, o pH 3, ¢ pH 4.

From the Langmuir plots of these experimental results, the maximum adsorption capacities of
chromium(V1) on the CPW gel were evaluated as 7.18, 6.11, 2.38 and 1.96 mol kgt at pH = 1, 2, 3 and
4, respectively. This result demonstrates the increasing maximum adsorption capacity with decreasing
pH, indicating that chromium(VI) removal by the CPW gel is greatly influenced by hydrogen ion.

Table 2 shows the maximum adsorption capacities reported for various adsorbents for comparison,
which shows that the polyphenol-containing adsorbents such as mimosa tannin (condensed tannin) [4]
and persimmon tannin [26] have higher adsorption capacities than other biomasses adsorbents such as
grape gel [25], chitosan [27,28] and sugarcane bagasse [29]. It is noteworthy that the CPW gel containing
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polyphenol groups investigated in this study has the highest adsorption capacity among these, and it is
also much higher than those of other tannin-containing gels.

Table 2. The maximum adsorption capacity for chromium ion(V1) for different adsorbents.

Adsorbent pH Temperature [K] Maximum Adsorption Capacity (mol kg™) Reference
Mimoza tannin 2.0 303 5.52 [4]
Persimmon tannin 3.0 303 5.27 [26]
Quaternary chitosan 45 298 0.58 [27]
Sugarcane bagasse 3.0 298 1.97 [29]
Ocimun americanum 15 300 1.60 [30]
Crosslinked grape gel 4 303 1.91 [25]
Carbonized wheat straw 2 303 1.67 [31]
Carbonized barley straw 3 303 1.68 [31]
CPW gel 1 303 7.18 [23]

Similar to the cases of other metals, mutual separation of chromium(VI) from other metals such
as zinc(ll), for example, was tested on the basis of the results of the batch wise experiments

mentioned earlier.
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Figure 12. Breakthrough profiles of various chromium and zinc species from the column
packed with CPW gel at pH = 1.0 [23] (with permission for reuse from Elsevier B.V.).

o: Total Cr A: Cr(IIT) : Cr(V1) ¢: Zn(Il).

Figures 12 and 13 show the breakthrough profiles of zinc(l1), total chromium and chromium(V1) at
pH = 1 and 4, respectively, for a column packed with the CPW gel using an initial feed solution
containing 0.5 mmol dm™2 chromium(V1) and 5 mmol dm™3 zinc(I1). From these figures, it is seen that
breakthrough of zinc(I1) took place just after the initiation of the feed whereas that of chromium(VI)
occurred later, suggesting that mutual separation between zinc(l1) and chromium(V1) is feasible using
the CPW gel. The breakthrough of zinc(l1) ion just after the start of feeding is due to the non-adsorbing
nature of this ion at this pH on the CPW gel. Although some amount of total chromium was found
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to have leaked from the column from the start of the feeding at pH = 1, no chromium(VI) was detected
in the outlet solution; i.e., the total chromium detected in the outlet solution is concluded to be
chromium(I11) reduced from chromium(V1) in the feed solution by the aid of the CPW gel as described
earlier. Consequently, it is apparent that small or trace amounts of chromium(V1) can be completely
removed from an excess concentration of zinc(ll) by using the column packed with the CPW gel,
indicating that it can be applicable for the treatment of effluent generating from chromium plating
industries which contain high concentration of zinc(l1) but low concentration of chromium(V1).
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Figure 13. Breakthrough profiles of various chromium and zinc species from the column
packed with CPW gel at pH = 4.0 [23] (with permission for reuse from Elsevier B.V.).
o: Total Cr A: Cr(IIT) o: Cr(VI) ¢: Zn(Il).

5. Recovery of Gold from Acidic Chloride Media by Means of Coagulation Using Persimmon
Tannin Extract Liquor

Nowadays, precious metals such as gold, silver and platinum group metals (PGM) are in extensive
use not only as traditional jewelry materials but also as useful components in a variety of well-known
advanced applications such as electric and electronic devices, catalysts, and medical instruments.
Since these metals are limited resources existing only in small amounts on the earth, they should be
effectively recovered from various wastes for recycling and reuse purposes. From an economical point
of view, the recovery process should be such that the precious metals are highly selectively separated
from base metals such as iron, copper, and zinc which often coexist with the precious metals in
disproportionate amounts.

Due to the high price of precious metals, they have been recovered from various wastes for many
years. According to the classical refining method of precious metals, feed materials including various
wastes are leached using aqua regia, where gold, platinum and palladium are dissolved leaving other precious
metals like silver as well as base metals in leach residue. From the leach liquor, gold is recovered at first
as gold sponge by means of the reduction using various reducing agents like ferrous sulfate, followed by
the recovery of platinum and palladium using ammonium chloride. However, because such conventional
methods are tedious and require a significant amount of energy as well as long processing times, it is
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currently being replaced by new methods which involve the complete dissolution of feed materials using
chlorine containing hydrochloric acid except for silver, followed by solvent extraction and ion exchange
or distillation for selective separation into high purity of each precious metal. In this dissolution process,
chlorine is dissociated into hydrochloric acid and hypochlorous acid which functions as oxidation agent
and is converted into hydrochloric acid. Consequently, the mutual separation among precious metals by
means of solvent extraction and ion exchange is carried out from hydrochloric acid. Solvent extraction
reagents as well as diluents and ion exchange resins, synthetic organic materials, are not environmentally
benign taking account of their dissolution in water and the treatments after their use. On such viewpoints,
we attempted to employ persimmon tannin extract (kakishibu), a natural material, as a coagulating agent
for the refining of gold while, as mentioned earlier, persimmon tannin extract has been employed as a
coagulating agent for proteins for a long time [32]. In the present work, persimmon tannin extract liquid
was kindly donated by Tomiyama Corp., Kyoto, Japan, and employed by diluting with water into
10 (V/IV) % aqueous solution.

As shown in Figure 14, the minor addition of the persimmon tannin extract into hydrochloric acid
solution containing gold(I11) ions caused an observable color change of the solution, which gradually
became turbid. In the course of time, such dark turbid materials were coagulated and sank down on the
bottom of vessel. After the filtration of the coagulated materials, the filter cake was observed by using
an optical microscope and by means of X-ray diffraction (XRD) analysis.

. Addition of small volume of . . . . .
Gold(I11) solution . . Generation of turbid materials ~ Formation of precipitate
persimmon extract solution

Figure 14. Change in the hydrochloric acid solution containing small amount of gold(l11)
after the addition of trace volume of persimmon extract liquid [32] (with permission for reuse
from The Society of Chemical Engineers of Japan).

Figure 15. Image of the filter cake of the precipitate generated by the addition of persimmon
extract liquor into the gold(l11) solution observed by optical microscope (><800).
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Figure 15 shows the image of the filter cake observed by an optical microscope. Aggregates of
brilliant yellow fine particles are observed in the filter cake.

From the observation by the X-ray diffraction pattern of the filter cake, 4 sharp peaks were confirmed
at 20 = 38.2, 44.4, 64.6 and 77.5 degree, surely suggesting the existence of metallic gold.

From these observations, it can be concluded that gold(ll1) ion was reduced into elemental gold
(gold(0)) and coagulated into the aggregates by the aid of persimmon tannin extract.

Similar coagulation tests were carried out for hydrochloric acid solutions containing other metal ions.
Figure 16 shows the plots of % recovery as coagulated precipitates against hydrochloric acid concentration
for the individual solutions of platinum(lV), palladium(ll), copper(ll), zinc(ll), and iron(l11) as well
as gold(11l).
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Figure 16. Percentage recovery of various metal ions by means of coagulation using
persimmon extract liquor from varying concentration (mol dm™) of hydrochloric acid
solution [32] (with permission for reuse from The Society of Chemical Engineers
of Japan).

As seen from this figure, the recovery of other metal ions is negligible, suggesting that only gold is
much selectively recovered by this method using persimmon tannin extract. The high selectivity to gold
is attributable to the higher oxidation reduction potential (ORP) of gold(lI1) ion than other metal ions.

The reduction of gold(l11) ions to metallic gold (gold(0)) is inferred to take place according to the
following reactions where P stands for the polymer matrices of persimmon tannin.

P —Ph-OH P —Ph=0+H"+e

AuCl, + 4H" + 3¢ =—— Au®+4HcCl

Figure 17 shows the time variation of the % recovery of gold from 0.1 mol dm hydrochloric acid
solution at varying temperatures. As seen from this figure, although it takes very long time to reach the
quantitative recovery at 293 and 303 K, such kinetic behavior of the gold recovery can be much improved
by elevating temperature.
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Figure 17. Percentage recovery of gold(l1l) by means of coagulation using persimmon
extract liquor from 0.1 mol dm™2 hydrochloric acid solution at varying temperatures [32]
(with permission for reuse from The Society of Chemical Engineers of Japan).

6. Adsorptive Recovery of Gold from Acidic Chloride Media Using Gels of Dried Persimmon
Tannin Extract and Waste of Persimmon Peel

As mentioned in the preceding section, the liquid of persimmon tannin extract exhibits a strong
reduction behavior for gold. On the basis of such observation, we carried out the adsorptive recovery of
gold using a CPT gel [33] which was employed for the adsorptive removal of cesium(l) as described in
the former section and also using the gel prepared from persimmon peel waste generated in the
production of dried persimmon fruit still containing large quantities of persimmon tannin [34].

Figures 18 and 19 show the % adsorption of gold(l11), platinum(1V) and palladium(l1) as well as some
base metals such as copper(ll) from varying concentration of hydrochloric acid solution on CPT gel and
crude persimmon tannin extract (PT) powder for comparison, respectively.

Quantitative adsorption of gold(l11) was achieved on CPT gel over the whole concentration range
of hydrochloric acid while the adsorption of gold(l11) on crude PT powder decreased significantly in
higher acid concentration regions (greater than 3.0 mol dm™). Although both adsorbents exhibited about
10%-20% adsorption for platinum(1V) and palladium(ll), the adsorption of base metals was practically
negligible under the present experimental conditions. The remarkably high selectivity of CPT gel for
gold(I11) over base metals as well as platinum(lV) and palladium(ll) in a wide concentration range of
hydrochloric acid is immensely useful for selective and quantitative recovery of gold(l11) from acidic
chloride media.
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Figure 18. Percentage adsorption of various metal ions on CPT gel as a function of
concentration of hydrochloric acid [33] (with permission for reuse from Elsevier B.V.).
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Figure 19. Percentage adsorption of various metal ions on crude PT powder as a function of
concentration of hydrochloric acid [33] (with permission for reuse from Elsevier B.V.).

Figure 20 shows the adsorption isotherms of gold(l11) on CPT gel and crude PT powder. As seen from
this figure, it is clear that the amount of gold(111) adsorption on both adsorbents increased with increasing
metal concentration of the test solution and tended to approach the constant value. That is, the gold(111)
adsorption capacity of both adsorbents tended to approach a constant value at around 4.5 mol kg™.
Interestingly, as can be seen in this figure, gold(lll) adsorption capacity of both adsorbents again
increased, after tending to approach the constant value, with further increase in gold(l11) concentration in the
test solution, resulting a typical BET type adsorption isotherm based on multilayer adsorption model.
Consequently, the gold uptake capacity of CPT gel reached as high as 7.7 mol kg™
(=1.52 kg-gold kg l-dry adsorbent) and that of crude PT powder reached 5.8 mol kg™
(=1.14 kg-gold kg *-dry adsorbent), respectively, suggesting that greater quantities of gold(lI1) relative
to the dry weight of these adsorbents were adsorbed. From this result, it is clear that CPT gel is more
effective than the crude PT powder for uptake of gold(l11) from hydrochloric acid solutions. The higher
uptake of CPT gel than crude PT powder towards gold(I11) may be attributable to the improvement of
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structure or surface morphology of the polymer matrices of the gel through crosslinking related to the
adsorption coupled reduction mechanism. That is, it was found in our previous work that polysaccharides
such as cellulose which have no functional groups for binding metal ions exhibit very high affinity only
for gold to give rise to metallic gold particles by special reduction reaction after the crosslinking using
concentrated sulfuric acid [2]. In the case of CPT gel, in addition to the reductive adsorption of
persimmon tannin itself, the crosslinked polysaccharides coexisting in CPT gel may exhibit the
additional reductive adsorption for gold(l1l).
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Figure 20. Adsorption isotherms of gold(I11) on CPT gel and crude persimmon extract tannin
(PT) powder from 0.1 mol dm™ hydrochloric acid solution [33] (with permission for reuse
from Elsevier B.V.).
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Figure 21. FT-IR spectra of CPT gel before and after the adsorption of gold(l11) [33] (with
permission for reuse from Elsevier B.V.).

The above-mentioned mechanism of adsorption of gold(l11) followed by reduction to elemental
gold was supported by the observation of FT-IR spectra before and after the adsorption of Au(lll) on
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CPT gel and crude PT powder as presented in Figures 21 and 22, respectively. In the FT-IR spectrum
after gold adsorption, the intensity of the band at 1709 cm™ assigned for quinine type C=0 stretching
was increased. It is interesting to note that the band at 1185 cm™! attributable to C=C-O asymmetrical
stretching was also increased in intensity. These results support the fact that oxidation of phenolic
hydroxyl groups has actually taken place as mentioned earlier during the adsorption of gold(l1l) on
phenol-rich tannin matrix.
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Figure 22. FT-IR spectra of crude PT powder before and after the adsorption of gold(l11) [33]
(with permission for reuse from Elsevier B.V.).

Once the adsorption occurs, reduction of gold(l11) to elemental gold also takes place. The elemental
gold is aggregated and released from the surface of the adsorbents creating active vacant sites for further
adsorption, leading to an apparent uptake of higher amounts of gold(lll). Consequently, it is not
unreasonable to consider that the unique BET type of adsorption behaviors of CPT gel and crude PT
powder towards gold(111) may be attributable to the adsorption-reduction cycles as such.

The details of the adsorption kinetics of gold(I11) on both the adsorbents were studied by varying the
solution temperature from 293 to 323 K and the results are presented in Figure 23 for CPT gel as an
example. Although similar kinetic behavior was observed for crude PT powder, it was relatively faster
than that observed for the CPT gel at the initial stage of adsorption. However, it also required longer
times to reach equilibrium. This result is attributable to the high aqueous solubility of crude PT powder
since tannin molecules of low molecular weight existing in crude PT powder are dissolved in the solution
at the initial stage of the contact. Because the interaction of these dissolved molecules with gold(l1l) ion
in solution is the homogeneous reaction, it takes place more rapidly than does the heterogeneous reaction
taking place in the case of gold(I11) adsorption on solid surface of CPT gel particles.
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Figure 23. Time variation of the adsorption of gold(lll) on CPT gel at different
temperatures [33] (with permission for reuse from Elsevier B.V.).

The adsorption rates for both adsorbents at different temperatures were analyzed in terms of the
pseudo-first-order kinetic model according to the following equation:

In[l— g—j =-kt 2)

where, ge and g are the amount of adsorbed metal (mol kg™?) at equilibrium and any time, respectively,
and ki1 (h™1) is the pseudo-first-order rate constant. The fitting of this rate expression was checked by
linear plot of In{1—(qv/ge)} vs. t at four different temperatures. It was confirmed that the plots were lying
on proportional straight lines with the correlation coefficient greater than 0.96.

The relationships between the evaluated pseudo-first-order rate constant and temperature were
rearranged according to the Arrehnius equation as shown below:

ki= A g ERT 3)

where ki is rate constant, Ea is activation energy, T is absolute temperature, A is Arrehenius constant and
R is gas constant.

The results are shown in Figure 24 for CPT gel as an example. From the slopes of the straight line in
this figure, the apparent activation energy, Ea, was evaluated as 73 kJ/mol for CPT gel. Similarly, that
for crude PT powder was evaluated as 54 kJ/mol.

Similar experimental work was carried out using the adsorption gel prepared by the same method
from persimmon peel waste generated in the production of dried persimmon fruit [34]. Such waste still
contains large quantities of persimmon tannin. This gel is abbreviated as PP (persimmon peel) gel,
hereafter. Figure 25 shows % adsorption of various metal ions including precious metals such as
gold(ll), platinum(lV) and palladium(ll) as well as base metals such as copper(ll) and iron(lll) on
PP gel from varying concentration of hydrochloric acid containing individual metal ions. Similar to the
adsorption on CPT gel, selective adsorption nearly only to gold(I11) was observed also in this case.
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Figure 24. Arrhenius plots for the pseudo-first-order rate constants for CPT gel where the
straight line is expressed by the linear equation, Y = —8.57x + 26.7, with the correlation factor
(R?) = 0.9671 [33] (with permission for reuse from Elsevier B.V.).

100 = = = - " s
[ |
80 &Fe(m)
| Au ()
AIn(I)
. 60 | oCu(m)
=53 OPd()
< I OPtav)
40 ° S V)
20 o
> O = A. O o o -
A : O ,D A
0 |
0.1 1 10
HC 1

Figure 25. Percentage adsorption of some metal ions on PP gel from varying concentration
(mol dm~3) of hydrochloric acid [34] (with permission for reuse from Elsevier B.V.).

Figure 26 shows the adsorption isotherm of gold(l11) on PP gel from 1 mol dm™3 hydrochloric acid
solution as well as those on the adsorption gels prepared from peels of lemon and grape by the same
method for comparison.

Similar to the case of CPT gel, typical BET type adsorption isotherms based on multilayer adsorption
model were also observed for these adsorption gels. Extraordinary high amounts of gold(I11) adsorption
are noteworthy on the adsorbents of PP gel and lemon gel in particular; i.e., the maximum adsorption
amount observed for PP gel is as high as around 9 mol kg* (=1.77 kg-gold kg *-dry adsorbent),
suggesting that considerably greater quantity of gold(l11) was adsorbed also on this gel relative to the
dry weight of the adsorbent.

Also in this case, it was confirmed by XRD analysis that the adsorbed gold(l11) existed as metallic
gold on the adsorbent similar to the case of CPT gel. Figure 27 shows the image of the filter cake
observed by optical microscope, after the adsorption of gold(l11) on PP gel followed by filtration. It is
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evident from this figure that the brilliant gold particles surely exist in the filter cake separated from the
gel particles.
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Figure 26. Adsorption isotherms of gold(111) from 1 mol dm~2 hydrochloric acid solution on
the adsorption gels prepared from peels of persimmon, lemon and grape treated in boiling
concentrated sulfuric acid [34] (with permission for reuse from Elsevier B.V.).

Figure 27. Image of filter cake after the adsorption of gold(l11) on PP gel observed by an
optical microscope. Brilliant yellow is the particle of metallic gold while black materials are
particles of PP gel.

It may be inferred that the surfaces of CPT and PP gels as well as PT powder function as catalysts for
the reductive adsorption reaction of gold(l11) as follows: (1) adsorption of gold(l11) ion on the surface;
(2) reduction of gold(11) ion into metallic gold (gold(0)); (3) release of nanoparticles of metallic gold
from the surface and (4) formation of aggregates of nanoparticles of metallic gold. The extraordinary
high selectivity and high adsorption capacity for gold(111) may be attributable to this mechanism. In the
step (1), the adsorption takes place by the interaction of anionic tetrachloro-complex of gold(l11), AuCla™,
with phenolic hydroxyl groups of persimmon tannin molecules, which is followed by the reduction of
the step (2). Here, the phenolic hydroxyl groups are oxidized into quinone groups, which are again
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converted into phenolic hydroxyl groups by the aid of hydrogen ions and again take place the adsorption
followed by the reduction reaction. Consequently, such reductive adsorption takes place only under
acidic conditions.

7. Chemical Modification of Persimmon Tannin Extract and Persimmon Waste and the
Adsorption Behaviors of the Modified Gels

Although, as mentioned earlier, CPT and PP gels were found to exhibit extraordinary high selectivity
for gold(111), we further attempted to enhance the affinity also for platinum(1V) and palladium [35-40].
It is easy to chemically modify persimmon tannin extract and persimmon waste including persimmon
peel by immobilizing a variety of functional groups which exhibit special affinities for some metal ions
onto their surface similar to other biomass wastes [41,42]. In our research works, persimmon waste was
chemically modified by immobilizing functional group of dimethylamine (DMA) to prepare the
adsorption gel functioning as a typical weak base type of anion exchange material and investigated its
adsorption behavior for some precious and base metals from hydrochloric acid solutions [35,36]. Further,
a variety of adsorption gels were prepared from persimmon tannin extract powder by the chemical
modifications immobilizing other functional groups such as tertiary amine where the immobilized tertiary
amine groups function as quaternary ammonium compounds (QA) [37], a typical strong base, as well as
tetraethylenepentamine (TEPA) [38], glycidyltrimethyl ammonium (GTA), aminoguanidine (AG) [40],
and bisthiourea (BTU) [41]. These are abbreviated as DMA-PW gel and QAPT, BTU-PT, AG-PT,
TEPA-PT and GTA-PT gels, respectively, hereafter.

DMA-PW gel was prepared according to Scheme 3. Powder of PW, the same feed material employed
for the adsorptive removal of chromium(VI) mentioned earlier, was interacted with para- formaldehyde,
1,4-dioxane, acetic acid, phosphoric acid and hydrochloric acid to prepare the chloromethylated
intermediate product. Here, the polymer matrices of PT are not only chloromethylated but also crosslinked
by the aid of paraformaldehyde under acidic condition. It was then interacted with dimethylamine to
prepare the final product. The abundance of dimethylamine groups in the DMA-PW gel thus prepared
was evaluated as 2.09 mol kg dry gel.
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Scheme 3. Synthetic route of dimethylamine modified persimmon waste (DMA-PW) gel.

Figure 28 shows % adsorption of various metal ions on DMA-PW gel from varying concentration of
hydrochloric acid solution. Although only gold(l11) is selectively adsorbed on CPT and PP gels to any
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considerable extent as mentioned earlier, adsorption is observed not only for gold(I1l) but also for
platinum(1V) and palladium(l1) while no affinity was observed for base metals such as copper(ll),
iron(111), nickel(Il), and zinc(1l) in the case of DMA-PW. This result indicates that the precious metals
can be selectively recovered from any other coexisting base metal ions in hydrochloric acid medium
using the DMA-PW gel. Additionally, the % adsorption of the precious metals decreased with increasing
hydrochloric acid concentration though nearly quantitative adsorption was observed for gold(l11) over
the whole concentration region of hydrochloric acid similar to the cases of CPT and PP gels.
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Figure 28. Percentage adsorption of various metal ions on DMA-PW gel from varying
concentration (mol dm~3) of hydrochloric acid solution [36] (with permission for reuse from
Elsevier B.V.).

In acidic chloride media, tertiary amine group of DMA-PW gel is protonated as follows:

RN(CHs)2 + HCI <> RNH*(CHa)2CI- (4)

The protonated DMA-PW gel is interacted with anionic chloride complexes of gold(ll),
palladium(Il) and platinum(1V), AuCls™, PtCle?>" and PdCl4s?", to form ion pair complexes on the gel
surface as follows.

RNH*(CHz3)2Cl™ + AuCls™ < [RNH*(CHz3)2]AuCls™ + CI (5)
2RNH*(CH3):CI™ + PtCle>” <> [RNH*(CHa)z]2 PtCle? + 2CI- (6)
2RNH*(CH3)2CI™ + PdCli2~ — [RNH*(CHs)z]2 PdCls> + 2CI- )

The decrease in the amount of adsorption of these metal ions with increasing hydrochloric acid
concentration as shown in Figure 28 can be reasonably interpreted by the above-described adsorption
reaction equations. However, the adsorbed gold(l11) ion is further reduced by the aid of the functional
groups of polyphenols of persimmon tannin into metallic gold similar to the cases of CPT and PP gels.

Figure 29 shows the time variations of amount of the adsorption of gold(l1l) on CPW and DMA-PW
gels for comparison, which clearly indicates that equilibrium is attained within 5 h in the case of
DMA-PW whereas it takes much longer in the case of the CPW gel; that is, as a consequence of the
chemical modification immobilizing the dimethylamine functional groups, the adsorption kinetics of
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gold(111) was significantly enhanced by the interactions between the protonated amine groups and
anionic chloro-complex of gold(l1l).
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Figure 29. Time variation of the amount of gold(IIl) on CPW (e)gel and DMA-PW (m)gel
from 0.1 mol dm~ hydrochloric acid solution [36] (with permission for reuse from
Elsevier B.V.).

From the studies of adsorption isotherms of gold(l1l), platinum(lV) and palladium(ll) on DMA-PW
gel, it was found that all of these are satisfactorily fitted with the Langmuir’s adsorption isotherm and
the maximum adsorption capacities were evaluated as 5.63, 0.26 and 0.42 mol kg1, respectively, while
that of gold(I11) on CPW gel was evaluated as 4.94 mol kg . Compared with the adsorption of platinum(IV)
and palladium(Il), the extraordinary higher adsorption capacities of gold(l11) are noteworthy, which is
attributable to the reduction of the adsorbed gold(l11) ion into metallic gold (gold(0)) by the polyphenolic
functional groups of persimmon tannin as mentioned earlier. In addition, the adsorption capacity of
gold(l11) itself is also enhanced by this chemical modification.

On the basis of the above-mentioned results of the batch wise experimental works, an adsorption tests
was conducted for the recovery of precious metals from actual industrial effluent sample, which is an
acidic chloride solution dissolving various metal scraps generated in a precious metals industry. Since
the CPW gel has exhibited high selectivity and capacity only for gold, while the DMA-PW has exhibited
a high selectivity for palladium and platinum, the flow experiment was conducted using a column packed
with PW gel at first for the separation of gold(lI1) from platinum(IV) and palladium(ll), connected in
series with the second column packed with DMA-PW gel for recovering platinum(1V) and palladium(ll).
Here, the acid concentration was around 1 mol dm~3 and the concentrations of precious metals and some
base metals in the actual test solution were as follows (in mg dm~3): Cu 3360, Zn 1040, Fe 760, Au 100,
Pd 6.3, and Pt 4.1.

Figures 30a and 31a show the breakthrough profiles from the first column packed with the CPW gel
and from the second column packed with DMA-PW gel, respectively. As seen from these figures,
gold(11) is selectively separated from platinum(IV), palladium(Il) and base metals at the first column
while platinum(IV) and palladium(ll) are separated from all base metals at the second column. All
precious metals adsorbed in these columns were effectively eluted using a mixture of 0.1 mol dm3
thiourea in 1 mol dm™2 hydrochloric acid solution as shown in Figures 30b and 31b. The % recovery of
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gold(11), platinum(I1V) and palladium(1l) were 94.2%, 92.9% and 96.1%, respectively. Almost complete
recovery of the loaded precious metal ions including the metallic gold from the loaded gel using acidic
thiourea solution verifies the easy regeneration of the gel for repeated use. These findings are highly
encouraging in terms of consistent recovery of precious metals from actual complex mixtures.
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Figure 30. (a) Breakthrough profiles of various metal ions contained in the sample solution
of the actual effluent of the precious metals industry from the first column column packed
with CPW gel; (b) Elution profiles of various metal ions from the first column using aqueous
mixture of 0.1 mol dm2 thiourea in 1 mol dm™ hydrochloric acid solution [36] (with permission
for reuse from Elsevier B.V.).
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Figure 31. (a) Breakthrough profiles of various metal ions from the second column packed
with DMA-PW gel; (b) Elution profiles of various metal ions from the second column using
aqueous mixture of 0.1 mol dm™3 thiourea in 1 mol dm hydrochloric acid solution [36]
(with permission for reuse from Elsevier B.V.).
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The chemical structures of QAPT, BTU-PT, AG-PT, TEPA-PT and GTA-PT gels are shown in

Scheme 4.
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Scheme 4. Chemical structures of the gels prepared from persimmon tannin extract
powder via chemical modification immobilizing functional groups of quaternary ammonium

(QA), bisthiourea (BTU), aminoguanidine (AG), tetraethylenepentamine (TEPA) and
glycidyltrimethyl ammonium (GTA) where P stands for persimmon tannin moiety.

Figure 32 shows the % adsorption of various metal ions at varying concentrations of hydrochloric
acid on these chemically modified gels for comparison. As seen from this figure, although platinum(1V),
palladium(I1) and gold(l1) in particular are adsorbed on all of these modified gels, only negligible
adsorption takes place for the base metals. Among these gels, it is noticeable that QAPT gel exhibits
preferable adsorption behavior compared with other modified gels not only for gold(l1l) but also for
platinum(l1V) and palladium(ll) over the relatively wide concentration range of hydrochloric acid. That
is, the adsorption of gold(I11) on QAPT gel is nearly quantitative over the whole concentration region of
hydrochloric acid. Additionally, nearly quantitative adsorption of palladium(ll) and platinum(IV) was
achieved in the low concentration range (0.1-1.5 mol dm™) of hydrochloric acid. From the comparison
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of this figure with Figure 28, it is evident that the adsorption of palladium(lI1) and platinum(IVV) on QAPT
gel is much higher than that on DMA-PW gel. Both of tertiary amine functional groups of DMA-PW gel
protonated in acidic solutions and quaternary ammonium functional groups of QAPT containing positive
charges regardless of pH interact with negatively charged chloro-complexes of precious metals by
electrostatic interactions. However, because the basicity of QAPT gel is stronger than that of MDA-PW
gel, the interaction by the former is stronger than that by the latter. Furthermore, because precious metals
such as gold(l11), platinum(1V) and palladium(ll) give rise to much more stable chloro-complexes with
chloride ion, much more negatively charged complexes, than base metals such as iron(111), zinc(ll) and
copper(Il), these precious metals are much more preferentially adsorbed on these modified gels, which
may be inferred to be the origin of the high selectivity to precious metals over base metals.
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Figure 32. Percentage adsorption of various metal ions on some chemically modified PT gel
from varying concentration of hydrochloric acid. ¢ Au(Ill), o Pd(Il), A Pt(IV), | Cu(ID),
xZn(II), A Ni(II), * Fe(III).



Metals 2015, 5 1951

The results acquired from the adsorption isotherm studies of gold(lll), palladium(ll), and
platinum(IV) on these modified gels suggested that they were adequately fitted with the Langmuir type
adsorption isotherms. The maximum adsorption capacities of these precious metals on these modified
gels as well as the DMA-PW gel evaluated according to the Langmuir’s equation are listed in Table 3
together with those on other adsorbents for comparison.

Table 3. The maximum adsorption capacities of gold(l1), platinum(IV) and palladium(Il)
on various adsorbents.

Maximum Adsorption ]
HCI Concentration

Adsorbent Capacity (mol kg™) Reference
(mol dm=2) or pH
Au(lll)  Pt(IV)  Pd(l1)
Persimmon extract tannin (PT) powder 5.89 - - 0.1 [33]
Crosslinked persimmon tannin (CPT) 7.7 - - 0.1 [33]
Crosslinked persimmon waste (CPW) 4.95 - - 0.1 [35,36]
Dimethylamine modified persimmon waste (DMA-PW) 5.63 0.28 0.42 0.1 [35,36]
Quaternary ammonium modified persimmon tannin (QAPT) 4.16 0.52 0.84 0.1 [37]
Tetraethylenepentamine- modified persimmon tannin (TEPA-PT) 5.93 1.48 1.76 0.1 [38]
Glycidyltrimethyl ammonium chloride modified persimmon
. 3.30 1.00 1.67 0.1 [39]
tannin (GTA-PT)

Aminoguanidine modified persimmon tannin (AG-PT) 8.90 1.00 2.00 0.1 [40]
Bisthiourea modified persimmon tannin (BTU-PT) 5.22 0.70 1.72 0.1 [41]
Quaternary ammonium modified microalgal residue 1.33 2.95 0.1 [43]

Crosslinked microalgal residue 3.25 0.15 0.25 0.1 [44]
Crosslinked chitosan 1.6 2.1 0.01 [1]
Collagen fiber immobilized bayberry tannin 0.495 0.80 pH=5.6 [45]

pH = 1 for Pt;
Lysine modified cross-linked chitosan 0.35 0.66 1.03 pH = 2 for Pd, [46]

and Au

Glycine modified cross-linked chitosan 0.86 0.62 1.13 pH=2 [47]
PEI-modified corynebacterium glutamicum 1.66 0.1 [48]
Ethylenediamine modified chitosan nanoparticle 0.87 1.30 pH=2 [49]
Thiourea-modified chitosan microsphere 0.66 1.06 pH=2 [50]
Duolite GT-73 0.58 0.26 pH=2 [51]
Polyallylamine modified Escherichia coli biomass 2.50 pH=3 [52]
Dimethylamine modified waste paper 4.60 0.90 2.10 1 [42]

Among these modified persimmon tannin gels, the high adsorption capacities of TEPA-PT, GTA-PT,
AG-PT and BTU-PT not only for gold(l11) but also for platinum(IV) and palladium(l1) are noteworthy
though the concentration range of hydrochloric acid effective for the high adsorption is limited. Also for
these modified persimmon tannin gels, the exceptionally high adsorption capacities for gold(lll) are
attributable to the combination of adsorption and reduction into metallic gold particles by the aid of
polyphenolic groups of persimmon tannin, which was confirmed by the observations using optical
microscope and XRD.

The adsorption kinetics of gold(l1), palladium(Il) and platinum(IV) on the QAPT gel were studied
in detail and compared with that of gold(l111) on crude PT powder. It was observed that equilibrium was
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attained within 2 h for palladium(Il) and platinum(IV) for the adsorption on QAPT gel, whereas it was
attained within 6 h for gold(l11) adsorption. On the other hand, the crude PT powder requires 24 h to
reach equilibrium of gold(l11) adsorption under the same condition. The rapid kinetics of gold (l11)
adsorption with the QAPT gel is attributable to the effect of abundant quaternary ammonium groups,
which concentrate the reactant species, AuCls™, on the gel surface by anion exchange adsorption,
enhancing the reduction rate of gold(l1).

8. Conclusions

Persimmon tannin extract rich in polyphenol compounds has been traditionally employed for various
purposes such as tanning of leather, natural dyes and paints as well as coagulating agents for proteins in
East Asian countries. By effectively using special characteristics of persimmon tannin extract and
persimmon wastes which have not been utilized to date, new separation technologies were developed
using adsorption gel prepared from these feed materials by a simple treatment in boiling sulfuric acid in
the authors’ previous research works. These are as follows.

(1) Adsorptive separation of trace concentration of uranium(VI) and thorium(lll) from rare
earths(111), which can be expected to be used for resolving the environmental problems of rare
earth mines.

(2) Adsorptive removal of cesium(l) from other alkaline metals such as sodium, which can be
expected to be useful for the remediation of water resources or wetlands that have been polluted
by the accidents of atomic energy facilities or atomic energy wastes.

(3) Adsorptive removal of chromium(VI) from other metal ions such as zinc(ll), which can be
expected to be useful for the treatment of spent chromium plating solutions.

(4) Highly selective adsorptive recovery of gold(l11) from acidic chloride media in the form of fine
particles of metallic gold in which gold(l1l) ions are reduced to metallic gold by the catalytic
reduction mechanism functioned by hydroxyl groups contained in these gels.

Additionally, such reduction reaction for gold(lll) was also observed in the precipitation using
persimmon extract liquid itself as a coagulating agent. These interesting behaviors exhibited by
persimmon extract and persimmon wastes can be expected to be effectively used for the recovery of gold
from various waste including e-wastes.

Furthermore, it was also found that these persimmon tannin extracts and persimmon wastes can be
easily chemically modified by immobilizing a variety of functional groups such as quaternary ammonium
compounds to improve the adsorption behaviors for platinum(IV) and palladium(ll).

Acknowledgments

The authors are greatly indebted for the financial support for the study of cesium(l) removal by
Grant-in-Aid for Challenging Exploratory Research by Japan Society for the Promotion of Science
(JSPS), for that of gold recovery by the Industrial Technology Research Grant Program in 2006 by the
New Energy and the Industrial Technology Development Organization (NEDO), Japan, and for those of
the recovery of chromium(V1) and precious metals by the Grant-in-Aid for Scientific Research about
Establishing a Sound Material-Cycle Society by the Ministry of Environment of Japanese Government.



Metals 2015, 5 1953

We are also indebted to Hiroshi Murakami, Kumiko Kajiyama, Rie Yamauchi and Hisashi Nakagawa
for their experimental works.

Author Contributions

Manju Gurung contributed to the works related to Sections 3, 6, and 7. Ying Xiong contributed to the
works related to Sections 6 and 7. All of other authors contributed equally to this work.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Inoue, K.; Baba, Y.; Yoshizuka, K. Adsorption of metal ions on chitosan and crosslinked
copper(I1)-complexed chitosan. Bull. Chem. Soc. Jpn. 1993, 66, 2915-2921.

2. Pangeni, B.; Paudyal, H.; Abe, M.; Inoue, K.; Kawakita, H.; Ohto, K.; Adhikari, B.B.; Alam, S.
Selective recovery of gold using some cross-linked polysaccharide gels. Green Chem. 2012, 14,
1917-1927.

3. Sakaguchi, T.; Nakajima, A. Recovery of uranium from seawater by immobilized tannin.
Sep. Sci. Technol. 1987, 22, 1609-1623.

4. Nakano, Y.; Takeshita, K.; Tsutsumi, T. Adsorption mechanism of hexavalent chromium by redox
within condensed-tannin gel. Water Res. 2001, 35, 496-500.

5. Matsuo, T.; Ito, S. The chemical structure of Kaki-tannin from immature fruit of the persimmon
(Diospyros kaki L.). Agric. Biol. Chem. 1978, 42, 1637-1643.

6. Sakaguchi, T.; Nakajima, A. Accumulation of uranium by immobilized persimmon tannin.
Sep. Sci. Technol. 1994, 29, 205-221.

7. Inoue, K.; Kawakita, H.; Ohto, K.; Oshima, T.; Murakami, H. Adsorptive removal of uranium and
thorium with a crosslinked persimmon peel gel. J. Radioanal. Nucl. Chem. 2006, 267, 435-442.

8. Inoue, K.; Alam, S. Refining and mutual separation of rare earths using biomass wastes. JOM 2013,
65, 1341-1347.

9. Sangvanich, T.; Sukwarotwat, V.; Wiacek, R.J.; Grudzien, R.M.; Fryxell, G.E.; Addleman, R.S;
Timchalk, C.; Yantasee, W. Selective capture of cesium and thallium from natural waters and
simulated wastes with copper ferrocyanide functionalized mesoporous silica. J. Hazard. Mater.
2010, 182, 225-231.

10. El-Kamash, A.M. Evaluation of zeolite A for the sorptive removal of Cs* and Sr?* ions from
aqueous solutions using batch and fixed bed column operations. J. Hazard. Mater. 2008, 151,
432-445.

11. Dahiya, S.; Tripathi, R.M.; Hedge, A.G. Biosorption of heavy metals and radionuclide from
aqueous solutions by pre-treated arca shell biomass. J. Hazard. Mater. 2008, 150, 376-386.

12. Chen, C.; Wang, J. Removal of Pb?*, Ag*, Cs*, and Sr?* from aqueous solution by brewery’s waste
biomass. J. Hazard. Mater. 2008, 151, 65-70.



Metals 2015, 5 1954

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Smi¢iklas, I.; Dimovi¢, S.; Ple¢as, I. Removal of Cs*, Sr?* and Co?* from aqueous solutions by
adsorption on natural clinoptilolite. Appl. Clay Sci. 2007, 35, 139-144.

Bhattacharyya, K.G.; Gupta, S.S. Adsorption of a few heavy metals on natural and modified
kaolinite and montmorillonite: A review. Adv. Colloid Interface Sci. 2008, 140, 114-131.
Samanta, S.K.; Ramaswamy, M. Studies on cesium uptake by phenolic resins. Sep. Sci. Technol.
1992, 27, 255-267.

Dumont, N.; Favre-Ré&uillon, A.; Dunjic, B.; Lemaire, M. Extraction of cesium from an alkaline
leaching solution of spent catalysts using an ion-exchange column. Sep. Sci. Technol. 1996, 31,
1001-1010.

Gurung, M.; Adhikari, B.B.; Alam, S.; Kawakita, H.; Ohto, K.; Inoue, K.; Harada, H. Adsorptive
removal of Cs(l) from aqueous solution using polyphenols enriched biomass-based adsorbents.
Chem. Eng. J. 2013, 231, 113-120.

Pangeni, B.; Paudyal, H.; Inoue, K.; Ohto, K.; Kawakita, H.; Alam, S. Preparation of natural cation
exchanger from persimmon waste and its application for the removal of cesium from water.
Chem. Eng. J. 2014, 242, 109-116.

Park, Y.; Lee, Y.-C.; Shin, W.S.; Choi, S.-J. Removal of cobalt, strontium and cesium from
radioactive laundry wastewater by ammonium molybdophosphate-polyacrylonitrile (AMP-PAN).
Chem. Eng. J. 2010, 162, 685-695.

Inoue, K.; Gurung, M.; Adhikari, B.B.; Alam, S.; Kawakita, H.; Ohto, K.; Murata, M.; Atsumi, K.
Adsorptive removal of cesium using bio-fuel extraction microalgal waste. J. Hazard. Mater. 2014,
271, 196-201.

Mohan, D.; Singh, K.P.; Singh, V.K. Removal of hexavalent chromium from agqueous solution using
low-cost activated carbons derived from agricultural waste materials and activated carbon fabric
cloth. Ind. Eng. Chem. Res. 2005, 44, 1027-1042.

Tarley, C.R.T.; Arruda, M.A.Z. Biosorption of heavy metals using rice milling by-products.
Characterization and application for removal of metals from aqueous effluents. Chemosphere 2004,
54, 987-995.

Inoue, K.; Paudyal, H.; Nakagawa, H.; Kawakita, H.; Ohto, K. Selective adsorption of
chromium(VI) from zinc(l1l) and other metal ions using persimmon waste gel. Hydrometallurgy
2010, 104, 123-128.

Park, D.; Yun, Y.S.; Lee, H.; Park, J.M. Advanced kinetic model of the Cr(VI) removal by
biomaterials at various pHs and temperatures. Bioresour. Technol. 2008, 99, 1141-1147.

Chand, R.; Narimura, K.; Kawakita, H.; Ohto, K.; Watari, T.; Inoue, K. Grape waste as a biosorbent
for removing Cr(VI) from aqueous solution. J. Hazard. Mater. 2009, 163, 245-250.

Nakajima, A.; Baba, Y. Mechanism of hexavalent chromium adsorption by persimmon tannin gel.
Water Res. 2004, 38, 2859-2864.

Spinelli, V.A.; Lalanjeira, M.C.M.; Favere, V.T. Preparation and characterization of quaternary
chitosan salt: Adsorption equilibrium of chromium(VI) ion. React. Funct. Polym. 2004, 61,
347-352.

Tan, T.; He, X.; Du, W. Adsorption behavior of metal ions on imprinted chitosan resin.
J. Chem. Technol. Biotechnol. 2001, 76, 191-195.



Metals 2015, 5 1955

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wartelle, L.H.; Marshall, W.E. Chromate ion adsorption by agricultural by-products modified with
dimethyloldihydroxyethylene urea and choline chloride. Water Res. 2005, 39, 2869-2871.
Levankumar, L.; Muthukumaran, V.; Gobinath, M.B. Batch adsorption and Kkinetics of
chromium(V1) removal from aqueous solutions by Ocimum americanum L. seed pods. J. Hazard.
Mater. 2009, 161, 709-713.

Chand, R.; Watari, T.; Inoue, K.; Torikai, T.; Yada, M. Evaluation of wheat straw and barley straw
carbon for Cr(VI) adsorption. Sep. Purif. Technol. 2009, 65, 331-336.

Kawakita, H.; Ohto, K.; Harada, H.; Inoue, K.; Parajuli, D.; Yamauchi, R. Recovery of gold by
means of aggregation and precipitation using astringent persimmon extract. Kagaku Kogaku
Ronbunshu 2008, 34, 230-233.

Gurung, M.; Adhikari, B.B.; Kawakita, H.; Ohto, K.; Inoue, K.; Alam, S. Recovery of Au(lll) by
using low cost adsorbent prepared from persimmon tannin extract. Chem. Eng. J. 2011, 174,
556-563.

Parajuli, D.; Kawakita, H.; Inoue, K.; Ohto, K.; Kajiyama, K. Persimmon peel gel for the selective
recovery of gold. Hydrometallurgy 2007, 87, 133-139.

Xiong, Y.; Adhikari, C.R.; Kawakita, H.; Ohto, K.; Harada, H.; Inoue, K. Recovery of precious
metals by selective adsorption on dimethylamine-modified persimmon peel. Waste Biomass
Valoriz. 2010, 1, 339-345.

Xiong, Y.; Adhikari, C.R.; Kawakita, H.; Ohto, K.; Inoue, K.; Harada H. Selective recovery of
precious metals by persimmon waste chemically modified with dimethylamine. Bioresour. Technol.
2009, 100, 4083-4089.

Gurung, M.; Adhikari, B.B.; Khunathai, K.; Kawakita, H.; Ohto, K.; Harada, H.; Inoue, K.
Quaternary amine modified persimmon tannin gel: An efficient adsorbent for the recovery of
precious metals from hydrochloric acid media. Sep. Sci. Technol. 2011, 46, 2250-2259.

Gurung, M.; Adhikari, B.B.; Alam, S.; Kawakita, H.; Ohto, K.; Inoue, K. Persimmon tannin-based
new sorption material for resource recycling and recovery of precious metals. Chem. Eng. J. 2013,
228, 405-414.

Gurung, M.; Adhikari, B.B.; Inoue, K.; Kawakita, H.; Ohto, K.; Alam, S. Adsorptive recovery of
palladium and platinum from acidic chloride media using chemically modified persimmon tannin.
In Proceedings of TMS 2016, Nashville, TN, USA, 14-18 February 2016; Submitted.

Gurung, M.; Adhikari, B.B.; Morisada, S.; Kawakita, H.; Ohto, K.; Inoue, K.; Alam, S.
N-aminoguanidine modified persimmon tannin: A new sustainable material for selective adsorption,
preconcentration and recovery of precious metals from acidic chloride solution. Bioresour. Technol.
2013, 129, 108-117.

Gurung, M.; Adhikari, B.B.; Kawakita, H.; Ohto, K.; Inoue, K.; Alam, S. Selective recovery of
precious metals from acidic leach liquor of circuit boards of spent mobile phones using chemically
modified persimmon tannin gel. Ind. Eng. Chem. Res. 2012, 51, 11901-11913.

Adhikari, C.R.; Parajuli, D.; Kawakita, H.; Inoue, K., Ohto, K., Harada, H.
Dimethylamine-modified waste paper for the recovery of precious metals. Environ. Sci. Technol.
2008, 42, 5486-5491.



Metals 2015, 5 1956

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Khunathai, K.; Inoue, K.; Ohto, K.; Kawakita, H.; Kurata, M.; Atsumi, K.; Fukuda, H.; Alam, S.
Adsorptive recovery of palladium(ll) and platinum(IV) on the chemically modified-microalgal
residue. Solvent Extr. lon Exch. 2013, 31, 320-334.

Khunathai, K.; Xiong, Y.; Biswas, B.K.; Adhikari, B.B.; Kawakita, H.; Ohto, K.; Inoue, K;
Kato, H.; Kurata, M.; Atsumi, K. Selective recovery of gold by simultaneous adsorption-reduction
using microalgal residues generated from biofuel conversion processes. J. Chem. Technol. Biotechnol.
2012, 87, 393-401.

Wang, R.; Liao, X.; Shi, B. Adsorption behaviors of Pt(1\VV) and Pd(I1) on collagen fiber immobilized
bayberry tannin. Ind. Eng. Chem. Res. 2005, 44, 4221-4226.

Fujiwara, K.; Ramesh, A.; Maki, T.; Hasegawa, H.; Ueda, K. Adsorption of platinum(lV),
palladium(l1) and gold(l111) from aqueous solutions on L-lysine modified crosslinked chitosan resin,
J. Hazard. Mater. 2007, 146, 39-50.

Ramesh, A.; Hasegawa, H.; Sugimoto, W.; Maki, T.; Ueda, K. Adsorption of gold(lll),
platinum(lVV) and palladium(ll) onto glycine modified crosslinked chitosan resin.
Bioresour. Technol. 2008, 99, 3801-3809.

Won, S.W.; Park, J.; Mao, J.; Yun, Y.-S. Utilization of PEI-modified Corneybacterium glutamikum
biomass for the recovery of Pd(Il) in hydrochloric solution. Bioresour. Technol. 2011, 102,
3888-3893.

Zhou, L.; Xu, J.; Liang, X.; Liu, Z. Adsorption of platinum(IV) and palladium(Il) from aqueous
solutions by magnetic crosslinking chitosan nanoparticles modified with ethylenediamine.
J. Hazard. Mater. 2010, 182, 518-524.

Zhou, L.; Liu, J.; Liu, Z. Adsorption of platinum(1V) and palladium(ll) from aqueous solution by
thiourea-modified chitosan microspheres. J. Hazard. Mater. 2009, 172, 439-446.

Iglesias, M.; Antico, E.; Salvado, V. Recovery of palladium(ll) and gold(l1l) from diluted liquors
using the resin Duolite GT-73. Anal. Chim. Acta 1999, 381, 61-67.

Park, J.; Won, S.W.; Mao, J.; Kwak, I.S.; Yun, Y.-S. Recovery of Pd(Il) from hydrochloric solution
using polyallylamine hydrochloride-modified Escherichida coli biomass. J. Hazard. Mater. 2010,
181, 794-800.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



